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70 YEARS OF ASTRONOMICAL SOCIETY “RUDJER
BOŠKOVIĆ” – AN INTERESTING EXPERIENCE

IN ASTRONOMICAL EDUCATION, POPULARIZATION
AND ORGANIZATION OF ASTRONOMER AMATEURS

M.S. Dimitrijević1

Abstract. The oldest organization of astronomers amateurs in Serbia is
the Astronomical society “Rudjer Bošković” which in 2004. celebrates
the 70th aniversary. The Society has People’s observatory which in
2004 celebrates 40th jubilly, planetarium and publish the journal for
astronomy “Vasiona” (Universe), which 50th aniversary has been cele-
brated in 2003. Here is given a review of the history and development
of Society and an overview of its activities.

1 Foundation and First Years

The largest and the oldest organization of amateur-astronomers in Serbia is the
Astronomical Society “Rudjer Bošković” in Belgrade (Kalemegdan, Gornji Grad
16, 11 000 Belgrade), which in the course of 70 years of its existence was spreading
astronomical knowledge in our country. The founding meeting was held on 22 April
1934. The first Society’s President was Djordje Nikolić (1934–1936) and the second
Vojin Djuričić (1936–1941), the governer of the State Mortgage Bank.

In 1935 Society started publishing the first periodical for the popularization of
science in Serbia “Saturn”, “the periodical for astronomy, meteorology, geophysics
and geodesy which purpose is to be useful to national culture”, published in 12 is-
sues per year up to the end of 1940. Editors in chief were Djordje Nikolić (1935),
Vojislav Grujić (1936–1939) and Nenad Janković (1940).

Activity of the Society during this period was the organizing of a large num-
ber of popular lectures, with the aim to contribute to education and cultural life
in our midst. Also Society organized occasional observational expeditions and
observations for citizens.

1 Astronomical Observatory, Volgina 7, 11160 Belgrade, Serbia and Montenegro
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Fig. 1. Special issue of the astronomical journal “Vasiona” (Universe,) dedicated to

Radovan Danić, president of Astronomical society “Rudjer Bošković (1952–1966), pub-

lished to mark 10 years since he passed away.
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Fig. 2. Special issue of the astronomical journal “Vasiona” (Universe,) dedicated to

Nenad Janković, its first Editor in chief (1953–1972), published to mark one years since

he passed away.
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Fig. 3. People’s Observatory of the Astronomical Society “Rudjer Bošković, in Belgrade

fortress on Kalemegdan, in the tower build by despot Stefan Lazarević in XV century.

2 The New Beginning after the World War II

After the War, on 9th December 1951 was held the founding meeting of the
Belgrade Astronomical Club “Rudjer Bošković”, re-registered next year into
Astronomical Society “Rudjer Bošković”. The founding meeting of the Society
was held on 18 May 1952, Radovan Danić having been elected its President (1952–
1966). Following him the Society’ Presidents have been: Branislav Ševarlić (1966–
1970), Pero Djurković (1970–1972), Nenad Janković (1972–1974), Božidar Popović
(1974–1979), Zoran Knežević (1979–1982) Milan S. Dimitrijević (1982–2004) and
from the 25th April 2004, Jelena Milogradov-Turin (Dimitrijević 2004a).

3 The Journal for Astronomy “Vasiona” (Universe)

In 1953 the Society, jointly with the Aeronautical Association of Yugoslavia,
started publishing the periodical for astronomy and aeronautics (currently for as-
tronomy) “Vasiona” (Universe). The first editor in chief of “Vasiona”, was Nenad
Dj. Janković (1953–1972). After him, the periodical’s editors in chief were: Nenad
Dj. Janković (1953–1972), Pero Djurković (1973–1974), Jelena Milogradov-Turin
(1975–1982), Branislav Ševarlić (1983–1984) and Milan S. Dimitrijević (1985–
2004), while Aleksandar Tomić is elected to be Editor in chief from the No. 1
for 2005. An analysis of the volumes issued during 50 years until the end of 2002
(Dimitrijević 2003) showed that within this period 5558 pages were published.
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Fig. 4. After the session of the Editorial board of the “Vasiona” (Universe) journal, on

12th February 1992. From the left : Milan Vuletić, Milan Jeličić, Milan S. Dimitrijević,

Jelena Milogradov-Turin, Luka Č. Popović, Aleksandar Tomić, Božidar Popović and

Nenad Janković. Photo: Ljubǐsa Jovanović.

Impressive is also the number of 382 authors which published articles and larger
contributions. If we add as well authors of smaller contributions, the total num-
ber of authors is 571. The complete of this journal represent a treasury, enabling
the investigation of the history of astronomy in the past period, and particularly
the study of the history and development of the Astronomical Society “Rudjer
Bošković”, as well as a very useful astronomical “library” and a real encyclopedia
of the science approaching us to the stars.

4 People’s Observatory and Planetarium

Thanks to the exertion of Pero Djurković, Radovan Danić and Nenad Janković
with the authorities concerned, the Society obtained for itself the Despot Tower
at Kalemegdan where, on 20 December 1964 was solemny opened the People’s
Observatory, whose regular activity started in June 1965. At the head of People’s
Observatory were Pero Djurković (1. VI 1965 – 1. XII 1965), Radovan Danić
(1. XII 1965 – 6. X 1977), Aleksandar Tomić (6. X 1977 – 31. I 1991), Luka
Č. Popović (1. IV 1991 – 31. V 1995), Jelena Milogradov - Turin (1. VI 1995 –
1. VI 1999) and again Luka Č. Popović (1. VI 1999 – 2004).

With the foundation of People’s Observatory, Society obtained permanent of-
fices and an observational post and also permanently employed staff, which largely
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Fig. 5. Two telescopes on the terrace of People’s Observatory. In the front is the older one

refractor Zeiss (110/2040) and behind the newer one, the reflector TAL-200 K (200/2000).

Photo by Vladimir Nenezić.
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Fig. 6. Terrace of People’s Observatory with four panoramic telescopes. Photo by

Vladimir Nenezić.

Fig. 7. Projection of starry sky in the Planetarium of Astronomical Society “Rudjer

Bošković” in Belgrade. Photo by Vladimir Nenezić.

improved conditions for its activities. Permanent offices enabled to start a regular
astronomical seminar for the beginners and to organize a library.

For example LXXII spring seminar started on 7th March and terminated on
7th June 2003, and the LXXIII autumn seminar started on 26th September and
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terminated on 13th December 003. On lectures were 79 attendants in average
(Dimitrijević 2004b).

The Society managed also to procure a Zeiss planetarium, which was installed
in an old spacious steam bath-house – Turkish Hamam – in the Kalemegdan Donji
Grad. The Planetarium started operating in 1969, being formally opened on
27 February 1970. It is included in the educational system and around 15 000
pupils, students and other visitors per year, attend lectures and projections in it.
The highest number of visitors was in 1982 – 18 297. May 2002 with 2046 visitors
is also a record and the lecture with largest number of attendants is the lecture
Constelations by Dragana Okolić, held on 15th March 1997 with 280 attendants
(Stanić 2005).

5 Other Activities and Conclusion

The Society organized also VII National Conference of Yugoslav Astronomers on
the occasion of its 50 years aniversary 1984, dedicated to the history of astronomy
and astronomy in culture, the conference “Astronomy at Serbs” III 2004, and was
the co-organizer of the IV Serbian-Bulgarian astronomical conference 2004.

It is worth to note the organization of the astronomical-astronautical exhibition
in 1954, which after Belgrade was also in other cities and for example in Sombor
was visited by around 7000 persons. This exhibition initiated the foundation of
branches of the Society in other towns, and the most successful became in 1974
the Astronomical Society “Novi Sad”, ADNOS.

In order to contribute to the education and to popularization of astronomy
the Society organizes every year manifestations “The Belgrade astronomical week-
end” in June and “The summer astronomical meetings” in August-September,
occasional lectures on astronomy, observations of celestial objects and events, and
special observational excursions out of Belgrade. Also People’s Observatory is open
for citizens on working days from 9 to 19 h, and during the weekend 12–22:30 h.
For example in 2003, 29 010 visitors took a ticket. Stuff provides informations to
media and citizens on astronomical events. For the journal “Politika”, our Society
daily provides data on the raise up and raise down of the Sun and Moon.

Enthusiasm always was the moving force of our astronomical society, unique
from many aspects. All successes Society achieves by voluntary work of his mem-
bers. Djordje Nikolić, Radovan Danić, Nenad Janković, Pero Djurković, Jelena
Milogradov-Turin, Aleksandar Kubičela, Djordje Teleki, Aleksandar Tomić, Milan
Jeličić, Milan Vuletić, Ninoslav Čabrić, Dušan Slavić, Ljubǐsa Jovanović, Sofija
Sadžakov, Zoran Ivanović, Jovan Grujić and many others make a chain of enthu-
siasts without end, renewing permanently enabling to Society to be more than
70 years a source of knowledges on Universe, being for many young men the first
step to the highest scientific achievements.
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Question by Magda Stavinschi (Bucharest):
As I know, you are not amateur astronomer, you was even director of the Belgrade
Observatory. Which is the official link between professional and amateur astron-
omy in your country?

The answer: as in other countries, in Serbia besides professional astronomers
there is a much larger number of astronomers amateurs, which can help very
much to professionals not only in work but also to spread astronomical knowledge
in our midst and contribute that the public opinion is favorable for astronomi-
cal science. Amateurs are in Serbia organized in several societies. Besides two
mentioned here in Belgrade and Novi Sad, such societies exist in Nǐs, Kragujevac,
Valjevo, Zrenjanin, Prokuplje, Knjaževac, Novi Pazar and Leskovac. There are no
official legal links with professionals, but in Belgrade practically all professional
astronomers are also members of the Astronomical Society “Rudjer Bošković” and
they dominate in all governing bodies, trying to organize the education of ama-
teurs and direct their work to be useful for astronomy, education and cultural life
in our country.



European Conference on Laboratory Astrophysics - ECLA
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VIRTUAL LABORATORY ASTROPHYSICS: THE STARK-B
DATABASE

S. Sahal-Bréchot1 , M.S. Dimitrijević2 ,1 and N. Moreau1

Abstract. Stark broadening theories and calculations have been exten-
sively developed for about 50 years. The theory can now be considered
as mature for many applications, especially for accurate spectroscopic
diagnostics and modelling. This requires the knowledge of numerous
collisional line profiles, especially for very low abundant atoms and ions
which are used as probes for modern spectroscopic diagnostics in as-
trophysics. Nowadays, the access to such data via an on line database
becomes essential. STARK-B (http://stark-b.obspm.fr) is a col-
laborative project between the Astronomical Observatory of Belgrade
and the Laboratoire d’Étude du Rayonnement et de la matière en
Astrophysique (LERMA). It is a database of calculated widths and
shifts of isolated lines of atoms and ions due to electron and ion col-
lisions (impacts). It is devoted to modelling and spectroscopic diag-
nostics of stellar atmospheres and envelopes, laboratory plasmas, laser
equipments and technological plasmas. Hence, the domain of temper-
atures and densities covered by the tables is wide and depends on the
ionization degree of the considered ion. The STARK-B database is a
part of VAMDC (Virtual Atomic and Molecular Data Centre, http://
www.vamdc.eu), which is an European Union funded collaboration be-
tween groups involved in the generation and use of atomic and molec-
ular data. VAMDC aims to build a secure, documented, flexible and
interoperable e-science environment-based interface to existing atomic
and molecular data.

1 Introduction

Pressure broadening of spectral lines arises when an atom or molecule which emits
or absorbs light in a gas or a plasma, is perturbed by its interactions with the other
particles of the medium. An atom or molecule may be neutral as well as charged.

1 Observatory of Paris, LERMA, CNRS and University P. et M. Curie, LERMA, 5 place
Jules Janssen, 92190 Meudon, France
2 Astronomical Observatory, Volgina 7, 11060 Belgrade, Serbia
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The so-called Stark broadening is due to electron and ion colliders. It has been
extensively developed for about 50 years and is currently used for spectroscopic
diagnostics and modelling.

In fact, thanks to the considerable developments of the spectral resolution,
of the sensitivity (high S/N) of the recent past years, and to large ground-based
telescopes and space-born missions allow to observe in all ranges of wavelengths
(from XUV to radio). For interpreting the spectra, the lines must be identified,
and the atomic parameters responsible for their intensities and their profiles must
be known. The development of realistic models of interiors and atmospheres of
stars and the interpretation of their evolution and the creation of elements through
nuclear reactions, requires the knowledge of numerous profiles, especially for trace
elements. Chemical abundances are crucial parameters to be determined. This
needs an accurate interpretation of the detailed line spectra of the stellar objects
and thus extensive sets of atomic data, including collisional broadening and es-
pecially Stark broadening. In addition, spectroscopic diagnostics for laboratory
plasmas, magnetic fusion plasmas (Tokamaks, e.g. ITER), inertial confinement
fusion plasmas (e.g. laser LMJ) and technological plasmas (e.g. LED lamps) are
also needed for many lines of many ions.

Hence, calculations based on a simple but enough accurate and fast methods
are necessary for obtaining numerous results. Furthermore, the development of
powerful computers also stimulates the development of atomic data on a large
scale. Besides, the access to these atomic data via on line databases becomes
essential.

This is the purpose of STARK-B (Sahal-Bréchot et al. 2012). It is a database of
calculated widths and shifts of isolated lines of atoms and ions due to electron and
ion collisions. This database is devoted to modelling and spectroscopic diagnostics
of stellar atmospheres and envelopes, to laboratory plasmas, laser equipments and
technological plasmas. It is a collaborative project between the Paris Observatory
and the Astronomical Observatory of Belgrade and has been opened online since
the end of 2008, though not complete and currently under development.

2 Calculations of Stark broadening and shifts and STARK-B

2.1 Calculations of Stark broadening and shifts

Stark broadening theory is based on the founding papers by Baranger (1958a–c).
The impact approximation is the first basic one: the duration of a collision must
be much smaller than the mean interval between two collisions. So the collisions
between the radiating atom (or ion) act independently and are additive. It is quite
always valid for electron collisions and is generally valid for collisions with positive
ions in the conditions of stellar atmospheres (Sahal-Bréchot 1969a,b). The second
basic approximation is the complete collision approximation: the radiating atom
has no time to emit (or absorb) a photon during the collision process. In the line
center, the impact approximation and the complete collision approximation are
both valid, and the line broadening theory becomes an application of the theory of
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collisions between the radiating atom and the surrounding perturbers. The present
method is limited to the case of isolated lines: the levels of the studied transition
broadened by collisions do not overlap with the neighbouring perturbing levels.
So, hydrogen and hydrogenic ionic lines, some specific helium lines and some lines
arising from Rydberg levels are excluded from our calculations and consequently
from STARK-B. Therefore, the impact-complete collision-isolated lines approxi-
mation leads to a Lorentz line profile characterized by a width and a shift which
depend on the physical conditions of the medium (temperature and density of the
perturbers). Owing to the impact approximation, widths and shifts are propor-
tional to the density. However, at high densities, the Debye screening effect can be
important and is taken into account in our calculations. This decreases the width
and the shift which thus become not proportional to the density.

Most of our calculations have been performed with the semiclassical-pertur-
bation method (SCP) developed by Sahal-Bréchot (1969a,b) and further papers:
Sahal- Bréchot (1974) for complex atoms, Fleurier et al. (1977) for inclusion of
Feshbach resonances in elastic cross-sections of radiating ions, and by Mahmoudi
et al. (2008) for very complex atoms. The numerical codes have been updated
and operated by Dimitrijević and Sahal-Bréchot (1984) and further papers. The
accuracy is about 20% for the widths but is worse for the shifts. The results of
calculations made by Dimitrijević, Sahal-Bréchot, and co-workers are contained in
more than 130 publications and enter STARK-B.

2.2 The Stark-B database: http:// stark-b.obspm.fr

In this context, we are developing the STARK-B database. It is a collabora-
tive project between the Astronomical Observatory of Belgrade and the Paris
Observatory. The database is currently developed in Paris, and a mirror is planned
in Belgrade. The domain of temperatures and densities covered by the tables is
wide and depends on the ionization degree of the considered ion. The data are
gradually implemented and the database is already on line though not yet com-
plete. A graphical interface is provided. After clicking on the element in the
Mendeleev periodic table and then on the ionization degree of interest, the user
chooses the colliding perturber(s), the perturber density, the transition(s) by quan-
tum numbers and the plasma temperature(s). Then a table displaying the widths
and shifts is generated. Bibliographic references are given and linked to the publi-
cations via the SAO/NASA ADS Physics Abstract Service (http://www.adsabs.
harvard.edu/) and/or within DOI. The papers can be freely downloaded if the
access is not restricted. The widths and shifts data can be downloaded in ASCII.
Request by domain of wavelengths instead by transitions, implementation of the
remaining data, and fitting data are in progress. Fitting formulae as functions of
temperatures and densities are also in progress. The current developments espe-
cially concern the compatibility of the output with the VO (Virtual Observatory)
standards, which will be defined by VAMDC.

In fact, STARK-B is a part of VAMDC (Virtual Atomic and Molecular Data
Centre, http://www.vamdc.eu). VAMDC, created in summer 2009 for the dura-
tion of three years, is an European Union funded collaboration between groups

http://stark-b.obspm.fr
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involved in the generation and use of atomic and molecular data. The free ex-
change of atomic and molecular data requires the definition both of standards
which model the data structure and of tools that implement these standards and
that help to carry out science using these data. VAMDC aims to build a se-
cure, documented, flexible and interoperable e-science environment-based inter-
face to existing atomic and molecular data. In addition, there is a collaborative
project of standardisation of lists of lines within the IVOA (International Virtual
Observatory Alliance, http://www.ivoa.net/) consortium as well as a wider col-
laborative project of standardisation concerning many more processes of atomic
and molecular data. Paris Observatory is a major partner in development of both
standards and tools. All that is commented and described in more details in
Dubernet et al. (2010), Rixon et al. (2011) and Dimitrijević et al. (2010).

3 Conclusion

The development of space born spectroscopy, building of giant telescopes of the
new generation and increase of accuracy of computer codes for modelling of stel-
lar atmospheres and envelopes, as well as laser equipments, laboratory, magnetic
fusion and technological plasmas, has opened up a new era for obtaining new and
numerous Stark broadening data. The continuation of the development and ser-
vice of a powerful and constantly updated online database, easily accessible and
easy to use has become indispensable. STARK-B should fulfil this purpose.
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Variations of the Solar irradiation of the Earth and
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One of the great scientific problems in the beginning of the twentieth century, was
the occurence of the ice-ages in Europe in the Qartenary. Serbian scientist Milutin
Milankovic (1879 - 1958) devoted his life to the solution of this mistery. He elaborated
a mathematical theory of Earth’s climate (applicable also to other planets) based on
the calculation of variations of Solar irradiaton of Earth during the time.

In his capital work „Kanon der Erdbestrahlung und seine Anwendung auf das Eiszeit-
enproblem“ (The Canon of the Earth’s Irradiation and its Application to the Problem
of Ice Ages), published in 1941, he collected the results of his longstanding researches,
demonstrating the long-period cyclic changes in the Earth climate and the occurence
of ice-ages as being a consequence of the variations of the Earth’s irradiation by Sun,
due to: (i) Changes of Earth’s axis inclination with a 41 000 year period; (ii) Changes
of the eccentricity of the Earth’s orbit around the Sun with a 100 000 year period;
(iii)Precession, affecting the duration of seasons with a 22 000 year periode.

With his famous curve of the cyclic variations of Solar irradiation of the Earth surface
in last 600 000 years, he explained the occurence of ice-ages. Additionally, his theory,
and the obtained curve of Solar irraditaion cyclicity, have numerous applications in
Geophysics, Geology and Climatology of Earth and Mars.

In this paper we will review the Milankovic’s theory of variation of Solar irradiation
of Earth’s (and other planets) surface with time, its role for the solution of the ice-
ages problem, and its wider impact in Geophysics, Geology, Climatology and other
scientific disciplines. Additionally, basic facts on the life and other scientific results
and achievements of Milutin Milankovic and its applications will be reviewed.
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Abstract 
 
The problem of the co-existence with the so-called ‘tangible world’ of a non-tangible 
one, inconceivable to human senses, was a point of disagreement and dispute between 
theology, philosophy and exact sciences. Here is discussed the evolution of this view 
from presocratic philosophers to modern physics. Arguments that are important for 
theologians in order to follow the achievements of modern Science are also given. This 
is particularly important for Antiretic-Objectionable Theology making an effort to 
confute the metaphysical views of the Christian Theology through ideas mainly based on 
the findings of the Exact Sciences.  
 
Keywords: theology, modern physics, Universe, cosmology 
 
1. Introduction 

 
 A problem that throughout the centuries was a point of disagreement and 
dispute between philosophers, theologians and exact sciences is the problem of 
the existence of an invisible to the human senses, but actual and objective, 
reality that co-exists with the so-called ‘tangible world’. It is of interest to show 
that the existence of such ‘un-tangible’ world is not in collision with modern 
science, and to discuss the evolution of such idea. 
 We note here that a distinctive characteristic of the modern theological 
reality is the effort to confute the metaphysical views of the Christian Theology 
through the expression of ideas mainly based on the findings of Exact Sciences 
(Antiretic-Objectionable Theology). Today however, we know that the current 
scientific knowledge will be expanded, corrected, completed, and some ‘truths’ 
even annulled in the future under the pressure of new dramatic scientific 
discoveries. Thus, it is useful for theologians to study in detail the new Exact 
Sciences achievements. In fact, we suggest that they should follow the way of 
the Christian Church Fathers and become experts of the Exact Sciences of their 
epoch (like for example Saint Basil the Great [1]). 
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 The question of ‘un-tangible world’ may be a good example in support of 
this statement. 
 
2. Science and the un-tangible world 

 
The concept of modern Physics and Astrophysics dramatically differs 

from the Science of earlier centuries. 
When after the ‘Copernican revolution’ began the ‘divorce’ between 

Science and Theology, Science started to be based on Aristotelian, materialistic 
and positivistic ideas on the important role of common sense, ‘matter’ 
conceivable by our senses and, the Newtonian space as a space where we are 
like in a ‘room’ without any interaction with it.  

The human common sense, the logic developed through our senses, was at 
that time considered often as the scientific logic. Nowadays, the modern 
scientific thinking diverts from the ‘human common sense’. For example the 
Newton’s principle that a body will not change its state of motion witho ut the 
acting of a force is now evident since for example space ships act in accordance 
with it. It was opposite however, to the Aristotelian opinion based on ‘common 
sense’ that without the acting of a force, the velocity of a body will decrease, and 
it will come finally in the state of absolute immobility on the immobile Earth 
based in the centre of the Universe. 

The classical physics, based on Newton’s ‘principles’ and the  
Newtonian–Euclidean space, was the basement of the disagreement between 
Science and Theology on the existence of the non-conceivable ‘un-tangible’ 
world. The triumph of Science was the discovery of a new planet – Neptune, 
discovered ‘on the top of a pen’. Jean Jacques Urbain Le Verrier calculated its 
position, and when his friend Johan Galle looked through telescope it was on the 
predicted position [2].  

At the beginning of the 20th century, it seemed that all problems of physics 
were solved and that on the ‘crystal clear sky’ of the Classical Physics there is 
only one small ‘cloud’ – the bizarre result of the Michelson-Morley’s 
experiment, that the sum of the velocity of light and the velocity of Earth is in 
any direction equal to the velocity of light [3]. This result however, dramatically 
changed our view on space and time, showing that Newtonian Classical Physics 
is only the low velocity limit of a more general concept of the Nature. 

As a matter of fact, the classical Newtonian Physics indicates that space 
could be fully described by Euclidean geometry. However, Einstein showed with 
the help of the General Relativity Theory, that space is not Euclidean but is 
described by another geometry, fundamentally different from the Euclidean one 
– the Riemann geometry forming the essential framework for this theory [4]. 
This would not be of great importance if one did not know the startling fact that 
images and shapes in the four dimensional Universe, can not be conceived in an 
adequate way by human senses. We know that our senses can only record and 
specify shapes that only occur in spaces up to three dimensions. Images and 
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shapes with more than three dimensions we can consider only with the help of 
theoretical models [5]. 

In fact, we can perceive only the projected shadows of four-dimensional 
shapes and figures on the three-dimensional space that is created through 
arbitrary intersections of the continuum and undivided universal time-space. 
What to say about the development of the Theory of cosmic strings, with the 
Universe with much more than four dimensions [6].  

As mentioned by John Archibald Wheeler [7], a well-known American 
physicist and astronomer, “The concepts of time and space do not represent the 
nature of reality, but representations of human conscience”. On the same 
subject, English astrophysicist Sir Fred Hoyle expresses the view that everything 
exists. “Whatever previously existed or will exist in the future is inherent in the 
present. Only our conscience dissociates them and creates the feelings of 
historical inconsistency and time passing. Feelings though, are illusions, 
creations of our conscience, the way of understanding the world.” Similarly, 
describing the theories of Multiversum and parallel Universes, Max Tegmark [8] 
writes: “One of the many implications of recent cosmological observations is 
that the concept of parallel Universes is no more metaphor. Space appears to be 
infinite in size. If so, than somewhere out there, everything that is possible 
becomes real, no matter how improbable it is. Beyond the range of our 
telescopes are other regions of space that are identical to ours. Those regions 
are a type of parallel Universe. Scientists can even calculate how distant these 
Universes are on average.” 

Another old concept, overruled by the Physics of the 20th century, is that 
of the ‘matter’ as conceivable by our senses. With th e discovery of spectral 
analysis, atomic and molecular structure and the development of the quantum 
physics, the opinion on the reality of the information obtained by human senses 
dramatically changed.  

Charles Muses and A.M. Young [9] write in their book ‘Consciousness 
and Reality’:  “… a tree, a table, a cloud, a stone. All are dissolved under the 
influence of the 20th century science into something that consists of the same 
substance. That something is a medley of whirling particles that obey the laws of 
quanto-mechanics. This means that all the objects we can observe are simple, 
three-dimensional images that are formed by waves, under the influence of 
electromagnetic waves and nuclear processes”. 

In the same way, matter, according to the theory of relativity, is not an 
unchangeable complex of molecules, but a condensation of an energy field. In 
the context of Einstein’s space -time continuum, matter is not an entity on its 
own but a peculiarity of the field. A particle is nothing more than a moving,  
non-tangible whirl in space. According to modern Physics, what was perceived 
in earlier centuries as tangible and individualized matter, is only a false 
invention of our senses. In other words, we ‘see’ the ambient not as it is in 
reality, but as our senses allow us to perceive it. 
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What our senses are sensitive to are not the real images and shapes of the 
surrounding universe but their projections, their shadows. It is sufficient to see 
the photography of the Sun in X rays or some wavelengths insensitive for human 
eyes, to see the difference. It is obvious though that these projections (shadows) 
of the real images perceived by our senses, are not the actual world that can only 
be considered with the help of mathematical formulae. In other words, it should 
be understood that we live in a Universe that we cannot perceive through our 
senses and what we really see is just a ‘shadow’ of what really exists.  
 
3. Theology and the un-tangible world 
 
 According to the modern Science together with the ‘tangible’ world, 
which we perceive with our senses, coexist the ‘un-tangible’ world of more than 
three dimensions. If we go toward the micro-world, we could conclude that we 
will also found in our three dimensions ‘un-tangible’ elements [10].  
 We could compare this view with the view of Great Father of the 
Christian Church Gregory of Nyssa (fourth century A.D.). His views are 
expressed by Elias Economou, professor at the Theological School of the 
University of Athens, in the book ‘Theological Ecology’ [11]:  
 “Aktistos (Uncreated) God willed and His will materialized into a 
tangible and a non-tangible Ktisis (Creation). One could classify the following 
realities: 
1) The reality of the Aktistos Trinitarian God. 
2) The reality of the Ktisis as a result of the divine will, the materialization of 

God’s will, which is divided in 
a) A non-tangible Ktisis of an invisible greatness. 
b) A tangible Ktisis of enormous extent, expanse, volume, variety and power. 
c) A mixed Ktisis of both tangible and non elements, the great and small 

human.” 
 It is interesting that such views concerning the existence of a non-tangible 
Creation has also been expressed by the ancient Greek philosophers. The world 
of senses for many of them was just an illusion, a deceptive image of the real, 
non-tangible world. 
 
4. The un-tangible World of the pre-Socratic philosophers 
 

Due to Aristotelianism, in earlier centuries the realism of the sensual 
world, and logics based on empiricism, often dominated. The incomprehensible 
by the senses, though real, world of Plato, the theory of its representation 
through a hylic (materialistic) tangible form, was opposite to the Aristotelian 
practical thinking, but without the scientific proofs to support it. Things have 
changed now and, apparently, Platonists could be satisfied. As already 
discussed, scholars know that the Universe is not tangible due to its property to 
be described by more than three dimensions. Images and shapes are just partial 
representations of true but not perceivable objects that we ‘see’ as ‘shadows’.  
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The first hint concerning the relevance of truth for facts that can be 
conceived through human senses was made by Xenophanes who mentions: 

“ No one knows and never finds out the truth about gods or everything I 
say, because even if one says the entire truth, they do not know it, for every issue 
there are only opinions.” [Extract 34, Sextus Empiricus, To Physicists VII, 49 
and 110 prb Plutarch] Moreover,  

“Let us consider that things resemble the truth.” [Extract 35, Plutarch, 
Symposium Matters IX, 7, 746b] 

A second hint is recorded by Heraclitus who seems to say: 
“The real structure of things is usually hidden.” [Extract 123, Themistius, 

Speeches 5, page 69D] and  
“The invisible bond is stronger than the visible.” [Extract 54, Hippolitus, 

El. IX, 9,5] 
Apart from the previous abridgement, Sextus Empiricus is very persuasive 

that Heraclitus was completely aware of the illusive world of the human senses. 
He mentions:  

“ Heraclite also believed that humans have two organs to achieve 
knowledge of truth, the sense and the ‘word’. The former was considered to be 
deceitful, similarly to the previous physicists, the latter is accepted as the 
appropriate criterion.” [Sextus Empiricus VII 126 (Heraclitus A16)] The ‘word’ 
here has its pre-Socratic meaning and it describes the result not obtained by the 
senses, the ‘non-tangible’. The term ‘word’ used until now by the Christian 
Theology has the previous meaning, in order to define the meaning of God, 
considering Him through the expression ‘non-tangible’.  

According to Diogenes Laertius and Simplicius, the philosopher 
Parmenides also has such opinion concerning the illusion of the physical world 
as perceived by human senses. They state:  

“ Parmenides believed that philosophy is two-fold; one of the patterns is 
consistent with the truth, while the other is only by guess. He determined as a 
criterion the ‘word’ since the senses are not accurate.” [Diogenes Laertius IX 
22 (Parmenides A1, 22)] 

“Those people supposed two substances; one of the intelligible real being 
and another, that of the done and conceivable that they did not like to call 
‘being’ but ‘putative being’. Thus, they say that the truth is related to the real 
being, while for the changing being (the physical things) there is only 
presumption.” [Simplicius Peri Uranou (De Coelum) 557, 20 (Parmenides B1)] 

Empedocles, according to Sextus Empiricus, also conceived the idea of a 
false reality that our senses create. 

“Others said that according to Empedocles, our senses are not the 
criteria for the truth, but only the ‘right word’ is. There are two kinds of the 
latter, the divine and the human. The divine ‘word’ is inexpressible (ineffable), 
while the human can be expressed.” [Sextus Empiricus VII 122 (Empedocles 
B1)] 
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These points of view preceding Democritus, most probably constituted the 
starting point for Democritus and even Leucippus to formulate and justify their 
atomic theory. In more detail follow the views of Democritus on the ‘truth’ of 
the tangible Creation, as reported by Simplicius, Sextus Empiricus, Galenus, 
Aetius and Aristotle. 
1. “ It is believed that there are two kinds of knowledge regarding the ‘Rules’, 

one through the senses and another through intellect. When retrieved 
through intellect is called pure, and is the most reliable for right judgment, 
while when retrieved through the senses, is called improper, without 
acknowledging its infallibility in the search of truth. Parts of the improper 
are the sight, the hearing, the smell, the taste and the touch. The other kind 
of knowledge is pure which is different to the improper.” [Democritu s, 
extract 11, Sextus Empiricus, To physicists VII, 138] 

It is worth noticing that Democritus recognizes as improper the 
knowledge obtained by the human senses, which he states with their names. 
Another important point is that most of the pre-Socratic philosophers, including 
Democritus, refer to intellect as to a sixth sense, enabling to perceive the non-
tangible, but existing and objective reality of the physical world. Thus, to realize 
the universal constitution as an objective reality, one should train the mind, 
avoiding that it becomes an in-objective sixth sense. 
2. “In Kratynteria, although [Democritus] promised that he would attribute to 

the senses the prestige of certainty, on the contrary he condemns them 
saying In reality we do not perceive anything certain, but only something 
that changes depending on the state of the body and the things that enter and 
exert pressure on it.” [Democritus, extract 9, Sextus Empiricus, To 
physicists VII, 136] 

3. “… and again he says: It is obvious in several ways that in re ality one does 
not conceive reality, does not conceive how each thing should or not be.” 
“Humans should learn from this rule that they are separated from reality.” 
“This argument also shows that in reality we know nothing about things, but 
for each one of us there are their recreated patterns, faith.” “However, it 
should be very difficult to learn how each thing should appear in reality.”   
[Democritus, extract 10 and 6-8, Sextus Empiricus, To physicists VII, 136] 

4. “Democritus sometimes refutes those obvious to our senses and says that 
none of them corresponds to reality, but only to human imagination.”  
[Democritus, extract 9, Sextus Empiricus, To physicists VII, 135] 

5. “…Moreover, many healthy beings have the same things appearing different 
to how humans conceive them, even a human being does not always 
understand everything in the same way. Therefore, it is unknown which of 
these are actually real or fake, since the one is not more real than the other, 
but just as right. So, Democritus says that either nothing is real or (if it is) is 
invisible to us.”   [Aristotle, Met. Ã5, 1009b7] 

6. “…Miserable mind, you took the certainties from us (meaning the senses), 
now you reject us? Our rejection is your collapse.”  [Democritus, extract 
125, Galenus, About Medical Practice, p. 113, Walzer] 
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Consequently, the views concerning the objective existence of a non-
tangible world, are not coming only from the Christian theological mind, but this 
are views of different ancient civilizations as Greek, Indian, Babylonian, 
Egyptian and also South American. To be more precise, the existence of an 
‘unseen’ world is discussed by the Greek pre -Socratic philosophers and for 
Christianity the assimilation and understanding of the ancient Greek testimonial 
logic was of great importance. 

 
5. Conclusion 
 

We can conclude that the modern Physics theoretically accepts the 
existence of a hyper-tangible universal and real space, as Theology also does. 
Michael Talbot highlights all the above in a characteristic way in his book 
‘Mysticism and Modern Science’: “ According to New Physics, we can only 
dream of the real world. We dream of it mysteriously visible, omnipresent in 
space and constant in time. Despite the previous, we consciously approved 
ourselves in the false construction of illogical, loose and eternal intermissions 
[intersections] of its architecture, so one day one might see how false their 
initial frame is”. [12]  
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Abstract 
 
The relation between religion and Science is discussed in this article on the example of 
attitude of Western Churches towards heliocentric theory. Also reasons of such attitude 
of the Church were considered.  
In order to consider this relation, we will first note that in the case of a religious dogma, 
faith must be absolute. Dogma as a theory can be proved only through itself and its 
power is the absence of doubt. On the contrary, in the case of science, according to the 
philosophical view of Descartes, doubt should be present in any problem arising in order 
to avoid possible errors and prejudices; through doubt we can be led to the discovery of 
an indisputable truth.  
The military and political power of the Holy See hindered for a long time the 
development of knowledge and hence Science. Giordano Bruno was accused and judged 
because, among other, he was teaching the infinite worlds of Metrodorus of Chios and of 
Epicurus (4th century BC). Similarly, Galileo stood trial on suspicion of heresy and he 
was condemned into house arrest because the heliocentric system he was supporting was 
at odds with the Old Testament, according to which Joshua ordered the Sun to stop – and 
not the Earth – during the Gibeon Battle of Israelites against Canaanites.  
The heliocentric theory was not favored by the Western Church because it did not 
comply with the ‘positions’ of the Bible and the ancient Greek geocentric theory. When 
science contributed to the fall of the anthropocentric myth, first by showing that the 
Earth, the abode of man, is not at the center of the Universe and next by showing that 
even human itself is a product of evolution, then its separation from the Western Church 
was definite. 
Therefore, a kind of war was waged against the heliocentrists, not just because the 
system they supported was at odds with what the Scriptures said, but also because the 
geocentric theory, which supported an absolutely motionless Earth, was in agreement 
with the celestial mechanics of the ‘divine scientist’ Aristotle. Since Aristotle had deeply 
influenced the mediaeval Catholic theology, the rejection of the geocentric theory would 
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diminish the authority of the great philosopher and consequently the theology of the 
Church. It thus became clear that the support of the geocentric theory was essentially an 
issue of Church authority. 
 
Keywords: religion, science, religious dogma, Cartesian doubt, heliocentric theory 
 
1. Introduction 

 
Which is the relation between religion and Science? Or rather between 

religious dogma and Science? Convergence or opposition? Parallel or 
incompatible roads? Is this relation truly inconvenient? 

In order to answer this question thoughtfully, we must first juxtapose 
these two primal notions. 

In the case of a religious dogma, faith must be absolute. Dogma as a 
theory can be proved only through itself and its power is the absence of doubt. 

On the contrary, in the case of Science, according to the philosophical 
view of Descartes, doubt should be present in any problem arising in order to 
avoid possible errors and prejudices; through doubt we can be led to the 
discovery of an indisputable truth. So the Cartesian doubt in the area of Science 
is the main methodological starting point, which leads us to the proof. 

The difference between dogma and Science, or rather the difference of the 
religious beliefs from respective scientific theories, stems from exactly this 
point. 

Religion is faith and absolute truth, while Science is doubt and 
falsifiability (or refutability). Karl R. Popper [1, 2], for example, was critical 
against the inductive methods used in Science. All inductive proofs are limited, 
he said, while he taught that falsifiability should replace the ability for 
verification as a criterion of the difference between the scientific and the non-
scientific. Science is seen more in the frame of an unending search for objective 
knowledge, rather than in the frame of a knowledge system. The principle of 
falsifiability is for Popper the criterion for the scientific or non-scientific 
character of a given theory. Thus, for example, astrology or ‘ufology’ are 
classified as pseudosciences because of their incapability to be subjected to the 
application of the falsifiability principle. Within a religious structure there is no 
phenomenon that can refute the core of the theory and there is nothing that can 
make the foundations of the structure tremble. 

In Science, when something new is discovered, anything that contradicts, 
even partially, to the prevailing scientific theory, then, sooner or later, the theory 
is replaced by a new theory. According to Popper, as cited in Theodossiou [3], 
scientists should rather try to disprove their theories than to verify them time and 
time again. 

But let us consider our main topic, namely the prevalence of the 
heliocentric system and the controversy it created between Science and the 
Christian Church. When Galileo observed with his telescope the four large 
satellites of Jupiter, in 1609-1610, the geocentric theory suffered a fatal blow, in 
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spite of the reactions that followed by various scholars and the Roman Catholic 
Church, which had incorporated geocentric system as its favored one. 

The fundamental difference between Science and religion we mentioned 
before was always rendering their relations inconvenient, especially in the West. 
For a certain period these relations were so tense that blood was shed in their 
sake; but it was rather the relation between the prevailing dogma and 
Reformation or the coming change that made that happen, and not the relation 
between religion and Science. The night of August 24th, 1572, is known in 
history as the Night of Saint Bartholomew because of the massacre of thousands 
of the Huguenots by fanatic Catholics in France. The kings of France were 
fighting violently Reformation, which was represented by Huguenots, because 
the alliance with the powerful Catholic Church allowed them better to hold their 
power steadily. 

It is an indisputable fact that the military and political power of the Holy 
See hindered for a long time the development of knowledge and hence Science. 
Giordano Bruno was accused and judged because, among other, he was teaching 
the infinite number of worlds of Metrodorus of Chios and of Epicurus (4th 
century BC). Similarly, Galileo stood trial on suspicion of heresy and he was 
condemned into house arrest because the heliocentric system he was supporting 
was at odds with the Old Testament, according to which Joshua ordered the Sun 
to stop – and not the Earth – during the Gibeon Battle of Israelites against 
Canaanites; this reference means that the contemporary scholars were believing 
Earth was motionless and the Sun was revolving around it, i.e. into a genuine 
geocentric system. 
  
2. The Gibeon Battle and other Scripture references 

 
The ancient city Gibeon was to the northwest of Bethlehem; during the 

battle conducted there by Joshua against the Canaanites, Joshua asked God to 
cause the Sun and Moon to stand still, so that he could finish the battle in 
daylight and win it: “and he said in the sight of Israel, Sun, stand thou still upon 
Gibeon; and thou, Moon, in the valley of Ajalon. And the Sun stood still, and the 
moon stayed, until the people had avenged themselves upon their enemies… 
…So the sun stood still in the midst of heaven, and hasted not to go down about 
a whole day” (Joshua 10.12-13, The King James version). 

The stillness of the Earth and the respective motion of the Sun is apparent 
also in other parts of the Old Testament, as in the Psalms and the Ecclesiastes: 
“the world also is established, that it cannot be moved” (Psalm 93.1), “He 
appointed the moon for seasons: the sun knoweth his going down” (Psalm 
104.19), “The sun also ariseth, and the sun goeth down, and hasteth to his place 
where he arose” (Ecclesiastes 1.5). 
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3. Later incidents of opposition of the Church to the heliocentric theory 
 

Nicolaus Copernicus (1473-1543) hid his fundamental work De 
revolutionibus orbium coelestium [4] for years, unwilling to publish it, exactly 
because he did not dare and did not want (as a priest himself) to clash with the 
Roman Catholic Church, to which he always belonged. His research was in 
support of the heliocentric system, contrary to the Church-supported geocentric 
system. 

Even centuries later, Charles Darwin delayed in a similar way for several 
years the publication of his pioneering book On the Origin of Species [5] 
because he was either afraid of the power of the Church, or unwilling to oppose 
to it, although England was not subject to the Vatican authority! 

In the 20th century it is known that some religious scholars and Church 
people even attempted to stop the translation of cuneiform writings from 
Mesopotamia and of the Dead Sea Scrolls because it was probable that they 
could reveal that our world is older than circa 6,000 years, an age they believed 
that can be calculated from the Old Testament. This calculation was originally 
made by the Archbishop of Armagh James Ussher (1581-1656), who concluded 
that the Earth was created on October 23rd, 4004 B.C.; others after him 
calculated similar chronologies that have been long ago rejected by modern 
sciences [6].  

The revolution for the observation of the heavens came from Galileo in 
1609, when for the first time in the history of astronomy he used a dynamic and 
pioneering for the times instrument, the telescope, which gave him the ability to 
discover wonderful things in the firmament: from the phases of Venus to the 
four large satellites of Jupiter, a miniature planetary system. 

That year belonged to the first decade of the 17th century; a century that 
marked a period of multiple crisis. Philosophy, religion and Science itself found 
themselves into a maelstrom that shook the foundations of Western society. That 
maelstrom engulfed in its whirl the foundations of Astronomy, the science of the 
heavens. The ‘peaceful’ geocentric and at the same time egocentric system that 
was prevailing for many centuries gave its place to the correct heliocentric one. 

A new physics appeared in the West in the 17th century, under the 
philosophical canopy of the Cartesian philosophy, the spirit of which had its 
deep influence on all his contemporary savants. This new physics, as was 
defined by Galileo and Kepler, was not interested in searching for purpose, but 
rather it was seeking for causes. The teleological model of understanding the 
Universe had now been fully unleashed from the bondage of Aristotelian 
philosophy. From the study of History and Philosophy of the sciences it can be 
said that this was the time the subject is placed as central entity on the 
philosophical stage; however, its place is not secured, in spite of the blows 
against the ‘traditional’ view on nature and human by the new science. 
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It may be that the crucial role for the liberation from Aristotelism, or for 
this revolution of the natural sciences, belongs to the dynamical appearance of 
the new astronomy, which put the Sun in the place of the Earth; however, 
several explanations have emerged based on a much wider understanding of the 
big change that took place in Italy and the Western Europe. 

At least two to three centuries before 1609, the West was a boiling pot. 
Great scholars, such as Jean Buridan (Johannes Buridanus, ca. 1295-1358), 
Nicole d’Oresme (1323-1382), Nicolaus Cusanus (1401-1464), Copernicus 
(1473-1543) and many others in the natural sciences, centuries before Galileo 
and Kepler, based on the Pythagorean and pre-Socratic Greek natural 
philosophers, had added their small stone to the building of the new physics; at 
the same time, they had ignited the great change in Science and in the way to 
understand natural phenomena. A change that, stemming from the mentality 
shift in Astronomy, was now focusing attention to switching the European 
scientific thought from theory to practice, through experiment, observation and 
the use of Mathematics and their methods. 

Galileo Galilei (1564-1642), the first physicist with the modern meaning 
of the term, rejected through his experiments the common perception for motion, 
setting the base for the modern mechanics, while Rene Descartes (1596-1650) 
generalized the re-explaining of everyday experience and proposed a new image 
of reality beyond experience. Descartes tried to show through his philosophy 
that nature’s reality is not similar to what our senses present to us. Our world is 
not a finite wholeness with an impeccable internal structure, as it was presented 
in Aristotle’s view of Cosmos and later in its slight alteration by Dante [7]. 

Things changed in new astronomy, too; scholars, liberated from the tightly 
closed and powerful crystal spheres, started to talk about an infinite Universe 
that didn’t have or was controlled from a natural hierarchy, while its unity was a 
result of laws governing it, laws valid for all its parts. 
 
4. Why the heliocentric theory proponents were persecuted? 
 

The revivalist of the heliocentric theory, Copernicus, was according to 
Martin Luther ‘the fool who wanted to overturn the Science of Astronomy’. Later 
on, Giordano Bruno was burned for his views and ideas, while Galileo was put 
under house arrest. Why? 

The answer lies in the indisputable fact that these scientists, by indicating 
the weakness of the geocentric theory were undermining in an essential way the 
egocentrism or the man-centred Universe, in other words a basic aspect of the 
Christian worldview, for which human is the centre and the reason for all 
Creation. Indeed, the German Neo-Kantianist philosopher and historian of 
Philosophy Wilhelm Windelband (1848-1915) assigned to the Christian 
worldview a ‘human-centred character’, because according to it (in contrast to 
the ancient Greek thought) human and human history become the reason for the 
Universe [8]. Yet, the human-centred view was inherent in all ancient 
astronomy, capitalized with the Ptolemaic view for the Cosmos (with the Earth 
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at the centre of it). To this the religious view that human is the central creature of 
the Creator and everything else revolves around him, dovetailed nicely. 

The rare independence of thought combined with an integrated knowledge 
of Astronomy and Cosmology, knowledge not easily attainable at that period of 
time, were the necessary prerequisites for Copernicus, Giordano Bruno, Galileo 
and Kepler to expose persuasively the superiority of their heliocentric system 
version. That great proposition of Copernicus, which revived the heliocentric 
theory of Aristarchus of Samos not only paved the way towards modern 
Astronomy, but also helped to bring a decisive change in the way humans were 
facing the Universe. When people grasped that the Earth was not the centre of 
the Universe but instead just one of the Sun’s planets, a member of the Solar 
System, the illusion of the central importance of humanity itself lost its support. 
Therefore, the heliocentric theory was not favoured by the Western Church 
because it did not comply with the ‘positions’ of the Bible and the ancient Greek 
geocentric theory. When Science contributed to the fall of the anthropocentric 
myth, first by showing that the Earth, the abode of man, is not at the centre of 
the Universe and next by showing that even human itself is a product of 
evolution, then its separation from the Western Church was definite. 

Therefore, a kind of war was waged against the heliocentrists, not just 
because the system they supported was at odds with what the Scriptures said, but 
also because the geocentric theory, which supported an absolutely motionless 
Earth, was in agreement with the celestial mechanics of the ‘divine scientist’ 
Aristotle. Since Aristotle had deeply influenced the mediaeval Catholic 
theology, the rejection of the geocentric theory would diminish the authority of 
the great philosopher and consequently the Theology of the Church. It thus 
became clear that the support of the geocentric theory was essentially an issue of 
Church authority. This was the main reason Pope Urban VIII (1623-1644) 
moved the procedure against Galileo and included the work of Copernicus in the 
Index Librorum Prohibitorum. 

The space of the Universe with the new astronomy and Physics departs 
from the set of the differentiated Aristotelian spaces and then it is identified with 
the space defined by Euclidean geometry, a homogeneous and isotropic space, to 
finally become, in the 19th and 20th centuries the space of non-Euclidean 
geometries. 

Johannes Kepler, as a mystic and religious person, believed that the 
Universe was full of secret and transcendental forces. He was convinced that if 
he plugged the mystic mathematical harmonies into the study of the celestial 
sphere he could connect the planetary orbits with perfect geometrical solids. 
According to the German astronomer only the motions of the celestial bodies, 
eternal and perfect as they were, could be analyzed mathematically and 
geometrically, since he supported the view that Astronomy should be based on 
the principles of geometrical simplicity. However, Kepler was a Protestant and 
as such he never felt the pressure of Catholicism and the Inquisition [9, p. 266]. 
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After the observations and the theoretical studies of these two great 
astronomers, Galileo and Kepler, the abdication of the Earth from its planetary 
throne was a reality. After thousands of years of reign for our small planet in the 
human thought, the heliocentric system prevailed and the Sun rightly occupied 
the position held by the Earth in the geocentric system. The eternal crystal 
spheres of the closed Aristotelian geocentric system with the perfect internal 
arrangement and the strict hierarchy gave place to a new cosmology that 
favoured an infinite Universe without any natural hierarchy. 

Kepler, with his book Astronomia nova (1609) [10], came into conflict 
with the then prevailing ideas. The adoption of the material moving force he 
proposed was a blow against the divinely created cosmic order, imposed in the 
western thought by the Aristotelian physics. 

As a conclusion we can state that Galileo with his pioneering observations 
and Kepler with his theoretical insight were the true founders of the new 
heliocentric system and the discoverers of the laws governing our planetary 
system; both in 1609, with the first telescopic observations of Galileo and the 
publication of Astronomia nova, which put on new bases the celestial science, 
since Kepler therein presented the two of the three basic laws governing 
planetary motions: The orbits of the planets are ellipses, the one focus of which 
is occupied by the Sun, and the line joining a planet and the Sun sweeps out 
equal areas during equal intervals of time. It can be said that the observational 
justification of the heliocentric theory began with Galileo and its mathematical 
foundations were laid exclusively by Johannes Kepler. 

The heliocentric theory of Aristarchus and Copernicus was a blasphemy 
according to the Church, because it sowed the ideas for a science uncontrolled 
by Catholicism and the Inquisition. For this reason, in 1616 this theory was 
condemned by the Roman Catholic Church as irrational, impious and ‘pseudo-
scientific’. This condemnation lasted until 1820, when the heliocentric theory 
was regarded by the Church as rather ‘proved’ and ‘scientific’; after that, the 
persecution against its supporters stopped. 
 
5. Was there a solution? 
 

A solution? Of course! The true solution to the problem of relations 
between Science and religion was and still is the separation of their roles. In any 
case, God is beyond the limits of Science; He reveals himself, He can’t be 
calculated with equations or through theories; therefore, the scientific occupation 
of scientists with the divine is both dangerous and vain. 

It must be noted that these questions are important not only because the 
terms ‘science’ and ‘scientific’ are present everywhere. The problem of the 
boundaries of Science is also of great social and political importance. We should 
not forget that in the late Soviet Union the communist party had the right to 
decide what science was and what was not, at any given case. Besides, the 
understanding of what is or is not science influences more or less the scientific 
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policy of the State, and this has consequences for the advancement or the 
stagnation of the scientific or the corresponding technological research. 

For example, an empiricist’s view on what is science favours the blind 
empirical research without the respective interest for its theoretical foundations: 
It is well-known in astronomical circles that the United States Air Force keeps 
an office responsible for the collection and analysis of information concerning 
the Unidentified Flying Objects (UFOs), which are normally reported to ignore 
the known laws of Physics and/or carry extraterrestrials! It is also known that 
several universities keep laboratories dedicated to ‘paranormal research’, which 
is at odds with the ‘official’ natural science and has up to now failed to give a 
single law for the ‘paranormal phenomena’. 

Of course, a certain answer to the question of what is science and what 
gives it its validity and effectiveness could be given – as in the Middle Ages – 
by resorting to some authority, such as the authority of Aristotle or some other 
ancient philosophers. But it seems that this solution causes problems. A tradition 
is known about the Pisa experiment conducted by Galileo: in order to disprove 
the Aristotelian belief that the heavier bodies fall faster than the lighter ones, 
Galileo climbed on the Leaning Tower of Pisa holding two objects, one light and 
one much heavier than the first, and he released them simultaneously to fall to 
the ground from the top of the Tower. The two objects reached the ground at the 
same moment, not caring for what Aristotle would say. 

The wise professors of the University of Pisa, instead of acknowledging 
Aristotle’s fallacy by means of the experiment, argued that the two bodies did 
not reach the ground simultaneously; while some that saw the truth thought that 
their eyes had played a trick to them, since Aristotle did not agree with that 
outcome. Therefore, the appeal to any authority does not offer necessarily a 
good answer to such questions; it rather creates more problems. 

In the example of the above Pisa experiment tradition one can discern a 
widely held view of our age concerning what is science. It is the view of the 
empiricism: All knowledge is acquired through experience, which is the 
immediate perception of objects and phenomena through our senses. Galileo and 
Kepler were the first astronomers and physicists who escaped from the view that 
true knowledge can be acquired only through the study of the classic ancient 
texts as the writings of authorities, such as of that master of universal 
knowledge, Aristotle. 

According to Αlexandre Koyré [11], the scientific revolution of the 17th 
Century smashed the ancient Greek notion of Cosmos, of the Aristotelian vision, 
a world of first impressions, and replaced it with an Archimedean Universe of 
precision, of the ‘geometrization’ of space and of measure. The real world is not 
considered anymore a closed, finite and hierarchically structured wholeness, as 
limited by the mediaeval approach, which explained the world based on the 
Bible in accordance with the ancient Greek geocentric view; instead, it is an 
open, infinite and vague Universe, defined by the natural laws and by its 
fundamental components. The clash in the crucial field of Cosmology and the 
different way to approach and study nature was the point of transit to the final 
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theory of the Universe without an ‘edge’. This clash was provoked by the works 
of great scientists and philosophers of the 16th and 17th centuries, including 
Copernicus, Tycho Brahe, Kepler, Galileo, Descartes and Newton. 

As Bertrand Russell writes: “Kepler and Galileo proceeded from the 
observation of separate events to the formulation of accurate quantitative laws; 
with their aid future events could be predicted in detail. They annoyed a lot their 
contemporaries, because not only their conclusions were in stark contrast to the 
beliefs of that period, but also the blind faith to an authority allowed the savants 
to limit their researches in the libraries and the professors were utterly upset by 
the idea that they would have to observe the world in order to learn exactly how 
it is” [12]. 

In this passage Russell gives us the main characteristics attributed to 
Science by the so-called positivist philosophers, such as John Stuart Mill, 
Herbert Spencer, or the more recent ones Moritz Schlick, Otto Neurath, Kurt 
Gödel, Rudolf Carnap and others. 

In very broad lines, for positivism science means sure and proved 
knowledge. Science provides the only method to reach absolute certainty. The 
scientific theories are built based on general and personal prepositions. 
According to positivism, we start from the partial, i.e. the personal propositions 
that describe observations, and we end up with the general, that is the universal 
propositions, which are the laws of Science. 

The two basic principles of the original positivism are: 
1. Every piece of knowledge that pertains to events-phenomena is based on  
        the ‘positive’ elements of experience (the term ‘positive’ means   
        affirmative); 
2. Beyond the world of natural phenomena there is the world of pure Logic  
        and pure Mathematics. 
Positivism, as a main component of the physics mentality, is: secular, anti-
theological and against Metaphysics; it sticks to the testimony of observation 
and experience – positive knowledge and experiment. Positivism, by rejecting 
Metaphysics helped to supersede preoccupations of the past and forwarded the 
development of the logical physical thought. In a positivistic world view, science 
is considered the way we can discover the truth and understand the world as 
good as possible, so that we will be able to predict it or change it [3, p. 94]. 
 
6. Conclusions 
 

As a concluding remark, it should be stressed that our treatment of the 
topic is centred on the Western Christianity - Roman Catholic Church and 
Protestantism.  

In the Orthodox tradition, in the words of theologian G.N. Filias [13], the 
two opposite trends characterizing the Western tradition – the clericalism of the 
Roman Church and the absence of clerical power in the Protestant 
denominations – can’t be developed. This is probably why Orthodoxy did not 
experience situations like the Roman Catholic medieval society, in which 
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becoming a member of the clergy was considered something relative to the 
entrance in the mechanism of state (secular power).   
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Abstract 
 

The life and work of the three Cappadocian bishops: Saint Basil the Great (330-379), 

Saint Gregory of Nazianzus (329-390) and Saint John Chrysostom (347-407), as well as 

their contribution to the Natural sciences, especially to Astronomy and Cosmology, have 

been examined and considered.   

 

Keywords: Byzantium, Natural sciences, Cosmology, History of astronomy, Basil the Great, 

Gregory of Nazianzus, John Chrysostom 

 

1. Introduction 

 

On the opposite side of Emperor Julian and of the scholars who practiced 

astrology during the early Byzantine period, a number of Church Fathers 

(„Doctors of the Church‟) and bishops flourished and left a legacy in Philosophy 

and Science without belonging to a school, or representing one. 

Some of these Church scholars were educated in the neo-Platonic school 

of Athens and they essentially formulated the Christian dogma, representing 

Christianity, since the Christian philosophy of that age was shaped on the basis 

of neo-Platonic and Aristotelian influences. 

The main representatives of this current of thought in the early Byzantine 

period are above all others the three Church Fathers from Cappadocia: Saint 

Basil the Great, Saint Gregory of Nazianzus and Saint John Chrysostom. 
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These three were followed by the eminent bishops Saint Gregory of 

Nyssa, Epiphanius of Cyprus, Asterius of Amasseia, Cyril I of Alexandria, 

Synesius (who can be said to represent the school of Alexandria), Caesarius, 

Nemesius of Emessa (Syria) and finally the monk Dionysius Exiguus, who 

compiled Easter Canons. 

This first paper on the Church Fathers and bishops deals with the 

Cosmology of the three great Cappadocian Fathers, the „Three Prelates‟ as they 

are known in Greece; in a following paper we will examine the work of other 

eminent bishops and their contribution in the natural sciences. 
 

2. The golden age of Theology and Ecclesiastical rhetorics 

 

During the first century of its life, the Eastern Roman Empire, later called 

the Byzantine Empire by historians, struggled to discover and then to impose its 

new, Christian identity. In this context it was very important to construct the 

Christian dogma and a world view based on the Old Testament; on these two 

challenges were concentrated the efforts of the Christian scholars. This twin feat 

was achieved by the great Cappadocian bishops Saint Basil the Great (330-379), 

Saint Gregory of Nazianzus (329-390) and Saint Gregory of Nyssa, who was 

brother of Saint Basil. Thanks to them and to Saint John Chrysostom (347-407) 

the 4th century AD was called the „Golden Age‟ of Theology and ecclesiastical 

rhetorics. 

Professor Athanassios V. Vertsetis writes in his book General Didactics 

about the evolution of the art of teaching: “The Fathers of the Church faced the 

issue of the methodology of teaching within the frame of the needs of Church 

rhetorics and catechism, and they examined the whole topic only relative to the 

monologic persuasive preaching. The Byzantine empire, as it is known, 

contributed nothing to the sciences; the Aristotelian dogmatism that prevailed 

during the whole Medieval period did not favor creative advances.” [1] 

It is true that initially the position of the official Church, as a 

representative of a new and novel religion that was expanding to the point of 

prevalence, was quite negative towards the gentile science, since the latter was a 

product of the ancient pagan world. However, Astronomy was indispensable, 

because a calendar should be devised for the determination of the Christian holy 

days, especially of the date of the Easter. For this reason the wise bishops 

studied Astronomy and through this knowledge they approached the Cosmology 

and cosmogony of the Old Testament. Actually, in order to reconcile the 

astronomical views of their age with the cosmogony described in the Book of 

Genesis, they wrote treatises On the Six-day Creation (Peri Hexahemerou or On 

Hexameron) that became staple texts of the spiritual production of the 4th 

century [2]. As Th. Nikolaidis writes, “The most important texts were the 

„Homilies to the Six-day Creation‟ by Saint Basil the Great and those by his 

brother, Saint Gregory of Nyssa, treatises that exerted an especially strong 

influence, not only in the East but also in the West.” [3].  
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Most bishops were involved, in addition to their pastoral and theological 

work, in teaching and Astronomy, the science of time measurement and of the 

heavens, while they also wrote about Astronomy and cosmogony. Let us 

examine first the life and work of the three Cappadocian bishops: Saint Basil the 

Great, Saint Gregory of Nazianzus and Saint John Chrysostom. 

 

3. Saint Basil the Great (330-379) 

 

Basil (Vassilios) was born in Neocaesareia, on the Black Sea shore, in the 

year Constantinople was founded (330). His family was a pious Christian one; 

his father was Basil, a teacher of Rhetorics and his mother Emmeleia. His 

grandmother, Macrina, was a daughter of a martyr and she was taught the primal 

Christian theology by Gregory the Illuminator (c. 257–c. 331), the patron saint 

of Armenia. 

After he received an elementary education in Neocaesareia, Basil 

continued his studies in Caesareia of Cappadocia, in Antioch, in Constantinople 

(under the gentile orator Livanius) and in the famous neo-Platonic school of 

Athens, where philosophers Imerius and Proaeresius were teaching. In these 

student years Basil became a friend of Gregory of Nazianzus, while he also met 

with Julian, the subsequent Emperor Julian the „Renegade‟ (Paravates). When 

he returned in his homeland, Basil followed a monastic life for quite a while. In 

Caesareia Basil was ordained a deacon, a priest and later on he became a bishop 

(370-379). After his death he was elevated to the ranks of the saints of the 

Church due to his broad work as a philanthropist; his younger brothers Gregory 

of Nyssa and Peter of Sebasteia, and sister Macrina, were also sanctified. 

During the several years of his studies Basil received a wide classical 

education. He studied Grammar, Rhetorics, Medicine, Philosophy, Geometry, 

Mathematics and Astronomy. However, as far as the study of Astronomy is 

concerned, Basil in his Homilies to the Six-day Creation (The Hexæmeron, 379 

AD) writes: “What is the meaning of Geometries and of the methods of 

Mathematics, of the stereometries and of the much-celebrated Astronomy, of all 

this multi-sided vanity, if all who ardently keep themselves busy with them made 

the thought that the world we see has the same origin with the Creator of 

everything God, thus equating in grandeur the limited and material world with 

the limitless and invisible nature?” [4]. 

Nevertheless, it  seems that when Basil the Great calls Astronomy a 

„vanity‟ he most probably means what we now know as astrology. This view is 

supported by the fact that in other texts he considers the observation of the stars 

necessary, because through it, as he writes, we become acquainted with the divine 

wisdom and we receive important precept from its knowledge; but up to a certain 

point: one should not examine the stars beyond what is necessary. Indeed the 

polymath Father of the Church notes: “What other does the moon teach us by 

becoming full and waning once again, except to avoid thinking great about the 

prosperities of life? I only suffice not to examine the signs that come from the 

stars beyond what is necessary.” [4]. 
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Basil‟s classical culture enabled him to teach properly in his Treatise 

towards the young [5] on the issue of the place of the secular education in the 

Christian school and, in doing so, to influence the stance of the Church with 

respect to the classical education both then and during the Renaissance. 

According to the late professor of Byzantine studies N. Tomadakis: 

“While Basil the Great wrote a treatise on how children would benefit from the 

Greek texts, it should not be assumed that in this work the Church Father was 

advising the youth to adopt the thought of the classics; on the contrary. In books 

full of wrong beliefs and myths he was able to find several episodes that 

possessed a moral value and hence they could be used to form the character of 

the Christian children, nothing more. Basil and the other great Fathers studied 

of course excellent Greek in the Greek schools of Athens and of the East, 

however the influence of the Jewish spirit through the Scriptures was deep upon 

them… They studied the Greek authors for the favour of Rhetorics. The 

beautiful, the aesthetically good element, was of no interest to them when it was 

unrelated to the true and attached to the gentile element. And „true‟ was only the 

revealed religion as a relation to God, while moral was only the teaching of 

Christianity.” [6] 

Basil studied Astronomy in Athens and his views on the cosmological 

visualization of our World are noteworthy, showing his effort to render the 

Greek and Hellenistic model of the Universe compatible with the Book of 

Genesis. According to G. Katsiampoura [7]: “Basil was opposed with fervour to 

the view that the world is eternal („aidius‟), without a beginning or an end, an 

Aristotelian view already well-established in the 4th century. Without 

formulating a new personal cosmology, Basil adopts the cosmology of the Book 

of Genesis about the creation of the Universe out of nothing by the Christian 

Creator, as mentioned by V.N. Tatakis [8]. This perception, which will form the 

official cosmological view in the Medieval times, lies under the fact that 

Ptolemy‟s main cosmological work, the „Hypotheseis Planomenon‟, does not 

experience the dissemination of the respective astronomical work of the same 

author. On the other side, as far as the shape of the Earth and its place at the 

centre of the Universe are concerned, these are accepted by Basil as they are 

described by Aristotle and the Ptolemaic system without question. The only new 

element added by Basil with respect to the Universe is the existence of an 

additional sphere, that of the celestial waters, beyond the 8th sphere of the fixed 

stars described by Ptolemy. This ninth sphere separates the world of the 

material creation from the world of God. Much later, in the Medieval Age, even 

more spheres would be added. Nevertheless, the cosmological view expressed by 

Basil and adopted by the Church could coexist with the Ptolemaic system of the 

world; it is impossible to replace Ptolemy‟s astronomical system, because it is 

incomplete, interested more in the first cause of the Creation, cosmogony, than 

in the astronomical calculations of the Alexandrine savant and of his succeeding 

astronomers, as Th. Nikolaidis mentions [3].” 
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4. The schools of Antioch and Alexandria 

 

As a conclusion it can be said that Christian cosmology‟s foundation was 

laid by the work of Basil the Great, who, having studied in the gentile schools, 

was well acquainted with the principles of the Greek cosmology: The Earth was 

spherical, surrounded by a spherical sky and other spheres, the uppermost one 

being the vast 8th sphere of the fixed stars. 

As a Christian priest, however, he also knew well the Jewish cosmology 

of the Book of Genesis. This cosmology is purely theological in its content, 

describing the Universe indirectly, through its creation by the omnipotent God 

within six days. According to this view of the world the Earth is supported by 

waters under it, the Sun is on the firmament along with the other (the fixed) stars 

and everything is surrounded by the universal waters, in accordance with the 

Babylonian model of the Universe [9]. 

We should not be impressed by this general view of the wise men of that 

era. Even today, during the Orthodox service of the Good Thursday it is chanted: 

“… the One who suspended the Earth among the waters.”  

In addition, according to the Judeo-Christian model of the Universe, this 

has one beginning: the moment of its creation by the creator God. It also has an 

end: during the Second Coming. All these should be coupled with the 

Greek/Hellenistic cosmology and some views should be eliminated ─ for 

example the fact that in the Greek cosmology of Aristotle and Ptolemy (2nd 

century AD) there was the sub-lunar destructible space and the space above the 

Moon, which was eternal and indestructible; this was an unacceptable view for a 

Christian thinker, since only God can be eternal and indestructible: if the space 

above the Moon had these properties, then the creation itself would be equally 

important with the creator God! 

Following the description of the world‟s creation within six days, the 

Christian scholars, including Saint Basil the Great, entitled their works On the 

Six-day Creation (Peri Hexahemerou or On Hexameron).  Essentially, despite 

the fact that Basil was educated in the Neo-Platonic school of Athens, his 

philosophy and ideology approaches more the views of Clement of Alexandria 

(c.150-211/216), Origen (185-251) and especially the theology of the Jewish 

scholar Philo of Alexandria (25 BC-40 AD). Through all these thinkers and 

subsequently by Augustine of Hippo (354-430), who was influenced a lot by the 

texts of both Saint Basil the Great and Saint Gregory of Nyssa, Platonic 

philosophy was introduced in the deeper theological core of the Christian 

Church [10]. 

Philo of Alexandria was the most important representative of the 

Alexandrine Jewish theology; he attempted to combine and reconcile Greek 

philosophy, especially the „most holy Plato‟, with the wisdom of the Scripture 

(our Old Testament). His ideas stem from the notion of God as a clear, absolute, 

super-perfect and blissful entity, of whom we know only the existence, but not 

the essence. 
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 The term hexahemeros („six-day‟) occurs first in the writings of this 

Platonic philosopher and through Theophilus, the sixth bishop of Antioch (since 

169) [11], was passed to the subsequent Fathers and was essentially established 

by Basil the Great with his famous Nine Homilies to the Six-Day Creation [12]. 

It is natural that here the views of two eminent Christian schools of thought slip 

into and are combined in this work. On the one side the worldview of the 

Antioch, which more or less interprets the Scriptures literally and expresses the 

Asian cosmological views (flat Earth and Universe of various shapes). On the 

other side the worldview of the Alexandria school, which due to its Greek and 

Hellenistic background interprets Genesis in a more metaphorical way in order 

to adapt it to the more advanced cosmological system of the Alexandrine natural 

philosophers, with its spherical Earth and a spherical Universe that has the Earth 

at its centre [13]. 

 

5. The heresies torment the Church 

 

From the middle of the 4th century up to the 8th century various heresies 

and schisms trouble the Christian Church and more generally the Christian 

empire. The Church reacts through the Ecumenical Councils in its attempt to 

clarify and establish the Christian Faith. This had the effect that everything was 

centred through the topic and scope of the unity of the Church, which also 

reflected the unity of the empire. Therefore, it was very difficult for any scholar 

to think of and work on something different. 

The great theological antitheses arising with these heresies, which were 

often oppositions between different cosmogony or cosmological views, lasted for 

about five centuries and they were recorded in the decisions of the Ecumenical 

Councils and in the texts of the Church Fathers. These differing views were 

often based upon different philosophical positions; for example the Nestorians, 

the followers of Nestorius of Constantinople, represented the Aristotelians of the 

Antioch school and they opposed to the Platonists of the Alexandrine school, led 

by Cyril I of Alexandria. Several heresies created a world model that was 

different from that of the Old Testament [14]. 

 

6. The works of Saint Basil the Great 

 

Basil ended up as a very prolific author of the Church, a Father who 

struggled for Orthodoxy and against the heretical views of his period. First of all, 

he opposes to many views of the ancient Greek philosophy that do not agree 

with the Christian cosmological model; in addition he strongly opposes to 

certain Christian heretical views that also express or imply a world model 

different from that of the Old Testament. 

For his tireless teaching and writing despite his fragile health, Basil was 

called by the Church „Great‟ ecumenical Teacher. All of his works can be found 

in the Patrologia Graeca [15]. 
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Basil‟s works can be divided into four broad categories: dogmatic, 

practical, homilies and epistulae (letters). 

 

6.1. Dogmatic 

 

 Refutation of the Apology of the Impious Eunomius (Adversus Eunomium); 

 On the Holy Spirit. 

 

6.2. Practical 

 

 Ascetics (Asketika), of which the main genuine parts are the Moralia, the 

Regulae tractatae (in 55 + 80 chapters) [15, vol. 31, pp. 905-1052 and 

pp.1052-1306], works that were used as the basis of the monastic life in the 

East; 

 Address to Young Men on Greek Literature (alternatively: Address To 

Young Men On How They Might Derive Benefit From Greek Literature), 

where he expands on his view that the Greek literature has a relative value, 

which is preparatory for the understanding of the Holy Scriptures, and 

therefore only those Greek texts that teach us virtue should be read; 

 Two Homilies on Baptism; 

 A Divine Liturgy, which is still performed by the Orthodox Church 10 times 

per year. 

 

6.3. Homilies 

 

 Hermeneutic, such as the Nine Homilies to the Six-day Creation, On the 

Psalms, On Passages of the Scripture et a; 

 Moral, such as: On Fasting, To the Rich, Against Anger, De humilitate; 

 Panygeric (Panygyric), to martyrs; 

 Dogmatic: Quod Deus non est auctor malorum (On that God is not the 

cause of Evil), De fide (On Faith), Contra Sabellianos et Arium et Anomœos 

(Against Savellians, Against Arius and the Unlawful), et al. 

 

6.4. Letters 

About 350 letters are attributed to Saint Basil the Great. 

Of special interest for those that study Theology, Philosophy and the 

History and philosophy of the sciences are the Nine Homilies to the Six-Day 

Creation and the letters, which show his broad and deep knowledge in 

Astronomy but also in Meteorology. 

This is mentioned by professor Κ.D. Georgoulis: “From a philosophical 

point of view, of special interest are the „Nine Homilies to the Six-Day 

Creation‟. In these Basil has incorporated his views in Physics, Cosmology and 

Anthropology. He exhibits a love towards nature and he appears to be a keen 

observer of natural phenomena and events… Nature is esteemed as a creation 
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that was created by God through His wisdom… Basil the Great in these 

Homilies lays the foundations for the new stance of Christianity towards the 

physical reality. This work introduces him not only as a sharp observer but also 

as a connoisseur of the Aristotelian works on natural history.” [16] 

The Nine Homilies to the Six-Day Creation is a work rich in astronomical 

information and in the corresponding philosophical approaches of Cosmology; 

in the past our research team has made announcements on these thoughts and 

approaches of Basil the Great in international conferences of History and 

philosophy of astronomy and Natural sciences [17]. 

The Nine Homilies were translated for the first time in Latin by the 

Byzantine scholar and philosopher Ioannis Argyropoulos (1410-1490), who 

earned the seat of Greek studies at the University of Florence in 1456 and stayed 

there at least up to 1471. 

The Emeritus professor of Astrophysics Sotirios N. Svolopoulos 

comments on Saint Basil‟s Nine Homilies: “In two of these homilies much of 

Basil‟s astronomical knowledge appears. By analyzing the word „beginning‟ 

(archè), he shows from the start an excellent use of dialectics, with the 

development of the mathematical notion of the point, of the impossibility of its 

subdivision, of the notion of time and of the beginning of time, coming to the 

conclusion of the impossibility of the existence of an infinite number of time 

beginnings. It would not be possible for time to exist before the creation of 

matter, for the notion of time is interwoven with the notion of change. Therefore, 

the Creation of the Universe was momentary and timeless (without time). And 

because the world has a beginning, Basil does not doubt that it will also have an 

end.” [18] 

 Basil the Great, bishop of Caesareia in Cappadocia and a saint of both the 

Eastern and the Western Christian Church, was explaining in a simple and 

understandable way in his first Homily to the Six-Day Creation, many centuries 

before the rise of modern science, that time as humans perceive it is not the same 

as motion, but it measures it through the effects of change and weathering it 

causes. 

He also came through logical processes to the same conclusion modern 

Cosmology and Physics has arrived at: that time was born together with the 

Universe, i.e. along with the three-dimensional Euclidean space, giving an 

excellent philosophical explanation of the notion of the „beginning‟ as far as the 

Creation is concerned. 

More specifically, this great father of the Orthodox Church writes: “The 

flow of time, which is always in a hurry, it rolls and leaves, never stops; or is not 

so? The past disappeared, the future has not yet come and the present slips out 

of our perception before we grasp it … …Therefore [time] was necessary for the 

bodies of animals and plants, which out of a necessity are bound to a flow and 

are joined by the motion that leads to the birth or to the decline, that causes 

them to be contained in the nature of time, which presents a special character 

according to the object or body that undergoes the change.” [4, p. 16]  
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In another passage of the Nine Homilies to the Six-Day Creation Basil 

mentions: “Perhaps because the Creation was made in an instance and without 

the intervention of time, it was said that „in the beginning He created‟; for the 

beginning has no parts, nor dimensions. In the same way the beginning of the 

road is not road by itself and the beginning of the house is not house, the 

beginning of time is not time, not even the smallest time interval. If someone 

objects to this and supports the view that the beginning is time, let him know 

that he will need to divide it in the parts of time, which are beginning, the 

middle and the end. But to invent a „beginning of a beginning‟ is absurd, and 

whoever bisects the beginning will produce two beginnings instead of one, or 

rather an infinite number of beginnings, for whatever gets divided this way it is 

divided ad infinitum to other parts.” [4, p. 18] 

As a conclusion of the previous analysis, according to the views of Basil, 

the Universe was created outside of time. In other words the notion of the three 

spatial dimensions, of time and of the perceptible Euclidean space is a result of 

the creation of a perceptible Universe, i.e. what exactly is accepted by the 

modern Cosmology [11, p. 53]. 

About the Nine Homilies to the Six-Day Creation the professor of the 

School of Theology at the University of Athens father George D. Metallinos 

writes: “Basil the Great offers with his „Six-Day‟ (P.G. 29, 3-208) a classical 

example of Orthodox use of scientific knowledge. He achieves the connection of 

biblical and scientific facts through a continuous transcending of Science. He 

refutes the materialistic theories and the heretical faults by passing into the 

theological (and not metaphysical) explanation… Basil the Great himself, being 

affirmative to Science, as an omni scientist, he also accepts its god-centered 

character.” [19] 

Basil, having studied the Greek pre-Socratic philosophers, Plato and 

Aristotle, and especially the latter‟s Meteorologics [20], offers in his works 

scientific explanations about the formation of the rainbow, of the rain itself, of 

the lightning, of  the  thunder and of other natural phenomena [5, vol. 29, p. 

292]. 

As far as the triadic nature of God, Basil the Great accepts that the Father, 

the Son and the Holy Spirit as a set possess common characteristics: „They‟ are 

infinite, impossible to be understood, indescribable and unbuilt (or inbuilt). 

Moreover, the clarification of the terms „essence‟ („ousia‟) and „substance‟ 

(„hypostasis‟) by Basil not only formed the dogma of the Holy Trinity in an age 

when heresies tormented the Church, but also it served as a basis for the correct 

explanation of the relation between the two natures of the theanthrope Jesus 

Christ. 

The Orthodox Church commemorates Saint Basil the Great, the first of the 

great ecumenical teachers and Church Fathers, on January 1, but also on January 

30 together with Saint Gregory of Nazianzus and Saint John Chrysostom in the 

festival of the „Three High Priests‟. The Western Church celebrates his memory 

on June 14. 
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6.5. Some conclusions about the Homilies to the Six-Day Creation 

 

Summing up, it can be said that Basil the Great: 

1. Opposes the ancient Greek philosophy and certain Christian sects in that he 

does not accept the eternal and indestructible nature to the world above the 

Moon, since this world, too, had a beginning and so it will also have an end. 

According to Basil the eternal and immortal nature belongs only to God. 

2. He accepts in general the ideas of the Greek and Alexandrian (Hellenistic) 

astronomy, i.e. the geocentric Ptolemaic system of the world. The spherical 

Earth lies at the centre of concentric spheres that reach up to the 8th sphere of 

the fixed stars. Consequently Basil does not accept the Asian cosmology, nor 

the ideas of the Antioch School; for this reason and because of his Greek 

education he reads Genesis in an allegorical way as far as the ordering and 

the motion of the world are concerned. 

3. He adds another sphere, that of the celestial waters, beyond the 8th sphere of 

the fixed stars described by Claudius Ptolemy. This ninth sphere separates the 

world of the material creation from the world of God. He does so in order to 

agree with the biblical phrase „above the seas He laid its foundations‟ 

(meaning the Earth), a phrase he explains by writing that around the Earth 

there are waters everywhere, because there is the ninth sphere of the celestial 

waters. 

4. Essentially, he attempts to create a compatibility and accordance between the 

Hellenistic astronomy (especially Ptolemy‟s Great Syntaxis) with the Judeo-

Christian cosmology, to the extent of course that this feat is possible. He 

succeeds in separating the theoretical Hellenistic astronomy from cosmology 

by formulating a kind of „personal school of thought‟ and generating a 

tradition that was followed by all subsequent Byzantine scholars to the age of 

Theodoros Metochites (1260/61–1331), who formulates scientific astronomy 

in the late Byzantine period [21]. 

5. He also interprets allegorically the verse of the Psalm 75: “I bear up the 

pillars of it”, which refers to the supporting of the Earth. He explains that 

these „columns‟ are nothing more than the force that holds the Earth at the 

centre of the world (geocentric system). 

6. Finally, to the verse of the Genesis that mentions that “the Earth was 

formless and empty”, which offered arguments to the heresy of the Gnostics 

[15] (they interpreted it to mean that Earth pre-existed before the Creation in 

the form of a formless matter) Basil gave a very simple interpretation: He 

suggested that the term „empty‟ means that the Earth had not „constructed‟ 

yet its natural world, i.e. the plant life, while the term „formless‟ means that 

Earth was invisible because it was covered by the cosmic waters or because 

of the primordial darkness. 

After Saint Basil the Great and his important philosophical and 

cosmological work, let us examine the other two bishops, who, in spite of their 

classical education and culture, are short of the cosmological background of 

Basil the Great. 
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7. Saint Gregory of Nazianzus (329-390) 

 

Gregory was born in 329 in the small town of Arianzòs, near Nazianzòs of 

Cappadocia, hence he is called „of Nazianzus‟ or Nazianzen (Greek: 

„Nazianzinòs‟) from the wider area of his birth. Because of the power of his 

theological texts (mainly of the five theological treatises he wrote as bishop of 

Constantinople against the Arians) he is also called Gregory the Theologist. His 

father‟s name was also Gregory and he lived from 280 to 374; the father was a 

bishop of Nazianzòs and he is commemorated on January 1, along with Basil the 

Great‟s memory. 

Gregory the younger received his basic education in Caesareia, where he 

was acquainted with Basil and the two adolescents continued their studies in 

Athens (the neo-Platonic school), where they received their secular education. 

Gregory of Nazianzus became at first bishop of Sasima (372) and 

afterwards bishop of Constantinople (379). He was a profound and eminent 

orator, Church writer and poet. He is considered the best theologian of the 

Church after Saint John the Evangelist. In addition to his many theological 

works, which are the objects of study by other researchers, Gregory as the 

recipient of a very wide classical education presents in his texts a multitude of 

astronomical and cosmological topics that are of special interest to us, while at 

the same time he seeks for the harmonization of Christianity with the world. 

Gregory of Nazianzus was the pioneer of an archaic-Christian humanism. 

In general his philosophy is influenced by Neo-Platonists, while his ascetic ideas 

were influenced by Stoicism. He is classified as a Neo-Platonic Church writer of 

the series of the Cappadocian Fathers of the Church, who formed the most 

important factor for the development of the Christian teaching on a philosophical 

basis. 

Gregory himself wrote more than 245 Letters and 45 Homilies, where, 

inter alia, he presents the astronomy of his age. Of course, in his words, 

“astronomy was considered a dangerous education subject” [15, vol. 35, p. 

761], he most probably means astrology, since in both his Letters and Homilies 

he refers to basic astronomical topics: to the stars, the Sun, the solar and lunar 

eclipses, the Milky Way Galaxy, the zodiac, and also to meteorological matters, 

such as the lightning and the thunders [15, vol. 36, p. 68]. His whole work can 

be found in the Patrologia Graeca [15, volumes 35-38], while still other works 

attributed to him by some sources, works generally considered as non-genuine, 

such as a treatise Against astrologers. 

The Orthodox Church commemorates Saint Gregory of Nazianzus on 

January 25, but also on January 30 together with Saint Basil the Great and Saint 

John Chrysostom in the festival of the „Three High Priests‟. 
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8. Saint John Chrysostom (347-407) 

 

John Chrysostom, the great Father of the Church, was born in Antioch of 

Syria in 347. His father was Secundus, a military officer, and his mother was the 

pious Anthoussa. He was educated in the schools of his hometown under the 

supervision of the philosopher Andragathius and the teacher of rhetorics 

Livanius; this way he was acquainted with the great orators of antiquity and the 

influence of classical studies is obvious in his whole work, which bears the seal 

of the ease in expressing himself. 

Afterwards, following a prompt by the bishop Meletius of Antioch, John 

studied in the theological school of Antioch, whose director was Diodorus, the 

subsequent bishop of Tarsos. John was distinguished especially in the study of 

literature and in the classical studies, and became one of the greatest Fathers of 

the Church, an ecumenical teacher and the greatest orator of the Church: „A 

Great initiator and leader into the great mysteries of God‟. 

John was ordained a deacon in 380 in Antioch by bishop Meletius and a 

priest in 385 by Flavianus, the successor of Meletius. Finally, on December 15, 

397, after the death of archbishop Nectarius, John was ordained bishop of 

Constantinople, assuming this throne on February 26, 398 AD, as „the first great 

in essence ecumenical patriarch, before this title decorated the throne of the 

Queen of the Cities‟. In his sermons, John strictly criticized the life of eminent 

persons of the Empire and with his powerful personality he became a central 

figure of the public and social life of Constantinople. Being a great orator and 

proponent of Christian morality, he clashed with the highest social class and 

subsequently, in 402, the so-called „epi Dryn‟ (i.e. „on the oak tree‟) Council 

unfrocked him with a fixed trial. However, the reaction of the people in favour 

of his worthy Church leader resulted in his call-back from the exile and in his 

return to the bishop‟s seat. Yet, in early 403, due to his unrelenting character, he 

clashed with the empress Eudoxia and the great logothetis Eutropius, a clash that 

led him to the exile, first in the city of Coucoussos in Armenia and afterwards 

(because with his correspondence he was still influencing his followers) further 

away, in the castle of Pityous near Caucasus. On his way to the latter he 

succumbed to the hardships and died in Comana of Pontos, on September 14, 

407. He was buried there, in the church of Saint Basiliscus the martyr, while 31 

years later, on January 27, 438 AD, his bones were transferred in Constantinople 

by his student Proclus, then bishop of the city. 

John was an ardent orator and after the 6th century the adjective 

„Chrysostom‟ (Greek Chrysostomos, meaning „gold-mouth‟, i.e. that the speech 

was exiting as gold from his mouth) accompanies his name as a reminder of his 

speeches and sermons, as his rhetorical ability made his texts excellent 

specimens of Church literature. His work as a writer is enormous in volume and 

quality (he is the most prolific Father of the Church) and consists of Treatises, 

Essays, Homilies and Letters. In these he urges Christians to send their children 

to the monks in order to learn to read and write, using the Scriptures and the 

Psalms [15, vol. 47, p. 379], and not to the secular teachers, who were also 



 

The contribution of Byzantine priests in Astronomy and Cosmology 

 

45 

 

teaching ancient writers, because the study of the texts of the ancients increases, 

as he was saying, the thoughtlessness of the children [22]. 

The Byzantine people, as we know from historians of that age, believed 

generally in the „birthday astrology‟ and therefore John Chrysostom warned: “It 

is not the task of astronomy to learn from the stars about the people being born” 

[15, vol. 57, pp. 61, 62]. This is evidence that he tried to strengthen the Christian 

faith, because he knew the culture of the Greek writers, and he wanted to combat 

astrology and not Astronomy. 

John‟s treatise About the Holy Orders is considered especially eminent, 

while from his speeches of special importance are the 21 speeches To the Statues 

(prompted by the destruction of the emperors‟ statues by the Antiochians) and 

the two speeches To Eutropius. 

Beyond these, the quality of John‟s astronomical knowledge is impressive 

and he has offered a deeply scientific (based on Astronomy) treatment on the 

issue of the nature of the Star of Bethlehem [11, p. 441, 442]. In it he 

demonstrates in detail that the Star of Bethlehem could not be, from its 

description, some strictly defined astronomical phenomenon [15, vol. 57, pp. 64, 

65]. This means that according to him the existence of the historical Jesus and 

his divine character cannot be connected in any way with the apparition or the 

occurrence of some astronomical event in the period of his birth. 

However, in spite of these correct astronomical views, it seems that John 

was supporting a system of the world that approached the views of the 

Antiochian school, which, as already mentioned, was interpreting Genesis word 

by word, i.e. they believed that the Earth was flat and that the Universe had 

many forms. 

The Orthodox Church commemorates Saint John Chrysostom on 

November 13, on December 15, on January 27 (the transfer of his bones), but 

also on January 30 together with Saint Basil the Great and Saint Gregory of 

Nazianzus in the festival of the „Three High Priests‟. 

 

9. Conclusions 

 

 It is very important to note that the „Three High Priests‟ had a Greek 

education, a Greek culture and (therefore) a Greek mentality. Their whole 

philosophical outlook is expressed (although he often calls the ancient 

philosophy „vain philosophy‟) by the famous text of Basil „For the youth, as if 

they were benefited by Greek literature‟, where he develops the view that the 

Greek culture and education (poetry, History, rhetorics, Philosophy, music and 

Astronomy) can be proved very useful after all for a Christian pupil, for it 

exercises the mind of the pupils to discipline and assists the consolidation of the 

Christian principles, if of course a proper selection is done of authors and their 

texts, as Basil says. 

Indeed, Christianity through the great Church Fathers assimilated many 

elements of the Greek civilization, creating the Graeco-Christian civilization 

with Alexandria, Antioch and Cappadocia as its centres. 
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This paper is the continuation of our previous work on the connections 

between spirituality and science [23, 24] and on the contribution of the Church in 

Byzantium to the natural sciences [25]. In our next paper in this series we shall 

examine the cosmological work and the contribution to the sciences of the 

following high priests (bishops): Saint Gregory of Nyssa, Epiphanius of Cyprus 

(315-403), Asterius of Amaseia (4th century), Cyril I of Alexandria (370-444), 

Synesius of Cyrene (370-414), Caesarius (4th century), Nemesius of Emessa (4th 

to 5th century) and Dionysius Exiguus (5th to 6th century). We shall especially 

analyze the work of Saint Gregory of Nyssa, the brother of Basil the Great, who 

wrote Apologetic Speech to the Six-Day Creation [15, vol. 44, pp. 61-124] and 

was elevated to the status of an eminent Christian cosmologist. 
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Abstract 
 

The peoples of the Roman Empire in the 4
th

 century AD were very superstitious. Sorcery 

and astrology were widespread in the early Byzantine period. Astrologers, guided by 

Ptolemy‟s Tetrabiblos, were compiling horoscopes and dream-books, while a common 

literature were the seismologia, selenodromia and vrontologia, with which people tried 

to predict the future. It was natural that in this environment many astrologers were 

famous and they flourished especially in the court of the Emperor Julian (361-363). The 

Fathers of the Church, however, were clearly against astrology and they were 

condemning those who wanted to learn about the future events from astrology and other 

occult practices and pseudo-sciences. Here are presented astrologers Maximus of 

Ephesus, Paul of Alexandria, Hephaestion of Thebes, Ioannis Laurentius of Lydia and 

Rhetorius of Byzantium, as well as the Emperor Julian the Apostate, together with the 

condemnation of astrology by Emperor Honorius and Church Fathers Basil the Great of 

Cesarea, Gregory of Nyssa, Gregory of Nazianzus, John Chrysostom, the bishop of 

Jerusalem Cyril I, Epiphanius of Cyprus, Eusebius of Alexandria, Nemesius of Emesa, 

and Synesius of Cyrene. 

 

Keywords: astrology, occult, Byzantine Empire, Tetrabiblos, foretelling, Emperor Julian 

 

1. Introduction 

 

 In the first century of the Byzantine (i.e. the Eastern Roman) Empire 

astrology was an extremely common activity. Claudius Ptolemy‟s Tetrabiblos (= 

„Four-book work‟) was the basic work of reference for all persons who practiced 

astrology [1]. This astrological opus, which still forms the basis of the modern 

„Western‟ astrology, defends the usefulness of predicting the future through the 
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observation of the stars – the „prediction through Astronomy‟. In this work 

Ptolemy presents the Hellenistic horoscope astrology in a detailed and 

systematic manual, the first complete manual of astrology, which of course was 

based on the geocentric system as it is described in the Almagest. This great 

astronomer, however, seems to consider astrological predictions rather as a 

probabilistic tool than as an infallible guide. Besides, he rejected other common 

types of prediction, such as numerology. In addition to Tetrabiblos the 

Byzantine astrologers were inspired and influenced by the works of the 

Neoplatonist philosopher Porphyrius of Tyros (232/233 - 305?), Iamblichus 

Chalcidensis (250-326) and later on by some Arabic works. 

Thus, the early Byzantine astrologers were compiling horoscopes, oracles 

based on natural phenomena, dream-books, other kinds of oracles and other. 

This was the heyday of the so-called seismologia („earthquake guides‟) 

selenodromia („moon-phase books‟) and vrontologia („thunder guides‟), texts 

that were „explaining‟ how one could prophesize e.g. the death of an eminent 

person or the outcome of a war through the sound of thunders. These special 

books, as the late professor of Byzantine studies and academician F. Koukoules 

writes [2], had their roots most probably in Aristotle‟s Meteorologica [3], where 

the „thunder-prediction‟ is expressly mentioned. 

It is an indisputable fact that in the first centuries of the Byzantine Empire 

its subjects were very superstitious and that sorcery and astrology were very 

widespread. Koukoules writes [2, p. 43]: “The superstitious parents were taking 

care to learn, among other things, which day was the most appropriate for their 

children to start courses; as we know from astrological texts, appropriate dates 

were thought to be the first day of the moon and also the seventh, the tenth, the 

eleventh, the eighteenth, the twenty-seventh and the twenty-eighth days. They 

were also observing in which zodiacal sign was the moon; the astrological texts 

considered appropriate the dates on which the moon was residing in Pisces, 

Gemini, Leo, Capricorn or Virgo, as they are listed in the „Catalogus codicum 

astrologorum graecorum‟ ([4]).”  

 In this Catalogus codicum astrologorum graecorum were given even the 

appropriate dates to end a baby‟s breast-feeding [4, Book 2, p. 19, Book 5, p. 3, 

94, 96, Book 6, p. 22]. 

 Astrology was so commonplace in the Byzantine 4
th
 and 5

th
 centuries that 

even the hunters were consulting its directions. According to these guidelines: 

“When the moon is in Gemini it favors hunting and when it is in Libra it favors 

hunting using falcons” [4, Book 5, p. 94 and 95]. 

 Astrology, in other words, occupied an eminent place in the everyday life 

in the early empire, and its importance persisted even in its subsequent periods. 

One should not forget that legend has it that during the founding of 

Constantinople Emperor Constantine ordered the astrologer Vales to predict its 

future and its longevity [5]. 

 In the early Byzantine Empire, while the Christian religion was struggling 

with the old one – especially during the short reign of Julian – a famous 

astrologer, Maximus of Ephesus, is mentioned among the consultants of Julian 
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in the emperor‟s effort to revive the ancient Graeco-Roman religion. In the 4
th
 

century another famous astrologer is mentioned: Paul of Alexandria, who was 

flourishing around 378 AD and wrote a treatise entitled Eisagogica [eis tin 

apotelesmatikin], i.e. Introduction [to the effective], meaning the power and the 

„effective‟ energy of the stars and the signs. In the same period flourished 

Hephaestion of Thebes, who wrote the Apotelesmatika (= The effective ones) 

around 415. Finally, as Ηerbert Hunger reports in his Byzantine Literature [6], a 

few decades later we have Ioannis of Lydia, who wrote the treatise On 

Diosemeia (the divine signs or miracles) during the reign of Justinian [7]. 

 The division of the zodiac into 12 parts, the so-called signs, is mentioned 

in texts of the Church Fathers; more specifically it is mentioned by Basil the 

Great [8], by Caesarius (the brother of Gregory of Nazianzus) [8, vol. 38, p. 938] 

and by Procopius of Gaza [8, vol. 87, p. 96]; all three of them condemn 

astrology, as all Fathers of the Church did. 

 Let us present now certain eminent astrologers of the first two centuries of 

the Byzantine Empire along with the scholar emperor Julian. 
 

2. Maximus of Ephesus (4
th

 century) 

 

Maximus of Ephesus was a famous Neoplatonist philosopher of the 4
th
 

century. Some researchers suggest that he was born in Ephesus, hence his 

surname, yet others believe that he was born in Smyrna and he moved to 

Ephesus after completing his studies in the Neoplatonist School of Pergamus. He 

was a student of both Iamblichus (250-326) and Aedesius (†335). Maximus 

exerted a strong influence on the religious policy of Emperor Julian (361-363): 

he was his friend, his teacher and his spiritual advisor. It seems likely that when 

he moved to the capital city of Constantinople Maximus took the surname 

„Byzantius‟, for in the literature he is also mentioned as Maximus Byzantius: it 

is most probable that Maximus of Ephesus and Maximus Byzantius is one and 

the same person. 

Maximus, following the general philosophical views of Plotinus (204/205-

269/270), studied sorcery, astrology and Logic. It is believed that he contributed 

a lot to the Emperor Julian‟s hostility towards Christianity, since he initiated him 

into the Chaldean rites as well as into the worship of the Sun and Mithra. 

According to the author K. Tsopanis: “A central teaching of Maximus was the 

theory about the universal affinity, which manifests itself in above-the-Earth 

secret cycles, such as the solar cycles. According to this theory, every living 

creature (but also every object in the world) bears inside it a „divine spark‟ that 

brings it into direct „magical‟ contact with the Sun. According to Maximus, even 

the statues of the gods were „soaked‟ as the years passed through worship and 

rituals by outflows of the divine essence, resulting in their ability to perform 

miracles.” [9]  

As it was natural, after Julian‟s death in 363 Maximus of Ephesus was 

accused as astrologer and an enemy of Christianity, as well as for participation 

against the new emperor Valens Flavius Augustus (364-378). For all these 
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charges he suffered persecutions and humiliations, and finally he was executed 

by Phestus, the vice-consul of Asia, in 371. Maximus is the probable author of 

two philosophical treatises entitled On unresolved antitheses and Commentary to 

Aristotle. The latter work comments on Aristotle‟s Analytics, while it seems that 

Maximus also wrote a commentary on the Aristotelian work Categories. He also 

wrote astrological poems, such as Peri katarchon (= On the beginnings or On 

commencing the sacrifices), as well as astrological treatises such as the Peri 

arithmon (= On numbers). He probably wrote some other treatises addressed to 

the Emperor Julian, which were lost [7, p. 225]. Julian is examined separately in 

the following section, as he favoured astrology in his effort to revive the ancient 

Graeco-Roman religion. 

 

3. The Emperor Julian the Apostate 

 

 Flavius Claudius Julianus was born in 331 AD in Constantinople, to the 

royal family of Flavii; he was the son of Flavius Julius Constantius, the half 

brother of Constantine the Great. His mother Basilina died only months after 

Julian‟s birth, an event that influenced decisively his character. In any case, he 

lived a tragic childhood, witnessing from a tender age a number of murders in 

his environment so that claims to the throne would not arise. After the death of 

Constantine the Great, in May 337, the six-year-old Julian was saved from the 

imperial purges of Constantius II, the son of Constantine the Great, thanks to his 

uncle Eusebius. Eusebius was Basilina‟s brother, a bishop of Nicomedeia and 

later the archbishop of Constantinople (339-341), the leader of the sect of Arius 

in the capital, who was then under the favor of Emperor Constantius II during 

the specific period of time. Julian and his brother Gallus continued to be 

protected by Eusebius until the bishop‟s death, in 342. Julian, still an eleven-

year-old child then, was first educated by Mardonius, a teacher of Greek from 

Thrace, who inspired him his love for the ancient Greek world, while his 

religious education was in the hands of Eutropius, a fanatic monk and follower 

of the heresy of Arius. Later Julian studied in both Nicomedeia and Athens, 

where he was indoctrinated with the views of Neoplatonism. In the philosophical 

School of Pergamus he had Aedesius as his teacher, who in turn was a student of 

Iamblichus. Julian was also taught by Nicocles and by the Christian sophist 

Ekevolius, while he became acquainted with the teaching of Livanius the orator 

(314-390?) through notes kept by his students. 

Aedesius, being then in an old age (and hence probably being more 

respectable in the eyes of his students) brought Julian into contact with his best 

four students in Pergamus: Maximus of Ephesus, Priscus – who is known as a 

Neoplatonist philosopher– from Thesprotia, Chrysanthius from Sardis and 

Eusebius of Caria or Emesa, the so-called „silent philosopher‟ or Pittacàs. All 

four, but mainly Maximus as we have already mentioned, contributed decisively 

to the separation of Julian from the Christian religion and to his turn towards the 

old religion [7, p. 226]. 
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Julian continued his studies in Athens under the two famous teachers of 

rhetoric: Imerius of Proussa and Prohaeresius from Caesarea or Armenia, a 

Christian scholar who died in 368. It was in Athens that Julian met Saint Basil 

the Great (Basil of Caesarea) and Gregory of Nazianzus, who were also there as 

students. 

Subsequently Julian was married Helen, the daughter of Constantine the 

Great and sister of emperor Constantius II. This marriage probably saved him 

from the second round of purges, as his brother Gallus was executed in 355 

under imperial orders. However, the young Julian was also protected by the 

clever and educated Flavia Aurelia Eusebia (†360), the second wife of 

Constantius II (337-360). 

In 350 Julian was appointed as commander in Galatia by the emperor. 

There, showing considerable ability and decisiveness, he expelled the Franks 

and the Alamanni by winning a series of battles at the north-western borders of 

the Roman Empire, in Danube, Argentoratum (Battle of Strasbourg, 357) and in 

other places. He also revived the economy of the region, while he became 

known as a just person. Finally, as the last survivor of the dynasty of 

Constantine the Great, but also being especially popular in the army and the 

populace, Julian became Emperor after the death of childless Constantius II 

(November 3, 361 AD), on December 11, 361, and returned to Constantinople. 

As an emperor, Julian imposed the appropriate reforms in the fields of the 

administration and economic policy that relieved the people: he reduced the 

inflation, and stopped some fruitless spending in the imperial court, regulated 

the prices of food and reorganized the taxing system and the public services. 

These actions made Julian more popular, while in parallel he increased the 

wealth of the state treasuries [7, p. 227]. 

On the other side, Julian‟s admiration for the ancient Greek civilization 

led him to an effort to replace the Christian religion with the ancient Graeco-

Roman one as the state‟s official faith. During his reign (361-363), Julian 

stopped the state subsidies towards the Church, while he removed the Christians 

from the upper public offices of the Empire and the positions of philosophy 

teachers with the justification that it was unfit for people who did not believe in 

the gentile gods to teach and to interpret the works of the gentile authors, which 

were full of references to these gods. From this edict was excluded his teacher 

Prohaeresius, who, however, refused to accept this special treatment and he 

resigned in 362. 

In addition, with the edict of February 4, 362, Julian re-established the 

gentile worship, imposing the reopening of the temples of the gentiles that had 

been closed and restarting of the sacrifices on the altars. 

Julian with his actions aimed to utterly vanish the new religion and he 

knew that these actions would bring divisions in the Church so that the divided 

Church would not represent a major threat for paganism any more [10]. These 

actions were met with remorse by the Christians and due to them Julian was 

called by the Church „Apostate‟ („Renegade‟) and by the lay Christians, 

mockingly, „Adonaeus‟. 
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It is, however, probable that he just wanted to equilibrate the situation in 

order to either establish a state without a preference towards a specific religion 

or to create a syncretic (mixed) „state religion‟, which would accept the ancient 

gods, it would had a priesthood composed from priests of all religions without 

discrimination and its head would be the Emperor as Pontifex Maximus. This 

plan would be opposed by both Christians and devout gentiles, since they would 

see it as an attack against both religions and absurd [7, p. 228]. 

Julian‟s friend, the Latin historian of Greek descent Ammianus 

Marcellinus (330–400), wrote: “Although Julian was more inclined towards the 

worship of the gentile deities since his youth and as he gradually grew older he 

was burning with the zeal to practice it, yet, because he had several reasons to 

be afraid, he did whatever pertinent to this worship he did with the greatest 

possible secrecy. But when his fears vanished and he realized that the time had 

come to freely materialize his wish, he revealed the secrets of his heart and with 

clear and explicit edicts he ordered the opening of the idolatry‟s temples, to 

resume sacrifices upon the altars and, in general, to restore the worship of the 

idols” [11]. 

In reality, the ancient religion had closed its life cycle. Among Julian‟s 

friends was a medical doctor, Oreivasius (325-403), who, when Julian became 

emperor, was appointed chief doctor and treasurer in Constantinople. According 

to the tradition, he was the emissary of Julian to the Oracle of Delphi. He had 

been sent in order to receive prophesy on whether the ancient religion could be 

revived. The literary tradition saved the oracle given by Pythia to Oreivasius, 

according to the legend: “Tell to the king: everything has collapsed, Apollo has 

no roof over his head anymore, neither foretelling bay leaf, nor speaking spring 

– the speaking water has also dried” [12, 13]. 

This oracle, either uttered by Pythia or, more probably, being a creation of 

tradition, expresses an indisputable truth: the ancient religion was vanishing and 

along with it the famous sanctuary of Apollo was also perishing. It seems that 

the Olympian gods had decided to retreat from the stage of history and to silence 

themselves. Their allocated time in the history has passed [14]. 
 

3.1. Emperor Julian and the heliocentric system 

 

Julian was a scholar and cultivated person, an emperor who was also a 

philosopher and an author, and became the source of inspiration, according to 

Robert Browning, for eminent literary figures and intellectuals [15]. From a 

passage in his texts he even appears as a forerunner of Copernicus more than 

eleven centuries earlier! He believed that the planets revolve around the Sun, 

following circular orbits in well-defined distances. This passage (from the Hymn 

to King Helios) reads: “For the planets round about him (the Sun), as though he 

were their king, lead on their dance, at appointed distances from him pursue 

their orbits with the utmost harmony; they make, as it were, pauses; they move 

backwards and forwards (terms by which those skilled in Astronomy denote 

these properties of the stars)” [16]. 
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This means that Julian was thinking of the Earth as a planet, which 

revolves following a circular orbit around the Sun and along with it all the other 

planets, which revolved around the Sun in well-defined orbits and intervals, i.e. 

spaced by well-defined distances between them. This quote shows that in the 

fourth century AD the heliocentric theory of Aristarchus of Samos (310-230 BC) 

was not forgotten, and that it still had its supporters. 

Perhaps in the Neoplatonic School of Athens, where Julian studied and 

shaped his scientific opinions, the heliocentric theory of Aristarchus was being 

taught. 

 

3.2. The death of Emperor Julian 

 

Julian was mortally wounded by the spear of an unknown knight in 363 

during a battle near Ctesiphon against the king of Persians Sappor II (310-379), 

and he died in the evening of June 26 to 27. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 1. Saint Mercurius mortally wounds Emperor Julian (Meteora, Monastery of 

Saint Stephanos, photograph by the authors). 

 

It should be noted that the theory of chronographer Ioannis Malalas [17] 

(also reproduced by Ioannis of Nikiou [18]) that Julian was killed by the spear of 

Saint Mercurius, is totally groundless. Mercurius had suffered martyrdom during 

the reign of Decius (249-251) or of Valerian (251-259) and therefore he is 
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totally out of date; yet, the tradition has it that this was done after a request of 

Saint Basil. However, since Basil was a fellow student and a friend of Julian, it 

is impossible that he made an entreaty to a Saint to „murder‟ Julian. However, 

this legend is alive in the Greek Iconografy (see, for example, the icon of Saint 

Mercurius from Meteora – Figure 1). 

Livanius the orator (314-393) supported the view that Julian‟s fatal injury 

was the result of an act by a fanatic Christian [19] and Sozomenus, the Christian 

writer of the early 5
th
 century, agrees with this opinion [20]. Both are based on 

the fact that no Persian soldier appeared to state that he wounded Julian with his 

spear, in spite of the huge reward the Persian king had promised to the one who 

would exterminate his opponent. 

Julian was emperor from November 3, 361, to June 26, 363, i.e. less than 

two years. After his reign the character of the Byzantine Empire would be 

strictly Christian and in Astronomy geocentric. The emperor‟s last evening is 

described by the historian Ammianus Marcellinus as follows:“And because all 

who were present were crying, he, still retaining his grandeur, admonished them 

by saying that it was improper to lament for a sovereign who would become one 

with the sky and the stars. Then everybody fell silent and Julian started a 

complicated conversation with philosophers Maximus and Priscus about the 

nobility of the soul. Suddenly, the wound on his rib opened, the blood pressure 

cut his breath and, after he drank cool water he had asked for, departed calmly 

from this life in the darkness of the night at the age of 32.” [11, p. 15]. 

Julian‟s cousin Procopius asked from the new emperor Flavius Claudius 

Jovianus (Jovian, 363-364) the permission to bury his body in Tarsus, which was 

given to him immediately. 

Jovianus ordered that the following words be carved on Julian‟s tomb: 

“Here, next to the rich waters of Tigris, lies Julian, a good king and at the same 

time a valiant warrior” [21]. 

From the works of Julian, which are considered masterpieces of style, the 

following ones are saved: 

 Panegyric in honor of Constantius, 

 The heroic deeds of Constantius,  

 Panegyric in honor of Queen Eusebia,  

 Hymn to King Helios [Addressed to Sallust],  

 Antioch‟s speech or Beard-Hater (ed. C. Lacombrade), a speech against the 

Christians of Antioch who jeered at the Emperor‟s beard, which he used to 

keep long according to trait of the philosophers of that age. 

 The Caesars or Symposium, 

 Apologies, 

 Epistulae (Letters). 

From all these works the Hymn to King Helios contains the clear reference 

that supports the heliocentric system we already mentioned. There is also 

another work that was only partially saved (one book out of three), entitled 

Against the Galileans, i.e. against the Christians [22]. This work was refuted by 
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the Byzantine scholar and priest Philip of Side (4
th
 to 5

th
 century), the successor 

of Didymus the Blind in the School of Alexandria. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Julian pictured on a golden coin (solidus) of Antioch. 

 

After the years of Julian astrology continued to flourish. It seems that 

never lost its grip on the Byzantine populace. After Paul of Alexandria, 

Hephaestion of Thebes and Ioannis of Lydia we find as the last astrologer of the 

early Byzantine period the sixth-century foreteller Rhetorius of Byzantium. Let 

us examine their work and personality one by one. 

 

4. Paul of Alexandria (4
th

 century) 

 

Paul of Alexandria flourished in Alexandria around the year 378. He is 

regarded as the author of an astrological treatise entitled Eisagogica [eis tin 

apotelesmatikin], i.e. Introduction [to the effective], meaning the power and the 

„effective‟ energy of the stars and the signs upon the persons and their actions. 

This work was present in the library of Leon the Wise or the 

Mathematician (780-869), who in his Codex about astrology writes: “The secret 

principles of Phoebus‟ art of foretelling I was taught by Paul, the eminent 

astrologer” [6, p. 38]. 

 

5. Hephaestion of Thebes (4
th

 to 5
th

 century) 

 

Hephaestion, an eminent Graeco-Egyptian astrologer of the 4
th
 and 5

th
 

centuries, was born in Thebes of Egypt and flourished in Alexandria around 380; 

he wrote a treatise in three books that are entitled: Astronomical principles, 

Birthday lore, Catarchae or Apotelesmatika (= The effective ones). 

In the first book, Hephaestion writes about the general principles of 

astronomy. In the second book he deals with birthday astrology, while in the 

third book, which is the main part of his treatise, he deals with the choice of the 

appropriate time to start any important work. 
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The work of Hephaestion influenced all subsequent Byzantine scholars 

who delved in astrology and can be found today in its entirety in the National 

Library in Paris and in libraries of several Italian cities. It is important for an 

additional reason: from certain passages of it we learn about significant scientists 

of that age, such as Thrasyllus, Critodemus, Apollinarius, Antigonus and others, 

for which it is the sole source of information [7, p. 233]. 

 

6. Ioannis Laurentius of Lydia (490-565) 

 

The historian-archaeologist, scholar, astronomer and astrologer Ioannis 

Laurentius of Lydia was born in Philadelphia of Lydia. He followed law studies 

in the Pandidakterion (University) of Constantinople and his knowledge of Law 

and History helped him to rise to eminent offices of the empire. One of his 

teachers was Agapius, a philosopher and scholar who in turn was a student of 

Proclus. 

Ioannis (John) worked initially in the tachygraphy service; subsequently 

he became a state officer by being promoted to the post of the service‟s director 

by the emperor Anastasius I (491-518). Finally, the emperor Justinian I (527-

565) appointed him as a teacher of Latin in the Pandidakterion, from which he 

resigned after he fell into disfavour in 552, in order to pursuit full-time writing. 

His work was not restricted to History as he gave it a rather encyclopaedic 

character; it is composed by three treatises, of which the larger one is the Law 

treatise On the Powers or On the magistrates of the Roman State. This work 

follows the evolution of the Roman offices from the beginning of the Roman 

Empire up to Justinian I. It offers us rich information about the history of the 

institutions and also about the actions of Ioannis Cappadoces, a Justinian‟s 

supreme officer of the praetorians. In addition, Ioannis Laurentius analyzes the 

administration of the empire and gives information on his personal life and 

career. This information, although it reveals a tendency for personal show-off, is 

illuminating as far as the character of education and the operation of the 

administration in the middle of the 6
th
 century are concerned. 

This treatise was used as a source by the Byzantine author, historian and 

law specialist Theophylact Simocatta (6
th
 to 7

th
 century) in his Ecumenical 

History (an opus of 8 books) [23] and by the bishop of Lepanto Constantinos 

Manassis (1130-1187), in his verse work Synopsis of Time [8, vol. 127]. The 

treatise On the Powers by Ioannis of Lydia was published in Leipzig in 1903 by 

R. Wünsch [24]. 

The other two treatises by Ioannis Laurentius of Lydia are entitled On 

months and On Diosemeia. The first one contains a wealth of historical 

information about the Roman calendar and festivals, and about the various 

customs observed in certain dates. For this reason it is a very interesting book for 

those who study calendrical issues and historical folklore; it also deals with the 

associated legends. 
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Finally, the second treatise refers to methods of weather forecasting based 

on astrological connotations. Its name refers to the „signs of Dias‟ (the divine 

signs or miracles) after the Greek god Zeus (Días-Diòs), because the ancient lore 

attributed all atmospheric phenomena to him. On Diosemeia contains a 

multitude of references to meteorological omens and weather phenomena. It 

describes these phenomena (thunderstorms, thunders, rain, lightning) but also 

earthquakes and the phases of the moon, lunar and solar eclipses, the apparitions 

of comets and other phenomena associated with oracles and the religion of both 

the Roman and the Etruscan civilization. In other words, this treatise deals with 

all the kinds of celestial omens. Both this and On months were published by 

August Immanuel Bekker [25].  

As a writer, Ioannis Laurentius is uncritical and superstitious; 

nevertheless, his works are significant, as they offer a wealth of information. 

 

7. Rhetorius of Byzantium (6
th

 century) 

 

The last significant astrologer of the early Byzantine empire was 

Rhetorius of Byzantium, who was also an astronomer, widely considered as the 

author of the opus Description And Explanation Of the Entire Art Of Astronomy, 

which consists of 120 books. 

Unfortunately, it is difficult to find more about his life and his written 

works. It is very probable, however, that he is the same person with the 

astrologer Rhetorius of Egypt who lived in the same century and whose work is 

a mixture of older books on the subject (such as those by Vetius Vales of 

Antioch, Claudius Ptolemy, Paul of Alexandria and others). Most of his work 

has been saved [4]. 

It should also be noted that the famous philosopher Proclus (410-485), 

inspired by Ptolemy‟s Tetrabiblos, wrote an astrological work that essentially is 

a rephrasing of Tetrabiblos. This work is known as Paraphrasis to the 

Tetrabiblos of Ptolemy [26]. Although its genuineness has been doubted because 

in several points it makes mistakes in interpreting the Ptolemaic text (which is 

difficult and rather vague, anyway) and these mistakes are incompatible with the 

tremendous interpreting capacity Proclus shows in his commenting of other 

texts, especially Platonic ones, nevertheless the Paraphrasis was especially 

valued during the Middle Ages and the Renaissance as a basic manual for the 

interpretation of the Ptolemaic text; apart from its mistakes, in other passages it 

gives appropriate and correct interpretations, following faithfully the original 

text, clarifying it and smoothing its language. One of the manuscripts that 

contain the Paraphrasis, the Vatican No. 1453, is dated from the 10
th
 century 

and thus it is older than any saved manuscript of the Tetrabiblos itself. 

Finally, Heliodorus the Neoplatonist (5
th
 to 6

th
 century), the brother of the 

philosopher, astronomer and mathematician Ammonius (†510), is considered by 

many to be the author of the astrological treatise Eisagoge eis ta apotelesmatika, 

probably influenced by the work of the astrologer Paul of Alexandria [7, p. 173]. 
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8. The condemnation of astrology by Honorius and the Church Fathers 

 

During the first century of the Byzantine (Eastern Roman) Empire, as we 

already mentioned, the flourishing of astrology was so great that even emperors 

like Honorius (the son of Theodosius I the Great and his successor in the western 

part of the empire), issued a decree that condemned the practice of astrology in 

Rome. Indeed, as Karl Krumbacher (1856-1909) writes: “Honorius issued a law 

for the the „mathematicians‟ from Rome and the burning of their books” [27].  

Subsequently the larger part of the burden of the struggle against 

astrology and astrologers (who were casually called mathematicians) fell on the 

shoulders of the Church Fathers and the scholarly bishops. Because of the 

intensity of the clash between the bishops and the astrologers, the impression is 

often created that all bishops were opposed to the cultivation of Science and to 

the research of the celestial phenomena rather than to that apocryphal art. 

However, the reality was different; the leaders of the Church with their writings 

and other actions were condemning not the science of Astronomy but the 

quackery, the omens and all those who claimed that they could predict the future 

from the relative positions of the celestial bodies, the „earthquake guides‟ the 

„moon-phase books‟ and the „thunder guides‟. 

Basil of Caesarea, for example, in his homilies On the Six-day Creation 

(Peri Hexahemerou or On Hexameron, circa 379) writes with respect to the 

study of Astronomy: “What is the meaning of Geometries and of the methods of 

Mathematics, of the stereometries and of the much-celebrated Astronomy, of all 

this multi-sided vanity, if all who ardently keep themselves busy with them made 

the thought that the world we see has the same origin with the creator of 

everything God, thus equating in grandeur the limited and material world with 

the limitless and invisible nature?” [28]. 

However, it seems that when Basil calls astronomy a „vanity‟ he most 

probably means what we now know as astrology. This view is supported by the 

fact that in other texts he considers the observation of the stars necessary, 

because through it, as he writes, we become acquainted with the divine wisdom 

and we receive important precept from its knowledge; but up to a certain point: 

one should not examine the stars beyond what is necessary. Indeed the polymath 

Father of the Church notes: “What other does the Moon teach us by becoming 

full and waning once again, except to avoid thinking great about the prosperities 

of life? It only suffices not to examine the signs that come from the stars beyond 

what is necessary.” [8, vol. 29, p. 9] 

Basil‟s classical culture enabled him to teach properly in his Treatise 

towards the young [29] on the issue of the place of the secular education in the 

Christian school and, in doing so, to influence the stance of the Church with 

respect to the classical education both then and during the Renaissance. In other 

words, the attack of Basil and other Church Fathers is not directed against the 

scientific research of the celestial bodies and events, but rather against all those 

who proceed beyond the information gained through the observation and the 

experience, and want to infer conclusions from the stars. 
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The late professor of Astronomy Demetrios Kotsakis (1909-1986) suggested 

that both Basil of Caesarea and his brother Gregory of Nyssa were strong 

adversaries to all those who tried to predict future events based on the stellar 

positions and constellations in the sky; in a relative paper entitled „Saint Basil 

the Great against astrologers‟ writes: “It is important to hear the views (in 

short) as well as the reasoning of two brothers and scholars: Basil the Great 

and Gregory of Nyssa. Basil, commenting on the method of the astrologers, who 

scrutinize things to determine with an accuracy not just of degrees but of arc 

minutes and arc seconds the positions of the stars, in order to predict with 

purported absolute certainty the future life of various persons, demonstrates that 

it is impossible to determine with high absolute precision the positions of planets 

or of fixed stars and hence it is impossible to predict this or that future evolution 

of a child [8]. Gregory of Nyssa in his speech „Against fate‟, in order to refute 

the belief that wars, earthquakes and various disasters are caused by „peculiar 

forces of the stars‟ cites various biblical events [8, vol. 45, p. 165], such as 

Noah‟s Flood, the burning of Sodom and the destruction of the Egyptians in the 

Red Sea, in order to refute in the end the faults of the astrologers by a crushing 

argument.” [30] 

Gregory of Nyssa was not against the science of Astronomy; for example, 

he wrote that through the science of the heavens “the intellect is excited towards 

virtue and the truth is understood through the numbers” [8, vol.  46, p. 181].  

In addition to Basil of Caesarea, Gregory of Nazianzus writes that 

“astronomy was considered a dangerous teaching” [8, vol. 35, p. 761] meaning 

astrology, since in a homily he argued that: “… and Asia was the school of 

impiety, to the extent it relates wonders about astronomy and the births and 

fancies of predictions, and about the art of witchcraft that follows these” [8, vol. 

36, p. 557].  

Here it is obvious that the scholarly bishop does not accuse Astronomy 

but astrology, thinking of Asia as the place it was developed. Also, in his letters 

and homilies he mentions in positive terms the topics of cosmography, the study 

of the solar and lunar eclipses, the Sun, the stars, the Galaxy (Milky Way), the 

ecliptic and of meteorological phenomena such as lightning, thunders, etc. [8, 

vol. 36, p. 68].  

Finally, in his funeral oration for his brother Caesarius, Gregory mentions 

that Caesarius avoided: “… the dangerous teachings of astronomy that suggest 

that all things and events depend on the stars” [8, vol. 35, p. 761]. In a more 

general context he argues that: “At least from geometry and astronomy and the 

learning that is dangerous to the other people, he [i.e. Caesarius] had chosen 

the useful part, which is the admiration of the Creator from the celestial 

harmony and order, while he escaped the harmful part – by not attributing the 

beings and the events to the course of the stars, like those that put the material 

creation (which is subordinate like them) above the Creator, but by assigning 

their motions to God, as it is natural, along with everything else.” [8, vol. 36, p. 

761] 
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The populace in the empire, as it is known from the historians of that 

period, generally believed in the foretelling power of the stars, which was also 

known as genethliology („birthday-logy‟), i.e. birthday astrology, since it was 

said to predict the future of every child from the moment of its birth. In addition, 

often the future parents of the baby asked the Byzantine astrologers about its sex 

before tackling birthday astrology: “before [the birth], when it was asked to 

make known the sex of the child, since as they argued, the time of the conception 

defined the sex of the child to be born” [2, vol. Ι, Book 2, p. 141]. For this 

reason John Chrysostom taught that: “It is not the job of astronomy to know 

from the stars about the people who are being born” [8, vol. 57, p. 61]. Once 

again here he means astrology and not the science of astronomy. He also wrote: 

“Do not pay attention to genealogies, oracles and astrologies… …which you 

inherited by the Greeks and the Jews” [8, vol. 59, p. 564]. 

From John‟s writings it is evident that he attempted to consolidate the 

Christian faith since he was a connoisseur of the culture of the ancient Greek 

authors himself and he wanted to condemn astrology and not Astronomy. 

The late professor of Astronomy at the University of Athens D. Kotsakis 

writes in another work: “The experts in this foretelling art used a special 

instrument called the astrolabe or horoscope in order to determine with 

precision the positions of the planets and the stars on the celestial sphere. 

Needless to say, they mostly observed the constellations of the zodiac, the so-

called signs, the positions of the planets and the positions and the phases of the 

Moon. The development of the pseudo-science of astrology assisted in certain 

periods the development of astronomy, however in other periods it was a motive 

for the defamation and the persecution of the purely astronomical and, more 

generally, the scientific research.” [31] 

Indeed, according to F. Koukoules: “The Byzantines knew of two kinds of 

mathematics: the scientific ones, whose teaching was allowed since, as Gregory 

of Nyssa writes, „the intellect is excited towards virtue and the truth is 

understood through the numbers‟ and the occult ones, which were strictly 

forbidden. Astronomy, for example, as long as it examined the motions, the sizes 

and the distances between the celestial bodies, it was being taught; but when it 

turned into astrology by suggesting that the human fate depended on the stars, 

then it was considered despicable and its teaching was persecuted.” [2, vol. I, 

Book 1, p. 125] 

Similarly, the other Fathers of the Church condemned astrology. The 

bishop of Jerusalem Cyril I (348-386?) was a strong opponent of astrology and 

superstition, writing: “Do not pay attention neither to astrologies, nor to bird 

omens, nor to other superstitions; do not even listen to the mythical oracles of 

the Greeks, the use of potions, the singing prophesies and the most unlawful 

things of the necromancers” [8, vol. 33, p. 501]. 

Also, Epiphanius of Cyprus (315-403) was an eminent persecutor of 

astrology, which he condemned by writing: “Magic and potion drinking, 

astronomy, the cledonism” [8, vol. 24, p. 3], meaning of course „astrology‟ by 

writing „astronomy‟. Eusebius of Alexandria (444-451), in his Homilies on 
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moral, ascetic and dogma issues also accuses “the mythologists and curious 

people and astronomers” [8, vol. 86Α, p. 422]. Nemesius of Emesa (Syria, c. 

400) writes about all the believers of astrology: “Those who attribute the cause 

for all events to the revolution of the stars do not only combat common sense, 

but also they render useless all state justice. For the laws are out of place and 

the courts are unnecessary when they punish those who are responsible for 

nothing. But the stars, too, are unjust in cleansing the fornicators and the 

murderers; and prior to the stars their creator God mentioned the reason.” [8, 

vol. 40, p. 761] 

Synesius of Cyrene (370-414), bishop of Ptolemaïs in Cyrene, condemned 

astrology in these words: “So the savants foresee the future, some of them by 

observing the stars, others by observing torches and shooting stars, others by 

„reading‟ the intestines, by hearing the noises, the sitting or the flying of the 

birds” [8, vol. 66, p. 1284].  

Finally, according to the Codex Justinianus in the paragraph it deals with 

“maleficis et mathematicis et ceteris similibus” [32], the practice of 

„mathematics‟ was forbidden; this stipulation was in force and was repeated  in 

the following centuries. The books of „mathematics‟ were burned and their 

teachers were removed from the city [2, vol. Ι, Book 2, p. 144]. In this case, 

however, once again the term means astrology, since astrologers were also called 

„mathematicians‟. Besides, the Teaching of the Twelve Disciples suggests the 

same: “My child, do not become a bird observer… …nor a mathematician… 

…because from all these stems idolatry (paganism)” (Chapter III). In addition, 

the 36
th
 canon of the Council of Laodikeia prohibits the practice of mathematics 

(i.e. astrology) by clergy members: “It is forbidden for priests to be magicians 

or mathematicians, or to construct the so-called amulets, which are prisons of 

their souls” [33]. 

 

9.  Conclusions 

 

Astrology was extremely widespread during the early Byzantine years and 

emperors such as Julian favored its dissemination by keeping astrologers in their 

court as advisors. The parents were asking for the advice of astrologers not only 

for the future of their children, but also for the appropriate dates for them to start 

courses. Even hunters were asking astrologers about the best days for hunting 

and the best method to use for a particular day or week. 

The Church Fathers, however, and most of the educated bishops were 

indisputably against astrology and they were condemning all astrologers, 

foretellers and magicians who boasted that they could tell the future by using 

astrology or other occult practices. The Church Fathers were by no means 

against scientific research or against Astronomy and Mathematics, however, 

they were struggling against those who proceeded beyond the simple 

observation and knowledge of the phenomena, i.e. beyond the data of science, 

and wanted to extrapolate them with vague and unscientific methods where they 

could not possibly be applied, i.e. to the prediction of the future and the fate of 
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human beings. Their polemic was against oracle giving, bird watching and 

astrology – often called „mathematics‟ or „astronomy‟, hence the 

misunderstanding. The practitioners of these techniques were trying to predict 

the future by observing the intestines of the sacrificed animals, by hearing the 

thunders or by observing the positions and motions of the Sun and the planets 

through the zodiac. After Julian‟s death the official state also was against these 

charlatans: According to the Codex Justinianus the practice of „mathematics‟ 

(i.e. of astrology) was forbidden, while as professor F. Koukoules writes, their 

occult books were being burned and they were driven away from the cities. 

However, because the simple priests were sometimes influenced and 

tempted by the pseudo-science of astrology, a canon of the Council of Laodikeia 

prohibited the practice of mathematics (i.e. astrology) by clergy members. 

Nevertheless, the practice of astrology persisted in the Byzantine Empire 

throughout its middle (610-1204) and late (1204-1453) periods. There were 

certain time intervals during which many scholars, even emperors like Manuel I 

Comnenus (1143-1180), dealt with it. Present article follows our previous work 

on the spirituality and science [34, 35] and on the contribution of the Church in 

Byzantium to the natural sciences [36, 37]. The scholars who studied astrology 

will be examined in more detail in a future paper. 
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Abstract. We investigated here temperature dependence of Stark widths for neutral atom spectral lines in
order to find a more precise method for scaling with temperature than sometimes used dependence T−1/2,
which is often inadequate particularly for Stark broadening of neutral emitter lines. We found here an
analytical scaling with temperature within simplified semiclassical approaches of Freudenstein and Cooper
and Dimitrijević and Konjević. For analysis of the temperature dependence, lines of HeI were used.

PACS. 32.70.Jz Line shapes, widths, and shifts – 32.60.+i Zeeman and Stark effects – 52.20.Fs Electron
collisions

1 Introduction

Stark broadening is of particular interest for a large num-
ber of problems which concern laboratory plasma spec-
troscopy and astrophysics as well. Consequently, a num-
ber of experimental and theoretical papers have dealt with
Stark broadening of neutral atom spectral lines, due to
their importance for plasma diagnostics. Moreover, the
existing critical reviews of experimental data ([1] and ref-
erences therein), facilitate testing of various theoretical
approximations.

In order to compare experimental data for Stark width
of non hydrogenic atom-, and ion-lines obtained at vari-
ous plasma conditions, different methods for scaling with
temperature are used. Among them, sometimes is used
that the Stark width w depends on T as T−1/2, which
is often good for ionized atoms. For example Griem [2]
says on the temperature dependence of Stark widths of
multiply ionized atoms that most of “measurements are
consistent with the simple T−1/2 dependence”. Namely
in the case of charged emitters, if one looks for exam-
ple at the simple semiempirical formula, Stark width is
proportional to the T−1/2 (coming from the average ve-
locity since the Stark width w is proportional to the prod-
uct of perturber density (electrons), their average velocity
and the averaged sum of cross sections for different col-
lisional processes populating and depopulating the upper
and lower level of the optical electron transition) and to

a e-mail: mdimitrijevic@aob.bg.ac.yu

the Gaunt factors summed up over all the perturbing lev-
els. If the energy of the perturbing electron is less than
twice the energy difference between the perturbing lev-
els, the Gaunt factors are nearly independent of tempera-
ture, and the dependence is as T−1/2. On the other side,
at high temperatures the temperature dependence of dif-
ferent Gaunt factors will be combined with factor T−1/2

thus giving often more or less a temperature independent
or slowly decreasing Stark width. Such T−1/2 dependence
of Stark line width is so commonly assumed, especially in
astrophysics, that some databases used for modelling of
stellar spectra like for example Vienna atomic line data
base (VALD) [3] provide for Stark broadening parameters
only the values for T = 10 000 K, assuming an interpola-
tion to other temperatures as T−1/2 (or, eventually as a
constant within a smaller temperature interval).

The principal aim of this paper is to draw atten-
tion, especially to astrophysicists using such values at
T = 10 000 K and extrapolating them to other temper-
atures as T−1/2, on the uncertainties of such method, es-
pecially for Stark broadening of neutral atom lines, where
cross sections for inelastic collisions have a more pro-
nounced part increasing with energy, and to propose a
better method. Namely, the use of such dependence with-
out additional checks might be inadequate, especially for
spectral lines of neutral atoms. For example, in [4], empiri-
cal relations for Stark width dependences on temperature,
different from T−1/2, are obtained for a number of partic-
ular cases of neutral atom spectral lines. With the selected
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ratios of measured wm, and theoretical Stark widths wt,
the linear best fit formula wm/wt = A+BT is determined
and given for studied lines or multiplets. Also, in order to
present results for synthetic spectrum calculations in [5],
all data on FWHM (W ) were fitted with the expression
W = A0T

A1 . Instead of the commonly adopted temper-
ature dependence, Šćepanović and Purić used functions
of the form f(T ) = A + BT−C [6]. A general form of
that dependence in the case of the particular transition
array, in function of the rest core charge Z of the emit-
ter as seen by the electron undergoing the transition, is
W = Nef(T )/ZD.

In order to demonstrate the deviations from the T−1/2

dependence for neutral atom lines, we will derive here the
explicit temperature dependence for two particular cases:
the simplified formulae of Freudenstein and Cooper [7] and
Dimitrijević and Konjević [8]. We note that the present
study on the Stark broadening of neutral atom lines is the
continuation of our previous ones for ions in various stages
of ionization [9–14].

For neutral atoms, the variation of the Stark width
with electron density Ne was studied in [15,16] while now
the Stark width temperature dependence investigation
will be presented.

In [17], Table IV, most Stark widths are decreasing
with temperature but someones (e.g. 2s1S−2p1P◦) are in-
creasing. Namely, cross sections for inelastic electron –
neutral atom collisions, have an increasing and a decreas-
ing part so that when temperature corresponds to the
dominantly increasing part of particular contributions to
the Stark width, it may not only decrease but increase
as well. To take into account such variation with tem-
perature, we performed the analysis of the Stark HWHM
(half width at half intensity maximum), w, dependence on
temperature, using several neutral helium multiplets. For
Stark width calculations and the analysis of the tempera-
ture dependence, methods of Freudenstein and Cooper [7]
and Dimitrijević and Konjević [8] were used and the ob-
tained temperature trends are compared and checked with
other theoretical results in [17] and [18].

2 Theory

Freudenstein and Cooper [7] approximated the expression
for electron-impact width of neutral atom isolated lines
obtained within the semiclassical method [19], assuming
that the perturbation of the respective closest perturbing
level is dominant for the initial (i), as well as for the final
(f) state of the considered transition. Then Stark HWHM
(w) of an isolated, non hydrogenic, neutral atom spectral
line may be expressed as [7]

w =
c1√
T

[
R2

iifw (ηii′Rii′) + R2
fffw (ηff ′Rff ′)

]
(1)

where i′ and f ′ are the corresponding closest perturbing
levels,

c1 =
(

32
27

) 1
2

Neπ

(
EH

k

) 1
2

(
�a0

m

)
, (2)

m and Ne are the electron mass and electron density re-
spectively. k is Boltzmann constant, T temperature, EH

hydrogen atom ionization energy and a0 Bohr radius.

R2
jj =

n∗2
j

2Z2
[5n∗2

j + 1 − 3�j(�j + 1)], j = i, f, (3)

here, n∗
j and �j are effective principal, and orbital quantum

numbers of the atomic energy level j and Z charge “seen”
by the optical electron (Z = 1 for neutrals, 2 for singly
charged ions. . . ). The dipole matrix element (in units of
the Bohr radius a2

0) Rjj′
2 is expressed as

Rjj′
2 = fjj′ × λjj′ (Å)

303.7
, (4)

fjj′ is the oscillator strength for a transition between lev-
els j and j′, λjj′ the corresponding wavelength and

ηjj′ =
�Ejj′

3kT
=

|Ej − Ej′ |
3kT

, (5)

where Ej and Ej′ are energies of the corresponding atomic
levels. The function fw(ηjj′Rjj′ ) is an approximate fitted
expression proposed in [7] as

fw (x) = e−1.33x ln
(

1 +
2.27
x

)
+

0.487x

0.153 + x
5
3

+
x

7.93 + x3

(6)
where

x = ηjj′Rjj′ =
�Ejj′Rjj′

3kT
=

T jj′
0

T
(7)

where
T jj′

0 =
Rjj′�Ejj′

3k
. (8)

For ηR much larger than one or

T � T jj′
0 , (9)

the function fw(ηjj′Rjj′ ) may be approximated as [7]

fw(ηjj′Rjj′ � 1) ≈ 1
2

[
3π2/32 (ηjj′Rjj′ )

2
]1/3

≈ 0.487(ηjj′Rjj′ )−2/3. (10)

For such a case, we present an explicit function fw which
depends on T as

fw ≈ Bjj′T
2/3 (11)

Bjj′ =
1
2

(
27
32

)1/3

(πk/�Ejj′Rjj′ )
2/3

. (12)

Finally, w may be expressed as an explicit function of T as

w(T � T jj′
0 ) ≈ C√

T
T 2/3 ≈ CT 1/6 (13)

C = c1

(
Bii′R

2
ii + Bff ′R2

ff

)
. (14)
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For ηR much smaller than one or

T � T jj′
0 , (15)

the function fw(ηjj′Rjj′ ) may be approximated as [7]

fw(ηjj′Rjj′ � 1) ≈ ln (2.27/ηjj′Rjj′ ). (16)

For this case we can also express explicitly the dependence
of w on T , since

fw ≈ ln (Djj′T ) ≈ ln (T ) + ln (Djj′ ), (17)

Djj′ = 2.27 × 3k/�Ejj′Rjj′ (18)

and

w(T � T jj′
0 ) ≈ 1√

T
[F1 + F2 ln (T )] ≈ F2

ln (T )√
T

, (19)

F1 = c1

[
R2

ii ln (Dii′ ) + R2
ff ln (Dff ′)

]
, (20)

F2 = c1

(
R2

ii + R2
ff

)
. (21)

Dimitrijević and Konjević [8] generalized the theory of
Freudenstein and Cooper for the case of more than one
important perturbing level and also derived analogous for-
mula for the shift. With such generalization (1) becomes

w =
c1√
T

⎡

⎣
∑

i′ �=i

R2
ii′fw(ηii′Rii′ ) +

∑

f ′ �=f

R2
ff ′fw (ηff ′Rff ′)

⎤

⎦ .

(22)
For this case, the temperature dependence described by
(13) and (19) is also valid, but the corresponding quanti-
ties C, F1 and F2 become

C = c1

⎛

⎝
∑

i′ �=i

Bii′R
2
ii′ +

∑

f ′ �=f

Bff ′R2
ff ′

⎞

⎠ , (23)

F1 = c1

⎡

⎣
∑

i′ �=i

R2
ii′ ln (Dii′ ) +

∑

f ′ �=f

R2
ff ′ ln (Dff ′)

⎤

⎦ , (24)

F2 = c1

⎛

⎝
∑

i′ �=i

R2
ii′ +

∑

f ′ �=f

R2
ff ′

⎞

⎠ . (25)

Our objective here is to demonstrate that the T−1/2 de-
pendence for scaling widths with temperature is often
inadequate, particularly for Stark broadening of neutral
emitter lines. Consequently, we have shown that within
theoretical approaches of Freudenstein and Cooper [7]
in (1), and Dimitrijević and Konjević [8] in (22), an ex-
plicit temperature dependence of line widths, different
from T−1/2, can be obtained at low and high tempera-
ture limit.

It is convenient to write (6) as a function of the tem-
perature T , (T/T jj′

0 = 1/x), in order to analyze the inter-
mediate region:

fw = e−1.33
T

jj′
0
T ln

(

1 + 2.27
T

T jj′
0

)

+
0.487

(
T/T jj′

0

)2/3

1 + 0.153
(
T/T jj′

0

)5/3
+

(
T/T jj′

0

)2

1 + 7.93
(
T/T jj′

0

)3 · (26)

Therefore, the expression for atom-lines Stark widths (w)
in function of initial and final levels may be expressed as
an explicit function composed of three components as:

w = w(T ) =
3∑

n=1

wn(T ) (27)

where

wn(T ) =
∑

j=i,f

wjn(T ) = win(T ) + wfn(T ) (28)

such as

wj1(T ) =
c1√
T

∑

j′ �=j

R2
jj′

[

e−1.33
T

jj′
0
T ln (1 + 2.27

T

T jj′
0

)

]

=
c1√
T

∑

j′ �=j

R2
jj′f1, (29)

wj2(T ) =
c1√
T

∑

j′ �=j

R2
jj′

[
0.487(T/T jj′

0 )2/3

1 + 0.153(T/T jj′
0 )5/3

]

=
c1√
T

∑

j′ �=j

R2
jj′f2, (30)

wj3(T ) =
c1√
T

∑

j′ �=j

R2
jj′

[
(T/T jj′

0 )2

1 + 7.93(T/T jj′
0 )3

]

=
c1√
T

∑

j′ �=j

R2
jj′f3. (31)

We can see that the temperature dependence may be very
complicated if the contribution of several perturbing levels
is similar. If T is much larger than all T jj′

0 corresponding
to ηjj′Rjj′ � 1,

w(T � T jj′
0 ) ≈ wj1(T ) (32)

is given by (19), (24), (25) and for low temperature T �
T jj′

0 corresponding to ηjj′Rjj′ � 1,

w(T � T jj′
0 ) ≈ wj2(T ) (33)

is given by (13), (23).
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Fig. 1. A plot of the functions f1, f2, f3 and fw versus the

reduced temperature T/T jj′
0 .

In both cases, where T is much smaller or much higher
than T jj′

0 , the temperature dependence deviates from
T−1/2. For the intermediate case, only if the function fw

may be assumed to be constant the width dependence on
T is T−1/2. If there are several important perturbing lev-
els it is very difficult to find such a case. Consequently, in
general, the dependence of Stark width w on temperature
is not simple and may be very different from T−1/2. In
Figure 1, where functions f1, f2, f3 and fw are presented
as functions of T , one can see that f3 and consequently
wj3 are of importance only within a very limited range at
low temperatures.

To study the influence of temperature in the broaden-
ing of spectral lines, we analyze also the strong and the
weak collisions separately [19]:

w = wstrong + wweak (34)

where

wstrong =
4π

3
Ne

(
�

m

)2 ∫
f(v)

v
dv

×
⎧
⎨

⎩

∑

j′ �=j

R2
jj′

1
2

[
A2(zm

jj′ ) + B2(zm
jj′ )

]1/2

⎫
⎬

⎭
(35)

and

wweak =
4π

3
Ne

(
�

m

)2 ∫
f(v)

v
dv

⎧
⎨

⎩

∑

j′ �=j

R2
jj′a(zm

jj′ )

⎫
⎬

⎭
.

(36)
The argument zm

jj′ of Stark broadening functions is related
with the minimum impact parameter ρm, the difference of
energy ΔEjj′ and the electron velocity v by:

zm
jj′ =

ΔEjj′ρm

�v
· (37)

Using the approximate velocity average, wstrong can be
written as [17]:

wstrong = Nevπρ2
m (38)

where ρm is the minimum impact parameter (Weisskopf
radius)

ρm =
(

2
3

)1/2 (
�

mv

)
∣
∣
∣
∣∣
∣

∑

j′ �=j

R2
jj′

[
A(zm

jj′ ) + iB(zm
jj′ )

]
∣
∣
∣
∣∣
∣

1/2

.

(39)
The properties of Stark broadening functions a(zm

jj′ ),
A(z

m
jj′ ) and B(zm

jj′ ) permits to simplify wstrong and wweak

at high and low temperatures. For high temperatures

A(z
m
jj′ ) ≈ 1, B(zm

jj′ ) ≈ 0 and a(zm
jj′ ) ≈ ln

(
1

zm
jj′

)
so (39)

becomes:

ρ2
m ≈

(
2
3

) (
�

mv

)2 ∑

j′ �=j

R2
jj′ (40)

then

ρm ≈
⎡

⎣
(

2
3

) (
�

m

)2 ( m

3k

) ∑

j′ �=j

R2
jj′

⎤

⎦

1/2

T−1/2

≈ G0
jj′T

−1/2 (41)

and the width will be:

wstrong(T � T jj′
0 ) ≈ Gjj′T

−1/2, (42)

where

Gjj′ =
(

2
3

)
Neπ

(
�

m

)2 ( m

3k

)1/2 ∑

j′ �=j

R2
jj′ (43)

and

wweak(T � T jj′
0 ) ≈ 2Gjj′

ln (T )
T 1/2

. (44)

For low temperatures A(z
m
jj′ ) ≈ 0, B(zm

jj′ ) ≈ π
4zm

jj′
and

a(zm
jj′ ) ≈ π

2 e−2zm
jj′ so (39) becomes:

ρ2
m ≈

(
1
6

) (
�

mv

)2 ∑

j′ �=j

R2
jj′

π�v

ΔEjj′ρm
(45)

then

ρm ≈
⎡

⎣
(

π�

6ΔEjj′

) (
�

m

)2 ( m

3k

)1/2 ∑

j′ �=j

R2
jj′

⎤

⎦

1/3

T−1/6

≈ I0
jj′T

−1/6 (46)

and the width will be:

wstrong(T � T jj′
0 ) ≈ Ijj′T

1/6, (47)
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where

Ijj′ = Neπ

(
3k

m

)1/6
⎡

⎣ π�

6ΔEjj′

(
�

m

)2 ∑

j′ �=j

R2
jj′

⎤

⎦

2/3

(48)

and

wweak(T � T jj′
0 ) ≈ πGjj′

e−αjj′T
−2/3

T 1/2
, (49)

where

αjj′ ≈
(

2
�

) ( m

3k

)1/2

I0
jj′ΔEjj′ . (50)

Therefore one can conclude that weak collisions are dom-
inant for high temperatures and strong collisions for low
temperatures:

w(T � T jj′
0 ) = wstrong + wweak

≈ Ijj′T
1/6 + πGjj′

eαjj′T
−2/3

T 1/2

≈ Ijj′T
1/6 (51)

and

w(T � T jj′
0 ) = wstrong + wweak

≈ Gjj′T
−1/2 + 2Gjj′

ln (T )
T 1/2

≈ 2Gjj′
ln (T )
T 1/2

· (52)

We can see that the dependence of Stark width on tem-
perature for w(T � T jj′

0 ) (51) and w(T � T jj′
0 ) (52)

for wstrong + wweak is the same as derived previously
(Eqs. (13) and (19)) respectively, as expected.

3 Results and discussion

We will choose the simplest non hydrogenic element HeI to
analyze and discuss the temperature dependence of Stark
widths, and will try to show when the neutral atom line
Stark width increases with temperature (e.g. 2s1S−2p1P◦
in the Griem’s Tab. IV – in the appendix p. 322 of [17]) and
when decreases (e.g. 2s1S−3p1P◦ in the same reference).

In Tables 1 and 2, we present results for the partial
widths w1(T ), w2(T ), w3(T ) and the HWHM (wDK) cal-
culations according to the formula in [8] for the two lines
cited previously, using the 3-level model. For the transi-
tion 20 581.3 Å (2s1S−2p1P◦), we use 3d1D as a perturb-
ing level for the 2p1P◦ atomic energy level as well as for
the 3p1P◦ level in the transition 5015.7 Å (2s1S−3p1P◦).

When we compare the maximal value of the function
wi(T ) for these two transitions having the same final level
2s1S, we found that this function, which is the sum of the
wi1(T ), wi2(T ) and wi3(T ) ((29), (30) and (31)), has a
maximal value corresponding to the critical temperature

Table 1. Calculations of w1, w2, w3 and wDK = w1 +w2 +w3

(HWHM calculated according to Dimitrijević and Konjević for-
mula [8]) for the 3-level model of HeI 20 581.3 Å (2s1S−2p1P◦)
line as a function of temperature T . Electron density Ne =
1022 m−3. Note that the 3-level model for this line is adequate
only to analyze the temperature dependence. Multilevel-model
calculations using Dimitrijević and Konjević formula [8] give
w′

DK – 0.408, 0.458, 0.514, 0.550 and 0.577 Å for T = 5000,
10 000, 20 000, 30 000 and 40 000 K respectively.

T w1(T ) w2(T ) w3(T ) wDK

[K] ×10−2[Å] ×10−2[Å] ×10−2[Å] ×10−2[Å]
5000 0.008 6.291 1.237 7.500

10 000 0.399 6.934 2.706 10.000
20 000 3.015 7.362 2.720 13.100
30 000 5.904 7.319 1.817 15.000
40 000 8.204 7.052 1.249 16.500
80 000 12.900 5.402 0.459 18.800

100 000 14.000 4.637 0.3293 18.900
120 000 14.600 3.992 0.2508 18.800
150 000 15.100 3.228 0.1796 18.500
200 000 15.400 2.355 0.1167 17.800
400 000 14.700 0.966 0.0413 15.700
800 000 13.000 0.359 0.0146 13.400

which for the first line (20 581.3 Å) is T jj′
0 = 98 267.25 K

(corresponding to Rjj′ΔEjj′ = 59 120.24). Consequently
the width is increasing until T jj′

0 and all values in the
Griem’s Table IV [17] are increasing.

For the second line (5015.7 Å), the critical value
of temperature is T jj′

0 = 1523.65 K (corresponding to
Rjj′ΔEjj′ = 916.68) so that the width is decreasing
because the plasma temperatures used in Griem’s Ta-
ble IV [17] (5000−40000 K) are higher than T jj′

0 .
For the first line we also calculated widths for higher

temperatures and one can see that the widths decrease
after T jj′

0 (see Tab. 1). We can predict the increasing
or decreasing with temperature because for the first line
Rjj′ΔEjj′ is much higher than for the second one. We
remark also, in these two previous cases, that the partial
width w1 is less than w2 when the temperature is less
than T jj′

0 and the partial width w1 is higher than w2 for
temperature higher than T jj′

0 .
In the case of the multi-level model (22), the temper-

ature dependence is more complicated since we have a
sum of contributions for a number of perturbing levels
with various T jj′

0 . However, on the basis of previous anal-
ysis, some general predictions of increasing or decreasing
of Stark widths with temperature may be done and in the
case of one or two dominant perturbing levels, tempera-
ture scaling by using (26), (27) is possible. As an example,
in Table 2, we present Stark HWHM (wG, wDSB, w′

DK)
for the HeI 5015.7 Å (2s1S−3p1P◦) line calculated using
the multi-level model. Our results are compared with the
semiclassical values of Griem [17] and Dimitrijević and
Sahal-Bréchot [18]. For all results, the width is decreasing
versus the temperature because we are in the high tem-
perature conditions. One can see that the temperature
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Table 2. Electron-impact HWHM of HeI 5015.7 Å (2s1S−3p1P◦) line as a function of temperature T : wG – semiclassical
results of Griem [17] wDSB – semiclassical results of Dimitrijević and Sahal-Bréchot [18], w′

DK – our calculations according
to Dimitrijević and Konjević formula [8] for the multi-level model. w1, w2, w3 and wDK = w1 + w2 + w3 – our calculations
according to Dimitrijević and Konjević formula [8] for the 3-level model for an electron density of Ne = 1022 m−3.

T wG wDSB w′
DK w1(T ) w2(T ) w3(T ) wDK

[K] ×10−2[Å] ×10−2[Å] ×10−2[Å] ×10−2[Å] ×10−2[Å] ×10−2[Å] ×10−2[Å]
5000 37.8 31.7 46.6 30.9 2.646 0.117 33.6

10 000 35.9 30.0 44.9 27.9 1.000 0.041 28.9
20 000 33.4 28.6 41.9 23.8 0.364 0.015 24.2
30 000 – 27.6 39.4 21.3 0.199 0.008 21.5
40 000 30.6 26.8 37.4 19.6 0.130 0.005 19.7
80 000 – 24.7 32.0 15.8 0.046 0.002 15.8

Fig. 2. A plot of the Stark width for the 2s1S−2p1P◦ transi-
tion of helium spectral lines (20 581.3 Å) as a function of tem-
perature T and its asymptotic limits: dot line – as calculated
from (51) for low temperatures, and dashed line – as calculated
from (52) for high temperatures.

dependence is similar in our approximate and more so-
phisticated semiclassical calculations. Consequently, the
simple approach used here, might be used to predict the
temperature trend when more sophisticated results are
missing or to extrapolate with temperature, for example,
experimental values.

We notice as well that in general for neutral emitters,
the width increases until a certain temperature and then
decreases (see Figs. 2 and 3).

We show in Figure 4 that the Stark line width w de-
pendence on ln (T )/T 1/2 may be well approximated by a
straight line for T � T jj′

0 . Consequently, we can say that,
at high temperature limit, the Stark width dependence on
temperature is ln (T )/T 1/2 (see Fig. 4).

In Figure 5 for HeI 5015.7 Å, and Figure 6 for HeI
20 581.3 Å, the differences between the extrapolation of
a Stark width value obtained at one temperature to an-
other one with the proposed here temperature depen-
dence (Eqs. (51) and (52)) and T−1/2 are illustrated. As-
sume that you have an experimental value obtained say
at 20 000 K and that you want to compare it with values

Fig. 3. A plot of the functions wj1, wj2, wj3 and w versus the

reduced temperature T/T jj′
0 calculated for the 3-level model

of HeI 5015.7 Å line, for the temperature range [0−50×103 K].

The critical temperature T jj′
0 is 1523.65 K.

Fig. 4. Stark width (HWHM) wDK versus ln (T )/T 1/2 calcu-
lated for the 3-level model of HeI 5015.7 Å line, for the temper-

ature range [3×104−15×104 K]. The critical temperature T jj′
0

is 1523.65 K.
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Fig. 5. Stark widths for the 2s1S−3p1P◦ transition of helium
spectral lines (5015.7 Å) as a function of temperature T for
an electron density Ne = 1022 m−3. Solid line – results of
Griem [17], dashed line – our calculations according to (19)
and dot line – our calculations using the T−1/2 dependence.

Fig. 6. Stark widths for the 2s1S−2p1P◦ transition of he-
lium spectral lines (20 581.3 Å) as a function of temperature T
for an electron density Ne = 1022 m−3. Solid line – semi-
classical results of Griem [17], dashed line – our calculations
according to (13) and dot line – our calculations using the
T−1/2 dependence.

obtained for 5000 K and 40 000 K. In order to do so we
took the corresponding wG values at T = 20 000 K and
extrapolated them, using (Eqs. (52) and (51)) and T−1/2

scaling, within the range 5000−40 000 K. We can see in
Figures 5 and 6 the dimensions of the possible mistake
which might be introduced by T−1/2 scaling and the ad-
vantages of the method proposed here.

4 Conclusion

We have found a clear influence of the temperature effects
on Stark line widths, and the simple 3-level model calcula-
tions performed here explain, in general, their temperature

dependence. Using the simplified theories of Freudenstein
and Cooper [7] and Dimitrijević and Konjević [8] for de-
termination of Stark width of an isolated, non-hydrogenic,
neutral atom spectral line, we have derived the explicit
temperature dependence, and demonstrated that it is in
general different from the often used scaling as T−1/2.

The proposed temperature scaling with the three level
model (27)–(31) may be useful for more realistic compari-
son of experimental values obtained at different tempera-
tures, and extrapolations of a single value to other needed
temperatures, e.g. for the synthesis of stellar spectra.

This work is a part of the project (146 001), supported by the
Ministry of Science of Serbia. We are grateful to the referees for
carefully reading the manuscript and their valuable comments
and suggestions
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Abstract. The spectroscopic emission of zinc plasma along with CCD imaging profile has been studied.
The zinc target has been irradiated with a Q-switched Nd:YAG laser (1064 nm, 290 mJ, 10 ns, 29 MW)
in air at atmospheric pressure. The plasma emission is recorded with 100 ns integration time. Boltzmann
plot method and Stark broadening profile of the transition line has been used to estimate the electron
temperature (Te) and electron density (Ne) respectively. Estimated values of Te and Ne is in the range of
(5700–6756) K and (1.6 × 1015 − 3.39 × 1015) cm−3 at three laser shots respectively.

1 Introduction

The laser plasma studies for material processing are in-
creasing now a day. In the laser produced plasmas the elec-
tron temperature (Te) and the electron density (Ne) are
very essential to predict plasma chemistry. Laser-induced
breakdown spectroscopy (LIBS) is a useful technique for
a variety of applications like environmental monitoring,
material analysis and thin film deposition [1]. In this tech-
nique a high intensity laser pulse interacts with a tar-
get leading to the formation of micro-plasma. During the
nanosecond (ns) laser pulse interaction with a solid sur-
face, the material evaporation taken place with in the few
tens of the picoseconds the rest of the laser pulse is ab-
sorbed in the plasma by the inverse bremsstrahlung (IB)
absorption [2]. This technique can be easily combined with
other optical techniques such as Raman spectroscopy to
extract elemental, mineralogical, and biological informa-
tion. The analytical performance of the LIBS depend on
several laser parameters such as pulse duration, pulse ir-
radiance, laser wavelength and fluence), sample charac-
teristics (thermal conductivity, surface reflectivity, ther-
mal diffusivity, optical absorption coefficient, etc.), and
the ambient conditions [3–5].

There are many experimental studies reported in the
literature about the effects of laser parameters on the
evaporation process, plume and plasma characteristics of
the zinc plasma. The spatial and temporal behavior of
Li, Zn and Li-Zn alloy plasma under vacuum using XeCl
excimer laser at 308 nm has been studied by Gogić and
Milošević [6]. They observed the atomic and ionic lines of
Zn, Li and Li-Zn alloy. The ablation of Li-Zn alloy showed

a e-mail: qindeel.plasma@gmail.com

faster decay of the Zn spectral features than of the Li spec-
tral lines. Al impurity in zinc alloy in the environment of
air, vacuum and Ar, using an Nd:YAG laser at 105 mJ
pulse energy with 3 ns pulse width was analyzed by Kim
et al. [7]. In order to investigate, analyze and model var-
ious plasmas, different diagnostic techniques are used to
find their characteristics. The key parameters of laser ab-
lated plumes are density and temperature. Konjević [8]
has studied the plasma broadening and shifting effects
of non hydrogenic neutral atom and positive ion spectral
lines in detail. In this study the plasma-broadened and
shifted spectral line profiles have also been studied which
is non-interfering plasma diagnostic method.

In the present work, we have investigated the spectro-
scopic properties of the zinc plasma in air at atmospheric
pressure produced by 1064 nm Nd:YAG laser. The opti-
cal emission has been spatially resolved by scanning the
plume along its area. The electron temperature Te and
density Ne has been observed by the spectroscopic study
of Zn plasma.

2 Experimental setup

A schematic diagram of the experimental setup is shown in
Figure 1. The laser beam from a Q-switched Nd:YAG laser
with pulse duration of 10 ns, 1064 nm wavelength, pulse
energy 290 mJ and power density of 4 × 1010 W cm−2

was used to irradiate the Zn target. Laser spot diame-
ter was 2 mm. He-Ne laser was coaxial with IR laser for
an ease of alignment. The irradiated sample images were
recorded via CCD camera for morphological and struc-
tural analysis. Each emission spectrum of the zinc plasma
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Fig. 1. Schematic diagram of experimental setup.

was recorded with 100 ns integration time. The laser beam
was focused through a 20 cm quartz lens on the Zn tar-
get in air. The target was slowly rotated to avoid surface
damage, minimize the local heating and to make the laser
pulse fall on a fresh target surface. The emission from the
plume was registered by spectrometer with the covering
range between 350 nm and 650 nm. In order to record
the emission spectrum from the plume, the spectrome-
ter is interfaced with computer and Q-switched Nd:YAG
laser was synchronized with external trigger unit to emit
single shot pulse. Zinc target was placed at a fixed dis-
tance 20 cm and in-situ CCD imaging, and emission spec-
troscopy of laser ablated zinc target was also explored. The
acquired emission data by Ophir WaveStar spectrometer
(CCD laser spectrum analyzer) have been stored in a PC
using WaveStar 1.05 software for subsequent analysis.

3 Results and discussion

3.1 CCD imaging

The in situ CCD image profile was recorded to study
the surface chemistry and physical interaction of the laser
with the target. Some results of CCD images are shown in
Figure 2. The CCD image frame of every laser shot was
recorded by the PULNIX TM–6EX CCD video camera
with a Matrox Inspector image grabbing interfaced with
a computer. The structure of the laser plume does not
have the circular nature which can be clearly observed in
Figure 2. The vertical line at the right hand side of the
image frame represents the position of Zn target. The di-
rection of laser is from left to the right of each frame and
the bright image of the dark background shows the for-
mation of plasma plume accompanied by a shock wave to
increase the emission intensity. The plasma was expanding
supersonically towards the laser beam. The emission en-
hancement mechanisms are due to change in the plasma
properties and increased quantity of ablated mass. The
engraved semi spherical shape pits of CCD images give
information of depth profile.

3.2 Optical emission spectroscopy

In situ emission spectroscopic data were acquired by PC
interfaced spectrometer WaveStar 1.05 software for subse-

Fig. 2. CCD Image of Zn plasma formation recorded at in-
tegration time of 100 ns produced by the 1064 nm Nd:YAG
laser. (a) First laser shot, (b) second laser shot, (c) third laser
shot.

quent analysis. Three sets of data were recorded in which
three emission lines of Zn were only observed with a slight
variation of wavelengths with the same instrument un-
der the same conditions. Three emission spectra of zinc
plasma are illustrated in Figures 3a– 3c. All emission spec-
tra were recorded in the spectral range 360–630 nm. These
lines belonging to neutral zinc have been observed in the
spectral range 450–490 nm. The values of spectroscopic
parameters of the emission lines of neutral zinc plasma
data used in the Boltzmann plot are tabulated in Ta-
ble 1. More over the schematic diagram of energy levels
for emission lines of neutral zinc are shown in Figure 4.
The Boltzmann plots of the three shots (mentioned above)
have been sketched in Figures 5a– 5c in which the linear
fit of the data is also shown.

3.3 Shifting of wavelength

In these open air laser shots the variation in intensity and
wavelength was also observed. The assignment of these
lines is straightforward as the levels belonging to the lower
and upper state configurations are well known and tabu-
lated in the NBS (NIST) database [9]. At the three dif-
ferent laser shots, besides the variation in the intensity
of the zinc triplet we have also observed the shift in the
peak value of the emission line. The estimated value of the
shift in the transition lines toward the longer wavelength
was about 0.01 nm. This shift in the transition lines may
be due to the Stark effect due to the micro electric field,
because the radiating atom at a distance r from an ion
or electron is perturbed by the electric field. This inter-
action is described by the Stark effect. The linear Stark
effect (∼E) exists only for hydrogen, for all other atoms
the interaction is quadratic (∼E2 and ∼1/r4). The shift
is usually towards the red and is same for ions as for elec-
trons (E2 dependence) [10]. The other cause of this phe-
nomenon may be absorption of laser heat during initial
laser shot due to joule heating of the target surface. Since
in the initial shot Figure 3a the intensity of emission was
too low because a part of laser energy was used in heating
the target but in the third shot Figure 3c the intensity was
high because the target was preheated during the initial
two shots. The comparison of wavelength shifting of the
emission lines of neutral Zn plasma is shown in Table 2.
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Fig. 3. (Color online) The emission spectra of Zn is at integration time of 100 ns, generated by 1064 nm laser. (a) First laser
shot, (b) second laser shot, (c) third laser shot. On abscissa is wavelength in nm and in ordinate intensity in arbitrary units.

Ground State 4s21S0

307.4 nm 213.9 nm  

468.0 nm 481.0 nm 

472.8 nm 

1Pº1

3Pº2

3Pº1

3Pº0

4s4p  

4s5s  
3S1

32311.30 cm-1 

32561.39 cm-1 

32890.31 cm-1 

46745.37 cm-1

53672.24 cm-1

Fig. 4. Energy level diagram of neutral zinc showing all the prominent transitions observed in the present experiment.

Fig. 5. Three Boltzmann plots of the transition lines registered at time integral of 100 ns, (a), (b) and (c) are sketched to
determine electron temperature of Zn plasma. The slope of the plotted curves yields electron temperatures as 5700 K, 6756 K
and 6677 K respectively. On abscissa is energy in eV.
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Table 1. Spectroscopic parameters of the observed zinc lines in the plasma.

SET Wavelength Transition Statistica Transition Energy of Energy of

λ(nm) weight probability the lower the upper

Aij(s
−1) level level

observed

A λ(nm) gi gk Aij(s
−1) Ei(cm

−1) Ek(cm−1)

468.0 4s5s3S1 → 4s4p3P0 1 3 1.55×107 21367.5 53672.24

472.15 4s5s3S1 → 4s4p3P0
1 3 3 4.58×107 21179.5 53672.24

480. 99 4s5s3S1 → 4s4p3P0
2 5 3 7.00×107 20790.5 53672.24

B

467.94 4s5s3S1 → 4s4p3P0 1 3 1.55×107 21370.3 53672.24

472.14 4s5s3S1 → 4s4p3P0
1 3 3 4.58×107 21180.2 53672.24

480.98 4s5s3S1 → 4s4p3P0
2 5 3 7.00×107 20790.9 53672.24

C

468.06 4s5s3S1 → 4s4p3P0 1 3 1.55×107 21364.8 53672.24

472.2 4s5s3S1 → 4s4p3P0
1 3 3 4.58×107 21177.5 53672.24

481.03 4s5s3S1 → 4s4p3P0
2 5 3 7.00×107 20788.7 53672.24

Table 2. (Color online) Wavelength shifting of the emission lines of neutral zinc plasma and electron densities measurement
by Stark broadening equation (3) (∗ positive shift, ∗∗ negative shift).

SET Wavelength Intensity FWHM Shift observed Electron density

λ(nm) λ1/2(nm) λ(nm) Ne

A λ(nm) λ1/2(nm) λ(nm) (cm−3)

468.0 5 0.52 0∗ 3.09524 × 1015

472.15 14 0.54 0.05∗ 1.71975 × 1015

480. 99 28 0.56 0.01∗ 1.69697 × 1015

B

467.94 13 0.57 0.06∗ 3.39286 × 1015

472.14 30 0.50 0.06∗ 1.59236 × 1015

480.98 56 0.53 0.06∗ 1.60606 × 1015

C

468.06 15 0.48 0.06∗∗ 1.86047 × 1015

472.2 37 0.61 0∗∗ 2.54167 × 1015

481.03 64 0.47 0.03∗∗ 2.55435 × 1015

3.4 Plasma characterization

3.4.1 Bremsstrahlung process and inverse bremsstrahlung
absorption

In the nanosecond laser matter interactions the material
evaporation taken place with in the few tens of picosecond
the rest of the laser pulse is absorbed in the plasma via
inverse bremsstrahlung (IB) absorption process, that is
the dominant process for the longer wavelength [3,4]. The
IB absorption αib via free electron is estimated from the
expression

αib(cm−1) = 1.37 × 10−35λ3N2
e Te

−1/2.

In this expression, λ is the wavelength of the laser photon
in μm, Ne (cm−3) is the electron density and Te (eV) is
the electron temperature. In case of fundamental 1064 nm
laser used in this experiment, IB absorption is approxi-
mately equal to 1.96 × 10−5 cm−1 at the laser irradiance
of 5.6 × 1010 W cm2.

On the other hand, is plasma optically thin, has been
verified using the criteria mentioned in [11] by checking are
the intensity ratios of the zinc triplets consistent with the
ratios of the statistical weights of their upper level (1:3:5).
One can see from Table 1 that these differences for the
ratio of the strongest and the weakest line in the multiplet
are 12% for the set A, 14% for the set B and 15% for the
set C, indicating that it is a reasonable approximation
to consider the plasma as optically thin. We should note
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that if the observed intensity of the strongest line in the
multiplet is reduced relative to the weakest one, indicates
that self absorption, resulting in broader line, is present.

This result indicates that the plasma was optically thin
according to a procedure described previously by Simeons-
son and Miziolek [12]. For optically thin plasma, the re-
absorption effects of plasma emission are negligible, so the
emitted spectral line intensity I is a measure of the popu-
lation of the corresponding energy level of this element in
the plasma. In our laser plasma experiments, the decrease
in temperature may be due to expansion in velocities and
the surface of the target constantly absorbs radiation dur-
ing the time interval of laser pulse. In the image profile of
Figure 2, these behaviors somehow support this trend.

3.4.2 Electron temperature measurement

Laser-induced plasma the state of local thermodynamic
equilibrium exists then the analyzed intensity is propor-
tional to the relative population of the levels and follows
the Boltzmann distribution. Using the ratio of the relevant
intensities of spectral lines, electron temperature can be
estimated. In this study also the Boltzmann plot method
was applied to calculate electron temperature. In the case
of an air plasma populations of the atomic states are given
by the Boltzmann equation, so that line intensities Iij are
proportional to the Boltzmann factor described as [7]:

Iij ∝ gjAij exp
(
−Ej

kT

)
, (1)

where gj is the statistical weight of the upper level, Aij

is the transition probability, Ej is the energy of the up-
per level, Iij are used for two spectral lines of the same
element under consideration, T is the temperature, and k
is the Boltzmann constant. A logarithmic plot of λI/gA
versus E results in straight lines which slope is inversely
proportional to the temperature. The electron tempera-
ture is calculated from the slope S = −1/kTe and the val-
ues of the transition probabilities for emission line have
been used from NIST [9]. The electron temperature and
electron number density contains about 10% uncertain-
ties due to the uncertainties in the width measurement,
the instrumental width de-convolution integrated inten-
sity of the transition line, transition probability and the
electron impact parameter.

The estimated values of the Te of these three shots
were obtained 5700 K, 6756 K and 6677 K respectively.

3.4.3 Electron density measurement

In LIBS, two spectroscopic methods are commonly used
to determine the Ne. The first method requires the mea-
sure of the population ratio of two successive ionization
states of the same element and the second requires mea-
sure of the Stark broadening of the spectral lines. The
emission spectral lines of the laser produced plasma are
noticeably broadened therefore Ne can be extracted from

the widths of the spectral lines. There are two important
line broadening mechanisms in the laser plasma i.e. Stark
broadening and Doppler broadening.

The Stark line broadening appears due to collisions of
emitting atom with charged species and this is the primary
mechanism influencing these emission spectra [13,14]. The
electron density was determined from Stark broadening of
emission lines.

3.4.4 Doppler broadening measurements

Doppler broadening based on the Maxwellian distribution
law can be used to estimate the half width FWHM by a
simple equation as [3,7]:

Δλ1/2 = 2λ
√

2kT ln 2/mc2, (2)

where λ (m) is the wavelength, k (J K−1) is the Boltzmann
constant, T (K) is the absolute temperature, m (kg) is the
atomic mass and c (m s−1) is the speed of light. In the
plasma the Stark broadening, induced by collisions with
charged particles, is dominant in comparison with Doppler
one. At a temperature of 5700 K, the Doppler width is
estimated ≈0.0031 nm for the transition at 468 nm. This
width is too small to be detected in the present studies,
therefore it is neglected.

3.4.5 Stark-broadening measurements

Stark broadened spectral line widths depend on the elec-
tron density Ne. The electron number density Ne (cm−3)
could be determined from the full width at half maximum
(FWHM) of the neutral zinc lines. If we have determined
experimentally the Stark width (FWHM) Δλ1/2, and we
have calculated or found in literature the theoretical Stark
width (ω), which is for neutral atoms usually tabulated for
Ne = 1016 cm−3, we can obtain the electron density Ne

from the relation [13–18]:

Δλ1/2 = 2ω

(
Ne

1016

)

+ 3.5A

(
Ne

1016

)1/4 [
1 − 3

4
N

−1/3
D

]
ω

(
Ne

1016

)
. (3)

Here is assumed that the line is isolated and broadened
by collisions with electrons and ions. Also one should take
into account that in literature Stark widths are sometimes
given as FWHM and sometimes as half half-widths or
half widths at half-intensity maximum (HFHM). In equa-
tion (3) ω is HFHM and if the theoretical width is FWHM
coefficients for the first and second term will be 1 and 1.75
instead of 2 and 3.5. The quantity A in equation (3) is
ion-broadening parameter also assumed that it is given or
calculated for Ne = 1016 cm−3, and the parameter ND the
number of particles in the Debye sphere. In equation (3)
for electrons is used impact approximation and for ions
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used quasistatic one due to their much larger mass. Com-
paring the electron and ion mass we can also conclude that
the contribution of ion-broadening is much smaller in com-
parison with electron-broadening in considered plasma as
me � mi so the Ve � Vi where me, mi, Ve and Vi denote
the masses and velocities of both electron and ion respec-
tively. The value of ion-broadening parameter is several
percent and the reasonable approximation is to neglect
it. So neglecting in equation (3) the second term describ-
ing ion-broadening contribution, one obtains for Ne the
following expression:

Ne =
(

ΔλFWHM

2ω

)
× 1016, (4)

where ΔλFWHM (nm) is the half width (FWHM) observed
in neutral zinc line, Ne (cm−3) is the electron density and
ω is the electron-impact half width (HWHM) (Stark width
value from literature). Substituting the values of Stark
broadening impact-width parameter ω from [19], in equa-
tion (4), the electron densities for zinc plasma are in the
range 1.6 × 1015 cm−3 to 3.39 × 1015 cm−3 and it is tab-
ulated in Table 2.

3.4.6 McWhirter criterion for the validity of LTE

For the plasma to be in LTE, atomic and ionic states
should be populated and depopulated predominantly by
collisions rather than by radiation. This requires that the
electron density has to be high enough to ensure a high
collision rate. The corresponding lower limit of electron
density is given by the McWhirter’s criterion [20]:

Ne ≥ 1.6 × 1012ΔE3T 1/2, (5)

where Ne (cm−3) is electron density, ΔE (eV) is the
largest energy transition for which the condition holds
and T (K) the plasma temperature. It is only at later
times that the electron density values converge toward this
lower limit. This means that, in principle, LTE conditions
should prevail over the major part of plasma duration.
However, one should note that the McWhirter’s criterion
is, according to the author himself, a necessary but not suf-
ficient condition for LTE. By knowing the electron density
and the plasma temperature one can determine whether
the local thermodynamic equilibrium (LTE) assumption
is valid using the criterion proposed by McWhirter [20].
The lower limit for electron density for which the plasma
will be assumed in LTE is given in the inequality shown
in equation (5).

In the present case, the variation of energy of transition
ΔE is 2.56 eV for Zn and the value of lower limit of elec-
tron density as given by equation (5) is 2.0 × 1015 cm−3.
The electron densities obtained for the considered plasma
are near this value or greater, which is consistent with the
assumption that the LTE prevails in the plasma.

In the laser produced plasma, the plasma plume prop-
erties rapidly changes with space and time, so the detec-
tor position, detection delay time and integration time

plays an important role in the study of plume dynam-
ics. The variation in the plasma properties such as exci-
tation temperature is attributed to the fact that the ther-
mal energy is rapidly converted in to the kinetic energy,
with the plasma attaining maximum expansion velocities
and hereby causing temperature to drop as the plasma
expands and decrease of Ne is mainly due to recombina-
tion between electrons and ions in the plasma. The most
likely processes in laser produced plasma are the radia-
tive recombination and the three-body recombination. In
our case we have select the optimum integration time of
100 ns to record the well defined zinc plasma emission
spectrum.

4 Conclusion

In summary, we have carried out optical characterization
of laser induced zinc plasma. In situ emission spectroscopy
and CCD imaging techniques have been successfully ap-
plied on three shots of zinc plasmas. The electron densities
and electron temperatures have been estimated for pure
zinc plasma in front of metal target.

The obtained results indicate that the estimated values
of the plasma parameters (Te, Ne) are consistent with the
reported results and almost have the same values for the
three shots with minor difference. In perspective of laser
plasma diagnostics the physical properties of the target
also play an important role and affect the values of the
laser ablated plasma temperature Te and electron density
Ne. In situ CCD imaging performed here will be focused
in later studies which might be helpful to understand the
physical effects and surface topology of the target.

The authors would like to thank the Sciences, Research
Alliance Enabling Science & Nanotechnology (ESciNano),
administration of Universiti Teknologi Malaysia for encourage-
ment and generous support. We are also grateful Prof. Dr. M.
Aslam Baig for providing information about the subject.
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Abstract. On the basis of the relative line intensity ratio (RLIR) method, transition probability values of
the spontaneous emission (Einstein’s A values) of 14 transitions in the singly (Kr II) and 7 transitions in
doubly (Kr III) ionized krypton spectra have been obtained relatively to the reference A values related to
the 435.548 nm Kr II and 324.569 nm Kr III, the most intensive transitions in the Kr II and Kr III spectra.
Our Kr III transition probability values are the first data obtained experimentally using the RLIR method.
A linear, low–pressure, pulsed arc operated in krypton discharge was used as an optically thin plasma
source at a 17 000 K electron temperature and 1.65× 1023 m−3 electron density. Our experimental relative
A values are compared with previous experimental and theoretical data.

PACS. 52.70.Kz Optical (ultraviolet, visible, infrared) measurements – 32.70.Cs Oscillator strengths,
lifetimes, transition moments – 32.70.Fw Absolute and relative intensities

1 Introduction

Due to the development of space born astronomical tech-
niques and devices such as Goddard high resolution spec-
trograph on the Hubble space telescope, the spectral lines
of trace elements, such as krypton, are observed and the
corresponding atomic data are of the increasing interest.
On the basis of the recent investigation of Planetary Nebu-
lae spectra [1] it was found that krypton is one of the most
abundant elements in the cosmos with Z > 32. Krypton
has been detected also in the spectra of the interstellar
medium [2]. Moreover, krypton is present in many light
sources and lasers as the working gas. Thus, the singly
(Kr II) and doubly ionized (Kr III) krypton spectral lines
are very useful for plasma diagnostical purposes. For the
modeling or diagnostics of cosmic and laboratory plasmas
it is necessary to know the transition probability values
(Einstein’s A values) [3]. A significant number of papers
are dedicated to this topic [4] (and references therein), es-
pecially in the case of the Kr II A values. However, the
existing experimental and theoretical Kr II A values show
evident mutual scatter. In the case of the Kr III A values
the situation is similar, but with a considerably smaller
number of experimental and theoretical studies dedicated
to the investigation of Kr III A values.

This work presents 14 Kr II and 7 Kr III A values ob-
tained on the basis of accurately measured spectral line

a e-mail: steva@ff.bg.ac.yu
b e-mail: vladimir@ff.bg.ac.yu
c e-mail: mdimitrijevic@aob.bg.ac.yu

intensities using the step-by-step technique by the line
profile recording [5] and our deconvolution procedure [6]
which allows accurate measurements of the line intensities.
The well-known [7–9] relative line intensity ratio (RLIR)
method was used for the A values determination applied
by us already in case of the Ar III, Ar IV, O II, Ne II, N III,
N IV, NV and Si III spectra [10–15].

The experimental Aexp values are obtained relatively
to reference A values for the 435.548nm Kr II and
324.569nm Kr III lines, the most intense among the in-
vestigated lines in the Kr II and Kr III spectra. Our Kr III
transition probability values are the first data obtained ex-
perimentally using the RLIR method. Our experimental A
values have been compared with the transition probabili-
ties from the references which contain A data correspond-
ing to our chosen reference Kr II and Kr III transitions
only.

2 Experiment

A modified version of the linear low pressure pulsed
arc [5,10,12–17] has been used as an optically thin plasma
source. A pulsed discharge was driven in a Pyrex dis-
charge tube of 5 mm inner diameter and plasma length
of 7.2 cm. A capacitor of 14 µF was charged up to 1.5 kV.
The working gas was krypton (99.99% purity) at 130 Pa
filling pressure mountained by a constant flux. The spec-
tral line profiles recording procedure together with the
used experimental set–up system are described in refer-
ences [13,14,18]. Two recorded Kr III line profiles, as an
example, are shown in Figure 1.
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Fig. 1. Recorded Kr III spectral lines at a plasma temperature
of 17 000 K and an electron density of 1.65 × 1023 m−3.

One can notice that the investigated spectral lines are
well isolated while the continuum is very close to zero
within the wavelength range of interest. These facts are
important for an accurate determination of line intensi-
ties and, correspondingly, for a reliable determination of
A values.

The plasma was monitored by the Kr II line radiation
and by the discharge current. Variations of the latter were
found to be within 4%. All investigated Kr II and Kr III
lines are recorded by the same experimental arrangement.

The measured profiles were of the Voigt type due to
the convolution of Lorentzian profile from Stark broaden-
ing with Gaussian profile from Doppler and instrumental
broadening. Line intensities were extracted from the ex-
perimental data by fitting convoluted line profiles [6] to
the measured spectra. The line intensity (I) corresponds
to the area under the line profile and was obtained within
3–5% accuracy from the fit. Great care was taken to min-
imize the influence of self–absorption on the line inten-
sity determinations. Using a technique described in refer-
ence [10] the absence of self-absorption was obtained in
the case of the investigated Kr II and Kr III spectral lines.

The plasma parameters were determined using stan-
dard diagnostic methods [7–9]. Thus, the electron tem-
perature was determined from the ratios of the rela-
tive intensities (Saha equation) of nine Kr II spectral
lines (435.548, 457.721, 461.529, 461.917, 463.388, 465.888,
473.900, 476.574 and 483.208 nm) to the five Kr I spectral
lines (435.136, 436.264, 446.369, 557.028 and 587.091 nm)
with an estimated error of ±9%, assuming the existence
of LTE, according to the criterion from references [7,9].
All the necessary atomic data were taken from refer-
ences [4,19]. The electron temperature decay is presented
in Figure 2. The electron density decay was measured us-
ing a well-known single laser interferometry technique for
the 632.8 nm He–Ne laser wavelength with an estimated
error of ±7%. The electron density decay is also presented
in Figure 2.

Fig. 2. Temporal evolution of the electron temperature (close
symbols) and electron density (open symbols) in the decaying
plasma.

Table 1. Our relative (dimensionless) experimental (Arel
exp)

transition probability values in the Kr II spectrum. Wave-
lengths, transitions and upper-level energies (Eu in eV), are
taken from references [4,19]. Transitions are ranged following
increasing Eu values.

Transition λ (nm) Eu Arel
exp

5s 4P5/2−5p 4Po
5/2 473.900 16.60 0.83 ± 9%

5s 4P5/2−5p 4Po
3/2 465.888 16.65 0.69 ± 9%

5s 4P3/2−5p 4Po
1/2 483.208 16.83 0.89 ± 8%

5s 4P5/2−5p 4Do
7/2 435.548 16.83 1.00 ± 3%

5s 4P3/2−5p 4Do
5/2 476.574 16.87 0.78 ± 8%

4d 4D5/2−5p 4Do
3/2 556.865 17.16 0.04 ± 12%

5s 2P3/2−5p 2Po
1/2 484.661 17.24 0.73 ± 10%

5s 2P3/2−5p 2Po
3/2 461.529 17.37 0.58 ± 11%

5s 2P3/2−5p 2Do
5/2 461.917 17.37 0.72 ± 11%

5s′ 2D3/2−5p′ 2Fo
5/2 463.388 18.48 0.85 ± 18%

5s′ 2D5/2−5p′ 2Fo
7/2 457.721 18.56 1.15 ± 18%

5s′ 2D5/2−5p′ 2Po
3/2 447.501 18.62 0.92 ± 19%

5s′ 2D5/2−5p′ 2Do
5/2 408.833 18.88 0.97 ± 21%

5p 4Do
7/2−5d 4F9/2 378.310 20.11 2.97 ± 30%

5p 4Do
5/2−5d 4F7/2 377.809 20.15 2.70 ± 30%

3 Transition probability measurements

When the plasma remains at LTE the well–known for-
mula [7–9]

(I1/I2)EXPT = (A1g1λ2/A2g2λ1)exp(∆E21/kT ) (1)

can be used for a comparison between measured relative
line intensity ratios and corresponding calculated values,
taking into account the validity of the Boltzmann distribu-
tion for the population of the excited levels in the emitters.
In this expression I denotes the measured (EXPT) rela-
tive intensity, λ the wavelength of the transition, A the
transition probability of the spontaneous emission, ∆E
the difference in the excitation energy, and g the corre-
sponding statistical weight. T is the electron temperature
of the plasma in LTE and k is the Boltzmann constant.
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Table 2. Relative (dimensionless) Kr II transition probability values. Arel
exp represent our experimental values. AN denote

tabulated values in NIST atomic spectra data base [4] where absolute and relative values (normalized to a 435.548 nm transition)
are mutually equal. Other relative (dimensionless) experimental transition probability values: Arel

K , [21]; Arel
L , [20]; Arel

D , [22];
Arel

M , [25]; Arel
B , [24]; Arel

FC , [23]; Arel
BR, [26]; Arel

SCH , [31]; Arel
MH , [33]; Arel

F , [34] and Arel
MK , [32]. Data in brackets denote absolute A

values of the reference 435.548 nm transition (in 108 s−1).

λ (nm) Arel
exp AN Arel

K Arel
L Arel

D Arel
M Arel

B Arel
FC Arel

BR Arel
SCH Arel

MH Arel
F Arel

MK

473.900 0.83 0.76 0.72 0.94 1.50 0.64 0.83 1.35 0.88 1.04 1.02 0.92

465.888 0.69 0.65 0.63 0.84 0.87 1.12 0.63 0.80 1.06 0.80 0.89

483.208 0.89 0.73 0.55 0.86 1.46 0.87 1.39 0.89

(1.00) (1.02) (9.1) (1.30) (1.15) (1.43) (1.20) (1.39) (1.25) (1.15) (1.38)

435.548 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

476.574 0.78 0.67 0.66 1.21 0.65 0.72 0.84 1.14

556.865 0.04

484.661 0.73 1.75 0.78 2.00

461.529 0.58 0.54 0.87 1.29

461.917 0.72 0.81 0.79 0.94 1.47 0.71 0.87 1.35 0.90 0.98

463.388 0.85 0.71 0.70 0.73 0.86 1.24 0.70 0.78 2.17 0.89 0.77 0.84

457.721 1.15 0.96 0.94 0.76 0.92 1.54 0.69 0.86 2.30 0.96 1.05

447.501 0.92 1.22 1.12 1.06 1.14

408.833 0.97 1.10 0.84 1.03 0.91 1.16

378.310 2.97 1.64

377.809 2.70 1.34

On the basis of the measured relative line intensity ra-
tio and electron temperature equation (1) yields ratio of
the corresponding transition probabilities or conversely,
the transition probability of a particular transition rela-
tive to a selected reference A value. As reference A values
the transition probabilities of the 435.548 nm Kr II and
324.569 nm Kr III transitions have been chosen. These
lines are the most intense and have the highest repro-
ducibility among the investigated Kr II and Kr III spectral
lines. Our experimental relative A values (Arel

exp) are pre-
sented in Tables 1 and 4 with estimated accuracies which
contain the uncertainties of the line intensity and electron
temperature determinations and the uncertainties of the
calibration procedure. Arel

exp represent averaged values ob-
tained during plasma decay in a time interval for which
the criterion of the existence of the LTE is fulfilled. Our
Arel

exp values provide the possibility for a future compari-
son with absolute data as well as with data presented in
relative form.

4 Results and discussion

Our experimentally obtained Arel
exp values are given in Ta-

bles 1, 2, 3 and 4.
On the basis of Tables 1–4 one can conclude: first of

all, it must be remarked that absolute A values, taken
from various references, corresponding to our reference
435.548nm Kr II and 324.569nm Kr III transitions lie in a
wide range (1.00−1.64; for Kr II and 1.59−3.33; for Kr III)
excluding unrealistically high Kr II A (9.1×108 s−1) value
from reference [20].

Fortunately, the absolute A value of the reference
435.548nm Kr II transition tabulated by NIST [4] is
1.00×108 s−1 making the absolute and relative NIST AN

values mutually equal (in the case of our experiment). Our
Arel

exp values agree well (within ±12%, on average) with
8 Kr II AN values, especially in the case of the 465.888,
473.900 and 461.917 nm transitions.

Our Kr II Arel
exp values show tolerable agreement

with previously experimental results by: reference [21]
(6 transitions within ±14% on average), reference [22]
(8 transitions within ±17% on average), reference [23]
(8 transitions within ±14% on average), reference [24]
(7 transitions within ±17% on average). In the case of
the Kr III transitions the best agreement was found with
Arel

F values (6 transitions within ±26% on average).
The experimental Kr II Arel

M [25] and Arel
BR [26] val-

ues are significantly larger than our and other experimen-
tal values. Although the Arel

L [20] values are reasonable,
it should be pointed out that their reference value is
extremely large (9.1 × 108 s−1).

Our Arel
exp values are in a good agreement with the-

oretical values (Arel
FC and Arel

MRT ) predicted on the ba-
sis of the LS coupling approximation performed in ref-
erence [23] (8 transitions within ±12% on average) and in
reference [27] (8 transitions within ±14% on average), and
with Arel

SG values predicted on the basis of the effective op-
erator formalism presented in reference [28] (11 transitions
within ±15% on average).

Theoretical Kr II Arel
SC values [29] calculated on the ba-

sis of the LS coupling approximation lie far below all cited
experimental and theoretical data. The Arel

KT values cal-
culated in reference [30] lie below other Arel data except
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Table 3. Same as in the Table 2. Relative theoretical Kr II transition probability values: Arel
MRT , [27]; Arel

KT , [30]; Arel
SG , [28];

Arel
SC , [29]; Arel

B , [24] and Arel
FC , [23].

λ (nm) Arel
exp AN Arel

MRT Arel
KT Arel

SG Arel
SC Arel

B Arel
FC

473.900 0.83 0.76 0.81 0.75 0.76 0.62 0.55 0.76

465.888 0.69 0.65 0.79 0.65 0.62 0.09 0.37 0.68

483.208 0.89 0.73 0.74 0.56 0.69 0.45 0.79

(1.00) (1.47) (1.64) (1.64) (1.30) (1.32) (1.45)

435.548 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

476.574 0.78 0.67 0.42 0.69 0.31 0.56

556.865 0.04

484.661 0.73 0.64 0.007 0.28

461.529 0.58 0.54 0.48 0.45 0.10

461.917 0.72 0.81 0.71 0.47 0.75 0.25 0.94 0.84

463.388 0.85 0.71 0.99 0.71 0.78 0.78

457.721 1.15 0.96 0.80 0.86 0.87 0.82

447.501 0.92 0.91 1.12 0.87

408.833 0.97 1.21 1.04 1.11

378.310 2.97

377.809 2.70

Table 4. Our relative (dimensionless) experimental (Arel
exp) transition probability values in the Kr III spectrum and those of the

other authors: Arel
F , [34]; Arel

KPA, [37] and Arel
R , [38]. Wavelengths, transitions and upper-level energies (Eu in eV), are taken from

references [4,19]. Data in brackets denote absolute transition probability values of the 324.569 nm Kr III reference transition
(in 108 s−1). Transitions are ranged following increasing Eu values.

Transition λ (nm) Eu Arel
exp Arel

F Arel
KPA Arel

R

5s 5So
2−5p 5P1 335.193 21.76 0.94 ± 6% 0.86 1.11 0.89

5s 5So
2−5p 5P2 332.575 21.79 0.98 ± 6% 0.90 1.02 0.89

(1.59) (3.33) (2.80)

5s 5So
2−5p 5P3 324.569 21.88 1.00 ± 3% 1.00 1.00 1.00

5s 3So
1−5p 3P2 350.742 22.32 1.22 ± 9% 1.16 0.85 0.75

5s′ 3Do
2−5p′ 3D2 343.946 23.89 1.68 ± 18% 1.34 0.86 1.13

5s′ 3Do
1−5p′ 3F2 326.848 24.03 1.59 ± 20% 1.10 0.97 0.08

5s′ 3Do
3−5p′ 3F4 326.481 24.26 1.60 ± 21% 0.92 0.92 0.88

5s′ 3Do
3−5p′ 3P2 302.445 24.56 1.02 ± 23% 1.32 0.80

transitions 473.900 and 465.888 nm in the 5s 4P−5p 4Po

Kr II multiplet.

Experimental Kr II Arel
SCH [31], Arel

MK [32] and Arel
MH [33]

values agree with our Arel
exp values within the noticed ex-

perimental accuracies in the cited experiments and our
work.

The experimental Kr II Arel
F values lie above our Arel

exp

data by about 20%, on average. Exceptions are the tran-
sitions of 378.310 and 377.809 nm in the high lying 5p
4Do−5d 4F multiplet.

The transition 556.865 nm designated in reference [19]
as 4d 4D5/2−5p 4Do

3/2, belongs to the poorly investigated
Kr II transitions and we have no other Arel values for com-
parison. Absolute A values of this transition, observed ex-
perimentally, are presented in references [35,36].

It should be pointed out that in the recent study [35]
the authors have found satisfactory agreement among
their experimental A values and calculated Kr II transi-
tion probabilities in reference [28]. Their A data show good
agreement with those from reference [24].

Finally, it turns out that in the studies [35,36,39–48]
a number of the Kr II and Kr III A values have been ob-
tained, but without ones corresponding to our chosen tran-
sitions so that the comparison with our Arel

exp data is im-
possible.

5 Conclusion

On the basis of the accurately obtained spectral line in-
tensities we have obtained 14 Kr II and 7 Kr III transition
probability values relatively to the reference transitions
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at 435.548nm and 324.569nm, respectively. The compari-
son among all available Arel values (except extremely high
or small values) and here presented data show agreement
(within ±15%) between Arel values corresponding to the
463.388 and 408.833 nm Kr II and 335.193 and 332.575 nm
Kr III transitions. Thus, they can be recommended as use-
ful atomic data with accurate Arel values, related to the
chosen Kr II and Kr III reference transitions needed in
plasma diagnostic or modeling.

This work is a part of the projects “Determination of the
atomic parameters on the basis of the spectral line profiles”
(OI1228) and “Influence of collision processes on astrophysi-
cal plasma lineshapes” (GA1195) supported by the Ministry
of Science, Technologies and Development of the Republic of
Serbia. S. Djeniže is grateful to the Foundation “Arany János
Közalapitvány” Budapest, Hungary.
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Abstract. In this paper the views related to nature, Mother-Earth and the natural 
environment in the ancient Greek world are discussed, from the Оrphic Hymns and the 
Homeric world, through the works of Hesiod and Sophocles, and the theories and 
works of the pre-Socratic philosophers, the Ionian School, Thales, Anaximander, 
Anaximenes, Heraclitus, Pythagoras and the Pythagoreans, Empedocles, Socrates, 
Plato, Aristotle, the Stoics and Neo-Platonists, with a particular emphasis on Plotinus. 
The common elements in the teaching of the pre-Socratic Ionian philosophers and of 
the latter ancient Greek natural philosophers were the observation of living 
environment and nature, the corresponding relations, changes and cyclic periodic 
variations.  We note the attempts of Anaximander to formulate the need for the 
conservation of a dynamical equilibrium in nature and in ecosystems; also, his views 
on evolution of the leaving creatures and the humans. 

Key words: history of science, natural philosophy, pre-Socratic philosophers, environment. 

1. INTRODUCTION 

The views of the ancient Greek pre-Socratic philosophers from Ionia opened new 
paths for the study of nature using human logic. Starting from the worship of the Earth as 
a goddess, they proceeded to examine its position in the Cosmos, proposing a spherical 
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shape for our planet. They pioneered the unifying approach for the physical world, as-
suming one element as the basis for everything in the Universe – this element was water 
for Thales, infinity for Anaximander, air for Anaximenes, fire for Heraclitus. The genesis 
and the decay of worlds succeed one another eternally. Anaximenes believed, like 
Anaximander, that our world was not the only one that existed. Heraclitus believed that, 
of the vast richness of the natural creation with its unpredictable changes, nothing remains 
stable and motionless. There is no constancy, only an eternal flow, a perpetual motion. 
This is similar to what we accept today in quantum physics; the apparent stability and 
immobility is an illusion of our limited senses. According to Heraclitus, as Diogenes 
Laertius writes, matter is constantly transformed (Diogenes Laertius 1935: ΙΧ, 7-8, Theo-
dossiou 2007: 72). 

The views and the theories of the ancient philosophers indicate the relation of the an-
tique Greek world with the mother Earth and the natural environment, an international is-
sue of first priority nowadays, regarding the need for its immediate protection. 

 In this work we examine the development of the notions of living environment from 
the Orphic Hymns and the Homeric world, through the pre-Socratic philosophers, Socra-
tes, Plato, Aristotle, Stoics and Neo-Platonists, with  a particular accent on Plotinus, in 
order to follow the development of ideas like the need for the  protection of the dynamical 
balance of an ecosystem, and the apprehension of the living environment, nature and 
mother Earth, which, as a kind of travel back to the primal sources, has much to reveal to 
us concerning our modern worries.  

2. FROM MYTH TO REASON 

The pre-Socratic philosophers of Ionia were carefully observing in the 6th century BC 
the natural phenomena and their contribution to the challenging of myths was crucial. 
They attempted to extract all possible conclusions from the observation of nature by using 
mainly their logic (Theodossiou 2007: 44) 

Ancient Greek natural philosophers were preoccupied by the ‘cosmic riddle’, i.e. the 
questions of the origins, the structure and the construction of our Universe. At the same 
time, a sudden and rather unexpected shift took place, from mysticism and religious 
worldview towards reasoning thought, which was the greatness of the ancient philosophy; 
a switch with very deep consequences for humanity. 

Of course, most pre-Socratics were natural ‘monist’ philosophers, in the sense that 
they were interested in defining the ultimate substance or principle, the primal element 
from which all things of our world originated. So they created philosophical systems 
through which they would be able to explain in a rational way the relation between hu-
mans and nature. This is the reason that their philosophical thought is relevant today and 
that the natural component of pre-Socratic philosophy is of such a great importance. 

For the first time in the history of the world, with the pre-Socratic views it was ex-
pressed the total decoupling of myth from the rational intellect. Here it will be shown how 
from myth physical environmental thought appeared and was shaped during the first sci-
entific revolution in Ionia, in the 6th century BC. Then philosophers tried to answer two 
basic questions they were preoccupied with: the first was on the origins of the world and 
the second was on its structure or form. This was the reason they became the founders of 
philosophical thought and of science itself. 
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3. THE PLACE OF THE EARTH IN WORSHIP AND INSIDE THE COSMOS  
THE WORSHIP OF THE EARTH 

A starting point could be the worship of the mother-Earth. In parallel to the primal 
worship of the Sun, a prominent place in religion was held by mother-Earth, the universal 
mother. The philosophy of the Greek pre-Socratic philosophers reflected views that re-
spected Nature as the feeding mother of men and their attitude towards ‘her’ was the one 
expected towards a living and respectable deity. 

In a sense Earth was the supreme goddess, and for this reason Greeks called her –the 
word for ‘earth’ in Greek language is of the feminine gender– Hypertatan (Supreme) 
Earth. It should be noted, however, that Gaia (the Earth) was never worshipped as a ce-
lestial body or as anthropomorphic deity, but rather as gaia-chthon, as the nature with its 
ground, soil and interior, where humans live and get their food from. Man is ‘accused’ by 
the tragic poet Sophocles (5th Century BC) as the creature daring to annoy the supreme 
goddess, not hesitating to inflict pain on her:  

"by ploughing her with his plough, trenching it ceaselessly year after year" 
(Sophocles Antigone 1994: verse 330).   

The conversion of earth-nature to an omnipotent goddess-mother most probably took 
place when the agricultural societies developed, along with their agricultural festivals-
mysteries, pertaining to the eternal cycle of life (sprouting, bearing fruits, ripening, de-
cline and death, seed, sowing, rebirth). Beginning from the depths of antiquity, it can be 
said that the primitive human from his first cognitive observations of life on Earth under-
stood that, like him, the rest of animal and plant life forms were also tied to the triptych 
life-development-death. Man’s survival was connected with the terrestrial vegetation, 
since, like the rest of the animals, was eating what was available in nature (Eliade 1978). 

Our primitive ancestors, observing carefully the life cycle of the plants, with the seed, 
its planting inside Mother-Earth and its transformation into new life, discovered over the 
centuries the corresponding primal cycle of animal sexual reproduction. The sperm (in 
Greek the word ‘sperm’ means ‘seed’) was im-planted by the male into the womb of fe-
male, in an exact analogy with the seed of a plant; and from the maternal organism a new 
life was created. From the ‘lifeless’ seed, Earth was producing life, exactly as the animal 
females. Therefore, Earth should also be a living creature and, in order to give birth, she 
should come into contact with a male element. For this reason, our primitive ancestors 
personified Earth as a female form, while the fertilizing male was the Sky with his rain, or 
some large river, such as the divine Nile in Egypt. 

Earth (Gaia) and Sky (Ouranos) constitute the first divine couple, united by cosmogonic 
orphic Eros (Kern, Orphic. Fragm 1922: 1); in this symbolism of erotic cosmogony the Sky 
(Ouranos) embraces and fertilizes Earth with ‘his’ rain. Their union is therefore presented as 
an extremely powerful force of reproduction, which united and multiplied the deities, an 
aspect revered and sung by mythical Orpheus as product of the original Chaos or Erebus and 
the illuminated part of the day. This union is also symbolized by the love affair of Semele, 
which represents the Earth, and Zeus (Jupiter), a celestial god who fertilizes his beloved 
woman with his thunders, harbingers of the precious rain. Similar is the way Zeus fertilizes 
the earthly Danae, after he is transformed into golden rain in order to penetrate into her 
subterranean cell. Symbolically, the sky god softens with his beneficial waters the dried from 
the drought body of the Earth in order to grow life in it. 
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4. THE PLACE OF EARTH IN THE COSMOS 

Earth in the Homeric Universe was considered as a circular flat disc surrounded by a 
vast circular ‘river’, the Ocean. This model appears for the first time in the Homeric 
Hymn: "Incense to Pan - various" (Panos thymiama, poikila): "And the Ocean encircles 
the Earth in its waters" (Homeric Hymns 1914). 

The Sky rises upon Earth. In the Orphic Hymns (1981) the Sky is mentioned as the 
master of the World (Cosmos), encompassing the Earth as a sphere (our Celestial Sphere). 
The Sky is the abode of the blissful gods and it moves in rotations, spinning (Orphic 
Hymn 4: Incense to Ouranos). 

According to the ancient Greek traditions the Sky was a metallic canopy made of cop-
per or iron, supported by very tall columns; in other traditions the Sky was a giant. Homer 
combines these two views by having the giant Atlas supporting the columns himself (Od-
yssey 1919: 1:53-54). Hesiod writes that his fate of supporting the sky was assigned to 
him by Zeus (Theogony 2006: 517). So, in ancient Greece the Sky was thought to be 
made of a solid, metallic, material. For this reason, in the Homeric poems is referred as 
chalcous that means of copper (Iliad 1924: 17:424) and polychalcus that is made of much 
copper (Iliad 1924: 5:504, Odyssey 1919: 2:458, 3:2, 16:364, 19:351), or as siderous – of 
iron (Odyssey 1919: 15:329, 17:565). 

The space between the Sky and the Earth, according to the beliefs registered by Homer, 
was filled with the (comparatively dense) air in its part towards the Earth (Iliad 1924: 
14:288). Towards the Sky this intermediate space was filled with the clean and transparent 
aether (the ether), a kind of ‘light air’. Beyond the ether there was the starry Sky. 

Of course, one must not believe that the Sky was a bare metallic dome. It was, as 
Homer mentions, full of life, a life offered by the stars that decorate it. Because of this it 
was called asteroeis, i.e. full of stars (Iliad 1924: 6:108, 15:371, Odyssey 1919:  9:527). 
On this celestial dome travels the Sun (Odyssey 1919: 1:7-9), hence called ouranodromos 
(running on the sky). 

Homer in his poems, dated circa 900 to 800 BC, describes the Earth as flat and circu-
lar with the Ocean around it, a model first appearing in the Orphic Hymn "X. TO PAN, 
The Fumigation from Various Odors", verse 15: "Old Ocean too reveres thy high com-
mand, whose liquid arms begirt the solid land", while Hesiod in his Theogony describes 
the Universe as spherical, divided in two parts by the plane of the flat Earth. 

The great philosopher Pythagoras (6th Century BC) is generally credited as the first 
supporter of the idea of the spherical Earth. He expressed the opinion that, since the Sun 
and the Moon are spherical in form, the same should be the case with the Earth, which 
was sitting motionless in the center of the Universe! Pythagoras was teaching that Earth 
was spherical, isolated and inhabited; it should be noted that Anaximander also supported 
that the Earth was isolated, while Empedocles stated that the Earth floats freely in space. 
Thus, Pythagoras and the Pythagorean philosophers were supporting the spherical shape 
of the Earth mainly for symmetry reasons, since they regarded sphere as the most perfect 
form a solid body can take. The same views were upheld by Parmenides in the 5th century 
BC, who declared with certainty that the Earth was spherical. 

Influenced and probably persuaded by the thoughts of Pythagoras and his School, 
many other major Greek philosophers and astronomers adopted similar views, such as 
Aristotle, Hipparchus, Crates of Miletus and others. Aristotle dedicates a significant por-
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tion of his book On the Heavens to the support and propagation of this view, stating that "the 
Earth has a spheroid shape, as is necessary to her" (On the Heavens 1956: B, 297b, 18-19). 

However, as with many other pioneering views, ideas and theories of the ancient 
Greek philosophers –e.g. the heliocentric system of Aristarchus– the hypothesis of the 
spherical shape of Earth was forgotten with the decline of ancient Greece and the rise of 
the practical Roman spirit during the times of the Roman Empire. It was therefore natural 
for the simpler view to conquer the Byzantine East and the mediaeval West, and this was 
the flat Earth theory. The teachings of scholars who tried to restore the old view for the 
shape of the Earth were intensely fought by simpler people, who basically were arguing 
that it would be impossible for the Earth to be spherical, because in such a case the people 
living at the antipodes, i.e. the diametrically opposite point of the Earth would stand up-
side down and would inevitably fall into the abyss. 

Of course it must be stressed that accepting a spherical shape for Earth would mean 
not only abandoning the ‘obvious’ flat shape of our world, but the deeply entrenched no-
tion in the mind of mediaeval people that in space there is one absolutely defined direc-
tion: the ‘up’ and ‘down’ one. This was an age without physics and the seemingly easy for 
us to comprehend idea that all material bodies are attracted towards the center of the 
Earth was even for educated people of that period utterly incomprehensible! 

From the 15th century on, when the scholars of the age had a better look at the Aristo-
telian text, the debate on the shape of the Earth started again. It must not be forgotten that, 
probably based on this view of Aristotle (and of the other Greek philosophers) and guided 
by the writings of Ptolemy on Geography (Geografike Hyphegesis 1883, Berggren and 
Jones 2000) Christopher Columbus dared his voyage to the West in order to discover an-
other way to India. 

5. THE PRE-SOCRATIC ENVIRONMENTAL APPROACHES 

In the 6th Century BC, with the philosophers from Miletus and the rest of Ionia, a real 
revolution took place in philosophy and science. The scientific philosophy was born, its 
theory, notions and objective physical-mathematical science, the great accomplishment of 
the Greek spirit even to this day (Theodossiou 2007: 40). 

At first, Thales of Miletus, the founder of Monism, proposed that the basis of every-
thing was water. Then, Anaximander proposed infinity, Anaximenes the air, while Hera-
clitus of Ephesus proposed the fire as the primal element. The variety of their answers to 
the question of the basic element characterizes their philosophy. 

A common element in the thought of all natural pre-Socratic Greek philosophers was 
the observation of the environment, of the rates and the mutations of the natural elements, 
and of the cyclical, periodically repeated natural processes. 

Thales, the founder of the Ionian School and the first theoretician of geometry and as-
tronomy, was the first to express the opinion that the polymorphic world of natural phe-
nomena has single base, originating from one only creative common natural entity, the 
water according to him. 

Water was for Thales the essential component of all things, beyond any divine inter-
ventions; all entities in nature were mutations of that original material. For Thales water 
was representing the primal essence from which all forms of matter were emerging and to 
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which they were returning time and time again. According to Thales beings have a com-
mon natural origin and reason, water, and all physical entities are created as transforma-
tions of that original element through ‘condensation’ or diluting. Water (hydor) is the 
element that expanding through its evaporation creates the air, while with its contraction 
and condensation produces the earth; this can be verified, Thales believed, with the ap-
pearance of alluvial deposits from the rivers. 

Not only our planet, but the whole Universe according to Thales was based on water 
and it had the form of a hemisphere. Its interior was full of air, while its surface was the 
sky, the celestial dome. On the plane of its base there was the stationary Earth, which he 
thought it was floating on water: "floating as a piece of wood or something similar" (Ar-
istotle, On the Heavens 1956: B, 297b, 28). 

Anaximander believed that in the Universe there is a kind of natural law, a cosmic 
‘justice’ that keeps the balance among the four principal elements, which always are in a 
state of antagonism due to their different essence and texture. Their natural relation, ac-
cording to Anaximander, should be conserved in eternity, so that no one of the four basic 
elements could subordinate the rest. Anaximander was rejecting the idea of his teacher 
Thales that the basic element was the water, because if this were the case the natural bal-
ance of ‘justice’ among the four elements would be disturbed. If one of the elements had 
an advantage over the others, then it would have absorbed the rest, and the Universe 
would be not only entirely different, but it would be headed for its final destruction. 

The following phrase is attributed to Anaximander by the neo-Platonic philosopher 
Simplicius (6th century):  

"Anaximander had said that the origin of all beings is infinity, from which all 
heavens were created and all the worlds that exist within them; and that their 
birth came from infinity and to infinity they end through their wearing. In this 
way they compensate one another for the injustices that took place as time 
passed" (Simplicius in Physicorum 1895: 24, 13). 

This passage indicates the belief that the opposites, through the successive prevalance 
of one upon the other, are the agents of evolution and change. The ‘passing of time’ de-
notes most probably a universal law that checks the deadlines for the justification to come 
along, which will correct for the ‘injustices’. 

This principle can be proved to apply in the equilibria among ecosystems. In the eco-
systems there are no one-sided and monopolic processes; all exist in a state of dynamical 
equilibrium. Destruction, decomposition, creation and regeneration are continuous and 
periodically alternating processes. New organisms are born only when the old forms die, 
because the material for the composition of the new creatures comes from the material of 
their dissolution. This state of dynamical equilibrium (whose great importance was realized 
by environmental scientists only in the second half of the 20th century) is subject, according 
to Anaximander, to a ‘procession of time’. In other words, they are subject to periods of 
time. This observation applies to the currently observed biorhythms and biological cycles of 
the ecosystems, since inside each open biological system there are periods in the increase 
and decrease of the populations it contains. By extending this principle we could argue that 
probably the ignorance of its power led the Western civilization to invest on energy and time 
to one-sided selections, such as the choice of fossil fuels as its main energy source, 
overlooking the fact that the cycle of the terrestrial fossil fuels is of the order of many million 
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years. Consequently, the need for a dynamical equilibrium in nature is urgent, a fact that can 
be extracted as a conclusion by the above proposition of Anaximander. 

Anaximander was the first cartographer who dared to draw the known world. He also 
proposed a most intriguing origin for the human species; according to it the first humans 
were created from fish-like beings. Other pre-Socratic Ionian philosophers, like Empedo-
cles, had made such conjectures concerning the origin from dead matter or the various 
transformations of the first life forms; for Empedocles they had disappeared because of 
lack of adapting ability. These first attempts to formulate a theory of natural history and a 
reasonable explanation of the phenomenon of life were agreeing in a ‘spontaneous crea-
tion’, and not in the creation of life by some Creator God, as Plato supported later in his 
Timaeus (Plato 1929). 

As it can be deduced from the above, the idea that no life form is eternally unchanged, 
but it evolves in its attempt to adapt to an equally changing environment did not originate 
with Charles Darwin (The origin of species 1998) but with Anaximander. 

Anaximenes also accepted (as the rest of the Ionian philosophers) the basic principle 
of monism common to the Ionian School that everything stems from one origin and finally 
goes back to it. According to his views, the origin of everything was the air, which for 
Anaximenes was infinite, that is indeterminate and eternal. The air was the vast material 
mass to which everything was or could be reduced. 

The air of Anaximenes was constantly moving, exactly as Anaximander’s infinity. Out 
of this perpetual motion of the air all the variety of things and phenomena was finally cre-
ated. Fire originated from the air through thinning, while the condensation of the air cre-
ated the waters and the Earth. 

The genesis and the decay of worlds succeed one another eternally. Anaximenes be-
lieved, like Anaximander, that our world was not the only one that existed; he also supported 
the idea that the vast mass of the air incorporated innumerable worlds that were being 
created and died all the time, emerging from and returning back to the initial infinity. 

Heraclitus considered fire as the originating essence of our world. He believed that, of 
the vast richness of the natural and celestial/Universal creation with its unpredictable 
changes, nothing remains stable, motionless and granted. There is not constancy, but only 
an eternal flow, a perpetual motion.  

This is exactly what we accept today for the world of quantum physics; the apparent 
stability and immobility is an illusion and is due to our limited senses. According to Hera-
clitus, matter is constantly transformed, while in our finite Universe the elements ‘fire’, 
‘air’ and ‘earth’ are just different states of one and only material. 

All the ancient natural philosophers of Ionia distanced God the Creator from nature 
and history, keeping always a deep respect for the beliefs of their fellow people; most 
probably they, too, kept a form of God in some area of their minds and souls, in his spiri-
tual and moral dimension. 

After the natural philosophers of Ionia, in Socrates we see the rejection of the distinc-
tion man-animal kingdom, while in Plato we find a philosophical treatment of the Earth 
and the celestial bodies. Plato also mentions some environmental problems in ancient At-
tica. In Plato’s Dialogues, especially in Gorgias, we find the following philosophical po-
sition: "Society keeps together sky and earth and gods and men…" (1925: 508Α), while 
in the cosmological Timaeus (1929: 77a) Socrates tackles, as we mentioned, our relation 
with the animal and plant kingdoms: 
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"Blending it with other shapes and senses they engendered a substance akin to 
that of man, so as to form another living creature: such are the cultivated trees 
and plants and seeds which have been trained by husbandry and are now do-
mesticated amongst us; but formerly the wild kinds only existed" (Timaeus 
1929: 77a).  

Socrates concludes that there is no essential difference among the three broad catego-
ries of living creatures (humans-animals-plants): "… Thus, both then and now, living 
creatures keep passing into one another in all these ways, as they undergo transforma-
tion by the loss or by the gain of reason and unreason." (Timaeus, 1929, 92b-c), and: 
"there were two kinds of living beings, the human race and a second one, a single class, 
comprising all the beasts" (Statesman 1925: 263c). 

In addition, from the study of Aristotle’s works it is evident that in his teaching sci-
ences, philosophy and the world that surrounds us are all correlated and interdependent. 
Setting out from the description of this conception of him, the great philosopher creates 
the term ‘energy’ (Aristotle 1933: Metaphysics, I, 982b, 7, 1072a - 8, 1073a). 

6.STOICISM AND NEO-PLATONISM 

In the following centuries we witness the continuation of the Platonic tradition in the 
Stoics. Professor P. Damaskos, starting from the views of several scholars (e.g. Sambur-
sky 1959, Long 1986, Brennan 2005), writes:  

"Stoicism elevates to the status of a basic principle the decision to live in ac-
cordance with Nature and the co-existing Logos. These notions are not ex-
plained; they are taken as known. Besides, Stoicism is not famous for dwelling 
on theoretical forms and mental analyses on cosmological and metaphysical 
matters. However, even in its moral teachings we can discern its respect for the 
Whole, the brotherly coexistence of all beings and the respect for the nature of 
each species." (The problem of ecology in the Stoics, 27 March 2009).  

In the chain of philosophical schools Neo-Platonicism comes next; neo-Platonists re-
turned to the theoretical, rather dogmatic Platonic tradition and in this form is represented by 
the significant philosopher Plotinus. The classic Greek philosophy owes much to the 
renovating thought and penetrating mind of Plotinus, to its knowledge, but also to his 
dialectic attempt to develop Platonic dogmatic views and at the same time to combine them 
with the theories of Stoics and of the Peripatetic School, as well as with Aristotelian views. 

Klaus Oehler notes that:  

"Neo-Platonicism, without a doubt a feat of systematic meditation, is the last 
product of the methodical and systematical character that was inherent to the 
philosophical schools already from the beginning of the Hellensitic age and up 
to its period." (2000, p. 6). 

According to theologian Dr. Ioannis Lilis (2006: 583), Plotinus also uses the term ‘en-
ergy’ (energia) to describe his own cosmic view. More specifically, Plotinus suggests that 
the entire reality consists of the En (Тhe One – God), the Nous (Mind), the Psyche (Soul 
of the World), nature and matter. The universe "comes out" from God not by free and 
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willing creation but by constant "emanation". Through these emanations the "God-sub-
stance" becomes common to all other degrees of reality (Pantheism). God transcends the 
world, yet the world-stuff is God-stuff. The emanations are the Nous, the world Soul, and 
nature and matter. The first emanation is the Nous, i.e. the intelligence, and the second 
emanation is the world Soul, the Psyche. It proceeds from the Nous as the Nous proceeds 
from the En and it is therefore inferior to the Nous. The third emanation, proceeding from 
Nous and Psyche forms the nature and the matter; matter, as the final step, has no form, 
while nature perceptible through our senses does have form. Plotinus, stressing that Nous 
is emanating from En, and that Psyche is one within the unified reality, since has two 
kinds of activities, contemplative (beyond matter and time) and plastic (in forming the par-
ticular things of the Universe according the ideas contemplating in the Nous), calls Nous and 
Psyche "from energy, not potentially". He stresses that everything was created by the Es-
sence or Quantity and together with it: "If it is maintained that the continuous is a Quantity 
by the fact of its continuity, then the discrete will not be a Quantity. If, on the contrary, the 
continuous possesses Quantity as an accident, what is there common to both continuous and 
discrete to make them quantities?" (Plotinus 1991: The Enneads 6, 4, 4).  

In addition, The Enneads contain a beautiful passage about the personified Nature: "If 
one asked: For what reason does her create? And if Nature heard the question and 
wanted to answer, she would certainly say: You should not ask me but instead you should 
understand by yourself, in silence like me, for I do not speak often. So, what should you 
understand? That my creation is an object of viewing made by me, the silent one, an ob-
ject that resulted by nature and has received by me (I was also resulted by such a view-
ing) the property to be viewed. And my viewing creates the viewed object, just like 
mathematicians can draw only when they can view. And, while I do not draw but I just 
watch, the borderlines of the bodies result somewhat like the rainfall. Nothing different 
happens with me than what happens with my parents; they, too, resulted from such a 
viewing" (The Enneads: 3, 8,4).  

In other words, nature, personified in this passage by Plotinus presents herself, her 
origins and her work. 

7. CONCLUSIONS 

In this work the views related to nature, mother Earth and the natural environment in 
the ancient Greek world were examined, from the Orphic Hymns and the Homeric world, 
through works of Hesiod and Sophocles, and theories and works of the pre-Socratic phi-
losophers, the Ionian School, Thales, Anaximander, Anaximenes, Heraclitus, Pythagoras 
and the Pythagoreans, Empedocles, Socrates, Plato, Aristotle, Stoics and Neo-Platonists, 
with a particular emphasis on Plotinus. The way such views evolved to physical studies, 
reflection and theories during the first scientific revolution in Ionia in the 6th century BC, 
has been discussed from a mythological point of view the development of such theories 
and some of their possible implications in later centuries, like the idea of spherical Earth 
of Pythagoreans and the idea of Columbus to search for a new way to India.  

We can conclude that the common elements in the teaching of pre-Socratic Ionian 
philosophers and latter ancient Greek natural philosophers were the observation of living 
environment and nature, the corresponding relations, changes and cyclic periodic variations.  
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We also emphasize the attempts of Anaximander to formulate the need for the conser-
vation of a dynamical equilibrium in nature and in ecosystems and his views on evolution 
of the living creatures and the humans, which all witness that in works of Greek antiquity 
one could find several interesting views and reflections on our modern worries. 
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KOSMOLOŠKE TEORIJE GRČKIH 
PRESOKRATOVSKIH FILOZOFA I NJIHOVI FILOZOFSKI 

POGLEDI NA ČOVEKOVU ŽIVOTNU SREDINU 

Efstratios Theodossiou, Vassilios N. Manimanis, Milan S. Dimitrijević 

U ovom radu razmatraju se pogledi u antičkom grčkom svetu na prirodu, Majku Zemlju i čovekovu 
životnu sredinu, od Orfičkih himni i homerovskog sveta, preko radova Hezioda i Sofokla,i teorija i radova 
presokratovskih filozofa, Jonske škole, Talesa, Anaksimandra, Anaksimena, Heraklita, Pitagore i 
Pitagorejaca, Empedokla, Sokrata, Platona, Aristotela, Stoika i Neoplatonista sa posebnim naglaskom na 
Plotina. Zajednički elementi u učenju presokratovskih jonskih filozofa i kasnijih starogrčkih filozofa 
prirodnjaka bili su posmatranje čovekove životne sredine i prirode, odgovarajućih veza, promena i 
cikličkih i periodičkih varijacija. Naglašavamo pokušaje Anaksimandra da formuliše potrebu za očuvanjem 
dinamičke ravnoteže u prirodi i ekosistemima, kao i njegove poglede na evoluciju živih bića i ljudi. 

Ključne reči: istorija nauke, prirodna filozofija, presokratovski filozofi, životna sredina.
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Abstract. Due to the importance of modern science, the appearance of the notion of Chaos in 
ancient Greek cosmogonies and philosophical thought and the evolution of its meaning has been 
studied in this paper. In addition, a comparison has been made with the meaning of this 
important notion in modern Theory of Chaos. 
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1. INTRODUCTION-COSMOLOGICAL VIEWS 

In the ancient Greek civilization where the first philosophers attempted to explain the 
creation of the Universe, the hymns of mysticist Orpheus proved to be of significant im-
portance, by introducing the term ‘Chaos’. According to Orpheus, Chaos condenses into 
the giant Cosmic Egg, whose rupture resulted in the creation of Phanes and Ouranos and 
of all the gods who symbolize the creation the Universe.  

Later, Greek philosophers supported the view that chaos describes the unformed and 
infinite void, from which the Universe is created. So, this void in ancient Greek thought is 
not just an abstract term, but a kind of empty space with cosmogonical characteristics.  

In modern physics, the term ‘chaotic’ describes systems whose parameters consist of 
many hidden laws, which are difficult to describe and can be changed any time. Due to the 
importance of the notion of Chaos in modern science, it is of interest to consider its appear-
ance in ancient Greece and the evolution of its meaning, which is the aim of this paper. 
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During the early period of development of the first human 
civilizations, the refined thought of pioneer priests, astrono-
mers and philosophers – through religious faith and empirical 
thought – attempted to explain the ‘first beginning’, through 
which the Universe came into being. According to Aristotle 
“For it is owing to their wonder that men both now begin 
and at first began to philosophize” (Aristotle, Metaphysics: 
982b: 12-13). It is obvious that the first philosophers at-
tempted to explain the origin of natural phenomena. In this 
context, wise people who originate from eastern civilizations 
supported the existence of gods. According to these people, 
there are two contingents which resulted in the creation the 
universe: a) The universe was created through divine energy, 
a theory which is known as ex nihilo creation, and b) There 
was an eternal matter as substrate, which finally was format-
ted by a God or Gods. A major point in this case is the fact 
that the creation of the Universe depends on the mixing and 
combination of cosmic elements (Theodossiou, 2007: 31). 

In ancient Greece, the teaching of mysticist Orpheus 
(13th century B.C.) evolved, which proved to be the initial 
form of Greek religion, and consisted of poems and hymns of 
significant literary value (Orphica, 1805, Orphicorum frag-
menta, 1922, Orphic Hymns, 2007). 

2. ORPHIC COSMOGONY 

According to the orphic cosmogony, initially 
the ageraos (never getting old) Chronos (Time) 
emerged. Once Chronos was created, he gave 
birth to the duality of Aether and Chaos. Then 
Chronos and Aether created the cosmic silver 
Egg, which through its fertilization, brought into 
being the second divine triad: the protogonos 
(the first to appear) Eros or Phanes, God of 
Light, Metis, the Goddess of wisdom, skill and 
craft and finally the life-giving Herikepeos. In the 
ancient tradition, it is claimed that Herikepeos had 
two genders, both the male and female. 

The sixth Orphic Hymn ‘6. Protogonos’ speaks 
of Chaos which condenses into the giant Cosmic 
Egg. After the egg was ruptured, its upper part cre-
ated Ouranos (the Sky), while the Earth was created 
from the bottom part.  From the central part of the 
Egg, Protogonos (first created) or Phanes took 
form, whose name also means luminous. 

 

Orpheus, picture on an 
ancient column crater  

from Gela. 
(ca. 450 BC, Staatliche 

Museen, Berlin) 

 
Orpheus 

Picture from an ancient  
Greek vessel segment 
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6. I invoke Protogonus, of a double nature, great, wandering through the 
ether, Egg-born, rejoicing in the golden wings, having the countenance of a 
bull, the procreator of the blessed gods and mortal men. 

It would be useful to note that in ancient Greek philosophy and astronomy, Eros sym-
bolizes the spiritual power of nature that creates the Universe. 

Then, Phanes with his sister Nyx (Nychta = Night) gave birth to Ouranos (Uranus), 
whose role was dominant among the Gods and Earth: he was the king of the Gods after 
mοther Night. It is worth noting that the consecutive birth of Gods according to orphic 
cosmogony is similar to the version which is proposed by poet Hesiod in his poem 
Theogony. So, Ouranos is displaced by his son Cronus (Saturn), who was also displaced 
by Zeus, the creator and ruler of the world. An important person which appears in the or-
phic cosmogony is Dionysus Zagreus, son of Zeus and Persephone, whose birth marks the 
end of creation of divine beings in the world. 

The Titans sliced and ate Dionysus Zagreus, but goddess Athena saved his heart, 
through which Zeus resurrected him. This unholy and desecrating action was punished by 
Zeus by striking them with a thunderbolt. The ash of the Titans was the matter through 
which God created human beings. But the fact that the ash of the Titans also included the 
ash of Dionysus, the human race consists of two natures: 1) the evil or Titanic nature, 2) 
the divine/spiritual nature. 

Clemens Romanus, the third Bishop of Rome (88-97 or 92-101), in his ‘Epistulae’ 
compares the hesiodic cosmogony to that of Orpheus “Orpheus likens Chaos to an Egg, 
in which all the first elements can be found mixed. Hesiod perceives this Chaos as a sub-
strate, called by Orpheus as Egg (Cosmic Egg), a creation that emerged from formless 
matter…”. 

3. PHANES THE GOD IN THE RELIEF OF THE MUSEUM OF MODENA IN ITALY 

In this relief of god Phanes, which on display in the Modena Museum in Italy, the god 
of light, truth and justice is depicted surrounded by the ecliptic, with the twelve signs of 
the Zodiacal constellations. In the four angles of the relief the winds of the four cardinal 
points are depicted, which correspond to the four initial elements: fire, earth, air and wa-
ter. Inside the ecliptic we can see the Cosmic Egg divided into two parts. In the middle of 
the relief, Phanes appears through the flames in the form of a man with wings on his 
shoulders, since he is the creator Eros. Behind him the crescent of Selene, the Moon is 
displayed. Also, Phanes holds a scepter, as the ruler of the world (Phanes and Herike-
peos), while in his right hand he holds lightning, just like Zeus, the father of gods and men 
(Cook 1925: 1051). 

Herikepeos - Phanes - Metis: the Cosmic Egg in its triadic status, the light of Phanes, 
Mitis’s wisdom and Herikepeos’s life. A snake huddled around the body of Phanes, which 
reaches the top of his head, symbolizes the Earth (Gaia). He has animal hindquarters, just 
like the ancient god Pan, who is a Pancosmic (Universal) god (Theodossiou 2007: 33). 
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The God Phanes  

Modena Museum, 2nd c. A.D. 

On Phanes’s body three animal heads appear: of the ram, lion, and goat. Professor M. 
Papathanasiou claims here, that “The heads of the ram and goat symbolize the astronomical 
phenomena which appeared during the construction of the relief in the 2nd century AD, when 
the vernal equinox was in the constellation of Aries, while the winter solstice was in the 
constellation of Capricorn. But the lion head displayed in the center under the chest is a 
remnant of ancient astronomical phenomena of the 2nd and 3rd millennium BC, when the vernal 
equinox was in the constellation of Taurus, the summer solstice in the constellation of Leo, and 
the winter solstice in the constellation of Aquarius” (Papathanassiou, 2009: 296). 

Inside the elliptical egg there is a faded inscription: [Ε]YPHROSY[NE ET] FELIX. 
Below, outside the ellipsis and above the heads of the winds, there are two capital letters 
‘P’: P(ecunia) P(osuit) and below, at the edges of the rectangular sculpture we can see 
there is an inscription: FELIX PATER (sacrorum), according to Cook (1925: 1052). 

4. THE MEANING OF THE COSMIC EGG 

It is important to note that the meaning of the Cosmic Egg in all cosmological myths 
symbolizes the unity from which the whole Universe emerges. Also, the Cosmic Egg that 
symbolizes the creation appears in the Orphic Hymns, in Hinduism, in Finnish legends 
(Theodossiou 2007: 33) and also in the tradition of the primitive tribe of Dogon, in the 
Mali of Western Africa (Griaule, M. and G. Dieterlen 1965). 
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The Cosmic Egg is the matrix which includes the 
sperm of cosmic creation. Almost all ancient legends 
refer to the Cosmic Egg, because, except for the fact 
that the egg is the symbol of creation, it is also the 
symbol of birth and new life (Danezis and Theodossiou 
2003: 228-248). 

After the ancient Orphic Hymns, which were 
probably recorded in the 2nd century AD and also in 
Hesiod’s Theogony, the creation of the world is one of 
the main subjects that philosophers and poets deal with. 
Let us see how Hesiod describes the first cosmogonic 
principles: “Verily at first Chaos came to be, but next 
the wide-bosomed Earth, the ever-sure foundations of 
all (4) the deathless ones who hold the peaks of snowy 
Olympus, and dim Tartarus in the depth of the wide-
pathed Earth, and Eros (Love).” (Theogony 1914: lyr: 
116-123) 

Also, Aristophanes (448-380 BC) in his comedy 
named Aves (The Birds, 414 BC) writes: “At the 
beginning there was only Chaos, Night, dark Erebus 
and deep Tartarus. The earth, the air and heaven did 
not exist. First, the black-winged Night laid a germless 
egg in the bosom of the infinite deeps of Erebus, and 
from this, after the revolution of long ages, sprang the 
graceful Eros with his glittering golden wings, swift as 
the whirlwinds of the tempest. He mated in deep 
Tartarus with dark Chaos, winged like himself, and 
thus hatched forth our race, which was the first to see 
the light. That of the Immortals did not exist until Eros 
had brought together all the ingredients of the world 
and from their marriage Heaven, Ocean, Earth and the 
imperishable race of blessed gods sprang into being.” 

[Aristoph. Av. 693 (Chor der Vögel)] 

The great comedian also mentions Chaos in his comedy Nebulae (Nephelae). In this 
comedy, Aristophanes aims to squib Socrates and the Sophists. So, he describes the 
teachings in which Socrates initiates the naïve peasant Strepsiades. Socrates orders him to 
claim as gods only Chaos, Language, and Nebulae (Aristophanes, Nebulae: 423). 

 
Hesiod 

National Archaeological Museum 
of Athens (Roman copy). 

 
Aristophanes 
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5. THE MEANING OF CHAOS IN THE ANCIENT GREEK PHILOSOPHICAL THOUGHT 

It seems that the meaning of the term ‘Chaos’ – from the Greek root  ‘cha’ (Polites 
2004, 24) – which is the original situation of the cosmic matter before the creation of the 
universe, describes the unformed and infinite void. This void in ancient Greek thought is 
not just an abstract term, but a kind of empty space that consists of nebulae and darkness. 
Theoretically, Chaos is the infinite space that included, in the form of ‘seeds’, all the ele-
ments which were about to create the universe. Moreover, Chaos was the only creative 
principle through which everything emerged. Certainly, this unformed space between the 
Earth and the sky has no eternal being, but it was created at some time in the past. This 
conclusion originates from Hesiod’s text. 

In his poem Theogony, Hesiod claims that Chaos was not present in the beginning of 
creation, but that it was created in the beginning, followed by Erevus and Earth. This 
means that Hesiod did not intend to answer the question of what existed initially, but what 
was created first. So, he does not speak about an eternal first cause of creation. 

According to Jaeger (1953: p. 23), Hesiod does not by-pass the question of the first 
cause because of his unwillingness to give an answer, but because in his era, this philoso-
phical question had not arisen. In ancient cosmogonies there is no ‘before’, because of the 
eternal existence of the universe. Even the Pre-Socratic philosophers, as well as Plato and 
Aristotle, were in favor of the idea of the eternal existence of cosmic matter. It is impor-
tant to note that only the Christian Church Fathers and philosophers spoke of the ex nihilo 
creation of the universe. 

So, the question of what existed before Chaos has no meaning for Hesiod. 
In this context, in the Old Testament we can read that in the beginning when God cre-

ated the heavens and the earth (Gen. A, 1), there is no reference to what existed before 
the creation of the universe by God, because the question of what existed before the first 
cause has no meaning. 

Certainly for Hesiod the Heaven and the Earth are the basic elements of the visible 
universe, but they are not the first causes of cosmic creation. This cause is, according to 
Hesiod, Chaos. In fact, we can see in Hesiod’s poems and in all ancient Greek cosmogo-
nies that there is no reference of any kind to a ‘personal God’ who creates the universe, 
but rather what first takes place and what continues to happen later (through the whole 
cosmogony) happens by its own power. This reflects the period in which the Pre-Socratic 
philosophers (6th century BC) separated completely the myth from reason. 

As we have already seen, Erevus and Nyx who have emerged from Chaos, generated 
Aether and Imera (Day). Chaos also generated Eros, whose sense is definitely cosmological. 
Nyx was also an important cosmological power, towards which even Zeus showed great re-
spect. Homer writes that Nyx was a consultant of Zeus in the creation of the universe 
(Homer, Iliad 1919: XIV 259). Her power resulted from her old age and her clairvoyance. 

So, in Theogony Chaos, Earth and Eros were the three primal basic elements through 
which the universe came into being. Chaos is the receptor of every creation, while Earth 
symbolizes the solid ground of all living creatures. Eros’ nature is totally different, be-
cause he is the force which leads everything to its regeneration. 

Gigon (1968: 26) claims that the meaning of Eros is not just cosmological, because he 
is a basic factor not only of human life, but of the entire cosmos. The late professor of 
Philosophy at the University of Athens, Theophilos Veikos claims that the “human in the 
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early Greek thought is not an isolated part of the universe, but an integral part of the 
whole cosmos” (Veikos 1988: 20). 

In the Pre-Socratic philosophical thought several versions of expressing what existed 
before the cosmic creation can be found. For example, Leucipus and Democritus believed 
in the existence of a void. Anaxagoras spoke in favor of the existence of a mixture con-
taining the matter of the universe, while Anaximander spoke about the infinite.  Also, the 
lyric poet Alcman (7th century BC)  claims that Chaos, keeping its original mythical char-
acteristics, takes form in the name of matter that gives birth to Thetis, the creator of the 
universe (Kirk et al. 1983: 34, Danezis and Theodossiou 1999: 125-130). 

Also, a very interesting aspect of the creation of the universe has been put forward by 
Plato, who in spite of the fact that he does not speak clearly about Chaos, although he de-
scribes the primitive situation of matter as chaotic, which was formatted by the craftsman 
“He was good and the good can never be jealous of anything. And being free from jeal-
ousy, he desired that all things should be as similar to him as they could be. This is in the 
truest sense the origin of creation and the world as we shall do well to believe in the tes-
timony of wise men. God decided that all things should be good and nothing bad, so far 
as this was attainable. Wherefore also finding the whole visible sphere not at rest, but 
moving in an irregular and disorderly fashion, out of disorder he drew order, consider-
ing that this was in every way better than the other” (Plato 1902, 30a, 2-6). So, the cos-
mic creation consists of the change of matter from disorder into order (Kalachanis 2011: 
89-90). Aristotle just repeats the teachings of Hesiod about the creation of the universe 
from Chaos (Aristotle Metaphysics, 984b, 28). Ovidius (Publius Ovidius Naso, 43 BC-17 
AD)  also considers Chaos “a raw confused mass, nothing but inert matter, badly com-
bined discordant atoms of things, confused in one place” (Ovidius, 2002: lyr. 5-8). 

Those cosmogonical aspects of ancient savants and also the meaning of the term 
“chaos” have contributed to the perception of chaos as an infinite space, an abyss, or as 
unformed matter, from which the universe evolved. The Professor Emeritus of Astronomy 
at the University of Thessaloniki, Nicolaos Spyrou, claims that “a universe that emerges 
from Chaos represents the belief of ancient Greeks in an unpredictable Nature which is 
ruled by eccentric gods. However, during the 6th century BC in Ionia a new world view 
evolved, according to which the Universe is understandable, because of its inner order; 
inside nature there are regularities, which allow the exploration of its secrets and its op-
erating principles. Nature is not completely unpredictable, because of its regularities, the 
rules which it must obey. This orderly and admirable aspect of the Universe was called 
Cosmos by the ancient Greeks, which means ornament, decoration” (Spyrou 1998: 85). 

6. THEORY OF CHAOS AND FRACTAL GEOMETRY 

The late Ilya Prigogine (1917-2003), the ‘father’ of chaos theory and complexity wonders 
whether there are any laws within chaos. So, is chaos non-predictable by definition? 

Awarded the Nobel Prize in chemistry (1977) for his research in thermodynamics, he 
considers that it is possible to include chaos in the laws of nature. So, he does not agree 
with the view of chaos as a kind of a non-predictable disorder. According to the classic 
view, physical law is deterministic, while the time is ‘reversible’, something which means 
that the future and past play the same role. 
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Chaos expands our perception of the physical law by implying the importance of ‘pos-
sibility” and ‘irreversibility’. This radical change forces us to check again our basic de-
scription of nature. Deterministic laws produce seemingly random results. Or maybe God 
‘by playing dice’ creates a deterministic universe governed by order. Using chaos theory 
results in the development of a new branch of physics, which deals not only with laws, but 
with a science that does not deny the evolution of modern scientific theories. 

According to Barry Parker (1999), the Universe inspires admiration and a spontaneous 
desire for research. We do not know whether we will be able to provide satisfactory an-
swers or not. Chaos Theory reminds us that unpredictability is a characteristic of our dy-
namic Universe. Chaos Theory along with Quantum theory and the theory of relativity are 
among the most important scientific discoveries of the 20th century. 

Attempts to describe the universe based on a deterministic model are opposed to the 
physics of the 20th century, because determinism was refuted by Einstein’s theory of rela-
tivity or by Heisenberg’s uncertainty principle. Scientists could not describe the physical 
reality because of many chaotic parameters. Some examples of these parameters can be 
seen in meteorological systems, in the eddies of the rivers, even in artificial systems, like 
the stock exchange. In contrast with Laplace  (Theodossiou 2008: 144), who claimed that 
everything in nature is predictable provided that we know all the basic elements of physi-
cal procedures, the scientists of the 20th century admitted that they could not predict phe-
nomena like these. It is obvious that in such systems it is very difficult to know all the pa-
rameters, which can change at any time, as well as the hidden laws of nature. This is the 
simple definition of a chaotic situation. However, the Greek word is used in a different 
way in several cases. Thus, the term chaos has a different interpretation in Greek philoso-
phy than in everyday life or in Modern Greek (chaos means confusion or disorder), or in 
its image of Mandelbrot sets (Mandelbrot, 1982). Also, the interpretation of chaos in sci-
ence is quite different.  

Thus, chaos theory was developed, considered the third scientific revolution of phys-
ics in the 20th century, after relativity theory and quantum mechanics. Chaos theory is a 
mathematical concept explaining that it is possible to get very different results from very 
similar initial conditions of a system. The main precept behind this theory is the underly-
ing notion of small occurrences significantly affecting the outcomes of seemingly unre-
lated events. The new state that is being assumed by the chaotic system depends on the 
mathematical concept of attractor. However, this new locus, in which the system will be 
‘settled’ by the attractor, has parameters whose predictability cannot be described with 
eternal deterministic laws. This concept of disorder has been the subject of scientific 
study since the 1970s’. 

Physicists, astronomers, mathematicians, meteorologists, biologists, chemists and 
economists have been looking for connections among different types of non-normality. 
After the first surprising results from the study of chaotic models, scientists attempted to 
explain the chaotic movements of everyday life, such as weather conditions, the popula-
tion of wild animal species and fluctuations in stock prices. They recreated those uncon-
trollable phenomena with non-linear differential equations on computers.  That is how 
scientists discovered the hidden order that rules them, confirming the Pre-Socratic phi-
losopher Heraclitus, according to whom hidden harmony is better than obvious harmony 
(Diels & Kranz, 1966, Β 54, 1). 
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Nowadays we know that chaos theory is based on the fact that chaos and uncertainty 
are not due to the inability of technology, because they are basic characteristics of the 
universe. Chaotic systems are very sensitive, because a tiny and difficult to observe detail 
may cause a significant result, like the ‘butterfly effect’, according to which a butterfly in 
China may cause a storm on the western coast of USA. Another example of a chaotic 
system is the set of mathematical values of the four interactions of Universe (gravity, 
electromagnetism, strong and weak nuclear forces). In the case that these values differed 
minimally, the Universe would be extremely different. So, nature is a dynamical system 
which could not be described by linear equations. Also, in the field of astronomy it is ad-
missible that chaos played an important role in the creation of the solar system. So, scien-
tists started examining the chaotic systems not just in theory, but as applied sciences. 

Peculiar movements in chaotic systems create an odd mixture of tracks and swirls 
which does not seem completely irregular. The American topologist Stephen Smale 
claimed that the most significant feature of a dynamic system is its long time asymptotic 
behavior. This system chooses, through the entire system, a simpler set of movements (as 
cited in Ian Stewart, 1998: 131). This repetitive behavior of a system finally creates a ru-
dimentary geometric form, called a ‘strange attractοr’ by mathematicians.  

The support of chaos theory presupposed the proper mathematical model. This model 
was finally created by fractal geometry, developed by the mathematician Benoit Β. Man-
delbrot (1924-2010). 

  

A typical Mandelbrot fractal 

Such an object’s basic feature is self-similarity, because it contains small patterns of 
itself, in any scale it is examined. Observing the object at different scales, we see the 
original object unfolded. Still, starting from a simple original object – just like a triangle – 
and applying a simple geometric transformation continuously, we come to a fractal object 
of great complexity which is obviously chaotic. Suddenly, chaos acquires order. Fractal 
geometry proves to be very useful, to put order into chaos. Fractal structures were discov-
ered in seemingly chaotic systems, like the buffering of wind and snow, in galactic struc-
tures, in human organs such as lungs, brain and kidneys. Other examples of fractal sys-
tems include the distribution of forests on the Earth’s surface, in the shape of the coast-
line, in the formation of the bronchi of the lungs and also in the music of famous compos-



E.  THEODOSSIOU, K. KALACHANIS, B. N. MANIMANIS, M. S. DIMITRIJEVIĆ 220 

ers, like Bach and Mozart. So, scientists speak now not of chaos and order, but of a super-
order, in which random and chaotic is everything we cannot describe or identify. Those 
physical laws that rule such systems remain unknown. Therefore, according to Plutarch, 
the oracle of Delphi correctly supported the view: “that God eternally geometrizes” 
(Plutarch, Symposiakon 718 Β, 8).  
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POJAM HAOSA: OD KOSMOGONIJSKOG HAOSA U STAROJ 
GRČKOJ FILOSOFSKOJ MISLI DO TEORIJE HAOSA U 

MODERNOJ FIZICI  

Evstratije Teodosiju, Konstantin Kalahanis, Vasilije N. Manimanis, 
Milan S. Dimitrijević 

Razmotren je nastanak pojma haos u starim grčkim kosmogonijama i filosofskoj misli i evolucija 
njegovog značenja. Takođe je značenje ovog važnog pojma upoređeno sa onim u modernoj Teoriji 
haosa. 

Ključne reči:  Orfej, Fanes, Kosmogonija, haos, Teorija haosa, fraktali. 

 





































































































































































































STARK BROADENING OF F III LINES IN LABORATORY
AND STELLAR PLASMA

Z. Simic′,a M. S. Dimitrijevic′,a,b* L. C
∨

. Popovic′,a and M. D. Dac
∨
ic′a UDC 533.9.082.5

Using a semiclassical approach, we have considered electron-, proton-, and ionized helium-impact line widths
and shifts for the F III 2p3 4So–3s 4P resonant line. Moreover, for 10 F III multiplets where the full semi-
classical perturbation approach is not applicable in an adequate way due to the lack of reliable atomic data,
electron-impact line widths have been calculated within the modified semiempirical approach. Results are ob-
tained as a function of temperature for perturber density of 1017 cm–3. The theoretical data obtained have
been used to consider the influence of Stark broadening for A-type star atmosphere conditions.

Keywords: Stark broadening of spectral lines, semiclassical approach, line profiles, atomic processes, A-type stars.

Introduction. From the Stark broadening parameters, it is possible to obtain the basic plasma parameters such
as the electron temperature and electron density, which are essential for modeling the plasma considered, so that such
data are of interest for diagnostics and investigation of various laboratory, astrophysical, and technological plasmas. For
example, hydrogen fluoride has been detected in sunspots [1], on α Orioni [2], in red giants [3], and in interstellar
media [4]. Stark broadening data for fluorine spectral lines are also of interest for the design and development of, e.g.,
HF and similar lasers.

The first experimental consideration of the Stark broadening of F III spectral lines was published in 1961 [5],
and two unique reliable quantitative experimental determinations are given in [6–7]. Theoretical determinations of Stark
broadening of F III spectral lines have been performed in [8–10] by using the modified semiempirical method [11] for
3s 4P6–3p 4P6

o, 3s 4P–3p 4Do, 3s 2P4–3p 2P4
o, 3s 2P–3p 2Do and 3p′ 2Do–3d ′′ 2D transitions.

Experimental Stark widths [6] of the 3113.62 A°  spectral line from the multiplet 3s 4P–3p 4Do and the
3154.39 A°  line from the multiplet 3p′ 2Do–3d ′′ 2D have been compared in [6] with the calculations in [8], performed
within the modified semiempirical approach [11]. The corresponding ratios of the measured and theoretical values are
1.17 and 1.13, which is also an indicator for results presented here, since there are no experimental data for the spec-
tral lines considered in this work.

In order to make the set of Stark broadening data for F III as complete as possible, we have used the semi-
classical perturbation formalism [12, 13] (see also [14–20]) to determine electron-, proton-, and ionized helium-impact
line widths and shifts for the F III 2p3 4S–3s 4P resonant line. For an additional ten F III multiplets, where the full
semiclassical perturbation approach is not applicable in an adequate way due to the lack of reliable atomic data, elec-
tron-impact line widths have been calculated within the modified semiempirical approach [8, 11, 21–24]. The theoreti-
cal results obtained will be used here also to consider the influence of Stark broadening in A-type star atmosphere
conditions.

Results and Discussion. The semiclassical perturbation formalism used [12, 13] and all innovations and op-
timizations of the computer code have been discussed, e.g., in [20], while the modified semiempirical method em-
ployed [8, 11, 21–23], along with all of its applications, has been reviewed in detail in [24]. The atomic energy levels
needed for calculations have been taken from [25]. Oscillator strengths have been calculated by using the method of
Bates and Damgaard [26, 27]. For higher levels, the method described in [28] has been used. The results obtained
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within the semiclassical perturbation method [12, 13] for the Stark widths (full width at half maximum) and shifts of
the F III 2p3 4S–3s 4P resonant line due to electron-, proton-, and ionized helium impacts are shown in Table 1 for a
perturber density of 1017 cm–3 and temperatures from 10,000 K up to 300,000 K. The data on spectral-line Stark
widths for ten F III transitions obtained within the modified semiempirical approach are shown in Table 2 for the
same perturber density and temperatures.

For the resonant-line semiclassical results, we also specify a parameter C [17]; when divided by the corre-
sponding full width at half maximum, it gives an estimate of the maximum perturber density such that the line may
be treated as isolated. The standard accuracy of the semiclassical results is within the limit of 30% and 50% for the
modified semiempirical ones.

In the case of A-type stars, where the role of Stark broadening, as demonstrated many times (see, e.g., [29]),
may be significant, our temperatures correspond to the deep photospheric and subphotospheric layers. Seaton [30] has
drawn attention to the importance of Stark broadening for their modeling and investigation. Consequently, compared in
Fig. 1 are F III 4s 4P–4p 4Do (λ = 8890 A° ) line widths due to Stark and thermal Doppler broadening mechanisms as
functions of Rosseland optical depth corresponding to the 10,000–30,000 K temperature range, for an A-type star at-

TABLE 1. Electron-, Proton-, and Ionized Helium-Impact Broadening Parameters (full width at half maximum W and shift
d) Obtained within the Semiclassical Perturbation Approach [13, 14] for the F III 2p3 4So–3s 4P Resonant Line (λ = 315.4
A° , C = 0.32⋅1019) for a Perturber Density of 1017 cm–3 and Temperatures from 10,000 up to 300,000 K

T, K
Electron Proton He II

W, A° d, A° W, A° d, A° W, A° d, A°

10,000 0.123⋅10–2 0.143⋅10–3 0.714⋅10–6 0.858⋅10–5 0.188⋅10–5 0.846⋅10–5

20,000 0.771⋅10–3 0.648⋅10–4 0.442⋅10–5 0.175⋅10–4 0.579⋅10–5 0.163⋅10–4

50,000 0.465⋅10–3 0.635⋅10–4 0.195⋅10–4 0.324⋅10–4 0.183⋅10–4 0.286⋅10–4

100,000 0.341⋅10–3 0.681⋅10–4 0.352⋅10–4 0.443⋅10–4 0.327⋅10–4 0.367⋅10–4

150,000 0.291⋅10–3 0.669⋅10–4 0.441⋅10–4 0.492⋅10–4 0.385⋅10–4 0.410⋅10–4

300,000 0.230⋅10–3 0.615⋅10–4 0.588⋅10–4 0.591⋅10–4 0.489⋅10–4 0.490⋅10–4

Note. When dividing C by the corresponding full width at half maximum [17], we obtain an estimate for the maximum perturber
density for which the line may be treated as isolated and tabulated data may be used.

Fig. 1. Stark (1) and Doppler widths (2) for F III 4s 4P–4p 4Do (λ = 8890
A° ) as functions of the Rosseland optical depth τRoss, for an A-type stellar at-
mosphere model with Teff = 10,000 K and log g = 4 [31].
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mosphere model with Teff  = 10,000 K and log g = 4 [31]. One should take into account that, due to differences be-
tween the Lorentz (Stark) and Gauss (Doppler) line intensity distributions, Stark broadening may be more important on
line wings in comparison with the thermal Doppler one, even when it is smaller in the central part.

In closing, we can note that the obtained Stark broadening parameters also contribute to the creation of a set
of such data for no matter how large the number of spectral lines, which is of significance for a variety of problems
in research into laboratory, technological, and astrophysical plasmas.

Acknowledgements. This work is part of the project GA-1195 "Influence of collisional processes on astro-
physical plasma line shapes," supported by the Ministry of Science, Technologies, and Development of Serbia.
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Abstract: The brightest star of the night sky, is Sirius, Alpha Canis Majoris (� CMa).  Due to its intense brightness, 
Sirius had one of the dominant positions in ancient mythology, legends and traditions.  In this paper the references of 
the many ancient classical Greek and Roman authors and poets who wrote about Sirius are examined, and the 
problem of its ‘red’ color reported in some of these references is discussed. 

 

Keywords: Seirios, Sirius, Dog Star, Canis Major, scorching star, Maira 
 
1  INTRODUCTION 
 

Sirius, Alpha Canis Majoris (� CMa), is the brightest 
star in the night sky.  It is visible throughout Greece on 
clear winter nights, and for this reason occupies a 
significant place in ancient mythology, legends and 
traditions.  The original Greek name, ‘Seirios’, meant 
‘sparking’, ‘shining’, ‘fiery’ or ‘burning’.  
 

In this work, ancient Greek and Roman and some 
Byzantine references to Sirius will be considered, 
which led to the popularization of its name in the 
Greco-Roman literature.  The same is true for the 
myths and classical traditions associated with it; the 
classical folklore associated with Sirius became known 
and was enriched through the work of the main Latin 
authors.  In this way, both the name and the myths 
were long established in Western culture and thus sur-
vived.  We will also examine and discuss the problem 
of the ‘red’ color of Sirius, which arises from refer-
ences of some ancient authors. 
 
2  SIRIUS IN THE CONSTELLATION CANIS MAJOR 
 

Canis Major is an average-sized southern constellation 
with 95 stars visible to the naked eye.  Its brightest 
star, Sirius, is almost four times brighter than any other 
star visible from the latitude of Athens (38°, central 
Greece).  One must go further south than 37° N, to 
Rhodes or Crete, in order to observe the next brightest 
star, Canopus, which is half as bright as Sirius (Cano-
pus is the brightest star of the constellation Carina, and 
is Alpha Carinae). 
 

We now know that Sirius is one of the closest stars 
to the Earth at a distance of just 2.64 parsecs (8.60 
light years), and it has an apparent magnitude m = –
1.46.  This is 20 times brighter than our Sun would be 
at the same distance.  Canopus is at a much greater 
distance of 96 pc (313 l.y.) and shines with an appar-
ent magnitude of –0.72.  

 

Of all visible celestial objects, only the Sun, the 
Moon, Venus, Jupiter and Mars appear brighter than 
Sirius; actually, Mars is brighter than Sirius only when 
it is close to opposition, approximately once every two 
years. 

Sirius (� CMa), Procyon (� CMi, the brightest star 
in the constellation Canis Minor) and Betelgeuse (� 
Ori, the brightest star in the constellation Orion) form 
a large triangle in the January-to-March sky, the so-
called, ‘Winter Triangle’, which is almost equilateral.  
Today, Sirius first appears in the dawn skies several 
weeks later than it did in ancient times (10 August 
versus near the summer solstice).  This is because of 
the precession of the equinoxes due to the 26,000-year 
wobble of the Earth’s axis. 

 

Sirius is in fact a triple star system.  The companion 
star, Sirius B, is a white dwarf about the size of the 
Earth; most of its mass is compressed so much that a 
cubic cm of this material would weigh on Earth a few 
tons (and hundreds of tons on the surface of the white 
dwarf).  Sirius B shines eighty times fainter than the 
naked-eye theoretical limit, but even if it reached    
that limit the intense glow from the adjacent Sirius A 
would render its companion invisible.  This is the rea-
son that Sirius B was only indirectly detected in 1844 
from the perturbations it caused in the position of Sir-
ius.  The discovery was made by the German astron-
omer Friedrich Wilhelm Bessel.  It was first optically 
observed in 1862 by the American astronomer and 
telescope-maker Alvan G. Clark during the testing of  
a refracting telescope of exquisite quality.  In 1994  
Daniel Benest and Jean-Louis Duvent (1995) from the 
O.C.A. Observatoire de Nice in France suggested the 
existence of a second companion to Sirius, Sirius C. 
 

Because of its great brightness, Sirius occupied a 
prominent position in mythology, legends and trad-
itions of most people, and especially of the ancient 
Greeks.  Its very name, Seirios, in Greek means ‘spark-
ing’, ‘fiery’ or ‘burning’, ‘flamboyant’, ‘scorching star’ 
or ‘scorcher’ (Table 1); this epithet dates from at least 
the sixth century BC, as it was recorded in the Orphic 
Argonautics (Demetrakos, 1964: Volume 13). 

 

Claudius Ptolemaeus (= Ptolemy, second century 
AD) mentions Sirius as “… the one in the mouth [of 
the dog], most bright, is called Dog and hypokirros.” 
(Ptolemy, 1903: 142).1  In a small differentiation, Jo-
hann Bayer in his Uranometria places the bright star 
on the greater dog’s snout (see Bayer, 1603: Leaf 38). 
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Sirius can be seen from every inhabited region of the 
Earth’s surface.  �he best time of the year to view it in 
our epoch is around 1 January, when it reaches the 
meridian at true midnight.  In 500 BC this happened 
around 11 December. 

 
3  SIRIUS IN GREEK AND ROMAN MYTHOLOGY 
 

Canis Major probably depicts the faithful dog of Orion 
the Hunter, Laelaps.  Orion is a nearby constellation.  
Indeed, Sirius can be located on the celestial sphere if 
we extend the line formed by the three stars of 
‘Orion’s Belt’ to the east.  

 

In a tale of Greek mythology, Orion was in love 
with the goddess Artemis—the Greek equivalent of 
Diana.  However, Apollo, in order to cancel the union 
of mortal Orion with his twin sister, sent a huge 
scorpion—represented now by the constellation Scor-
pius—that killed the unlucky hunter.  After Orion’s 
death, his beloved Artemis donated his exquisite 
hound to Procris, daughter of Erechtheus and one of 
Artemis’ following nymphs.  Procris later gave Lae-
laps to her husband Cephalus, who also was a famous 
hunter. 
 

In early classical days it was simple Canis, represented 
the dog Laelaps, the hound of Actaeon, or that of 
Diana’s nymph Procris, or the one given to Cephalus by 
Aurora and famed for the speed that so gratified Jove as 
to cause its transfer to the sky. (Allen, 1963: 117). 

 
Table 1: Greek names for Sirius. 

 

Greek  
Name 

Translit-
eration 

Latin spelling  Translation 

������� Seirios Sirius Sparking 
	
������ Astrokyon Aster Cyon  The Dog 

     Star 
 
According to Eratosthenes’ Catasterismoi (1997; cf. 

Eratosthenis, 1897), Laelaps is the dog given as a gift 
by Zeus to Europa.  Their son, Minos, King of Crete, 
gave it later on to Procris because she healed him of 
some illness.  Procris again donated it to her husband 
Cephalus.  After Cephalus accidentally killed Procris, 
Zeus placed his dog in the homonymous constellation. 

 

Less known versions refer to Sirius in connection 
with Cerberus, the wild three-headed dog that guarded 
the gates of the underworld (Hades), or with one of the 
hunting dogs of Actaeon, a renowned hunter and hero 
from Thebes, who, had the misfortune of wandering 
onto Artemis’ bathing site.  After this dog saw Artemis 
naked, she turned him into a deer and made his own 
dogs kill him. 

 

Seirios was variously identified in myth.  Some say 
that it was Maira, a daughter of the Titan Atlas, or that, 
according to the Roman poet Ovid (43 BC–AD 17), it 
was Maira, the faithful dog of King Ikarios—repre-
sented by Boötes. 

 

Sirius may also have been associated with Orthros 
(= the morning twilight), hound of Geryon,2 the giant 
of the West.  The dog-star was probably also assoc-
iated with the dog-goddess Hecate, daughter of the 
Titans Perses and Asteria. 
 

It was also considered to represent Orion’s hunting 
dog, pursuing Lepus the Hare or helping Orion fight 
Taurus the Bull; and is referred to in this way by 
Aratus, Homer and Hesiod (Theodossiou and Danezis, 
1990: 114). 

The ancient Greeks refer only to one dog, but by 
Roman times, Canis Minor appears as Orion’s second 
hound (Allen, 1963: 132).  According to Richard H. 
Allen (1963: 118), in Rome two additional names of 
Canis Major were 
 

Custos Europae [which] is in allusion to the story of the 
Bull who, notwithstanding the Dog’s watchfulness, 
carried off that maiden; and Janitor Lethaeus, the 
Keeper of Hell, [who] makes him a southern Cerberus 
the watch-dog of the lower heavens, which in early 
mythology were regarded as the abode of demons. 

 
4  SIRIUS IN ANCIENT GREEK AND ROMAN  
    LITERATURE 
 

4.1  The Ancient Greek References 
 

In the Orphic Argonautica, in the scene where Zeus 
mates with Alcmene (Hercules’ mother) it states: “… 
when the Sun was losing his Sirius-like triple lumen-
escence in his course and the black night was spread-
ing from everywhere …” (Apollonius Rhodius, 1962: 
verse 121); or: “… just when for three consecutive 
days lost its light the flamboyant Sun (‘Seirios Sun’) 
…” (Petrides, 2005: 49). 

 

Homer mentions Sirius in the Iliad (1924, V: 1-5, 
XXI: 25-32) and Odyssey (1919: v 4) as ‘oporinós’, 
the star of autumn, and as Orion’s dog: 

 

Then Athena gave power and courage to Diomedes, so 
that excellently amidst the Greek multitudes he would 
be glorified and take shining fame everywhere.  From 
his helmet and shield a flame was visible, which pours 
light without sleeping, as the autumn star, bathed in   
the Ocean, shines with its full light. (Homer, 1924, V: 
1-5). 
 

The ‘autumn star’ is actually Sirius, and appears 
every year, for the geographical latitude of Greece, in 
the predawn sky in late July or early August.  This is 
mentioned also by Allen, who writes:  

 

Homer alluded to it in the Iliad as ��������, the Star of 
Autumn; but the season intended was the last days of 
July, all August, and part of September—the latter part 
of summer.  The Greeks had no word exactly to our 
“autumn” until the 5th century before Christ, when it 
appeared in writings ascribed to Hippocrates.  Lord 
Derby translated this celebrated passage: “A fiery light.  
There flash’d, like autumn’s star, that brightest shines.  
When newly risen from his ocean bath …” (Allen, 
1963: 120). 

 

In Iliad’s rhapsody XXII both Orion and Sirius are 
mentioned.  The brightest star, Sirius, is referred to as 
Orion’s dog.  Homer presents Sirius as an ominous 
sign in the sky, as every summer it is connected with 
the so-called ‘dog burnings’: 
 

… like the star that comes to us in autumn, outshining 
all its fellows in the evening sky – they call it Orion’s 
dog, and though it is the brightest of all stars it bodes no 
good bringing much fever, as it does, to us poor 
mortals. (Homer, 1924: Ch. 22, v 25-31ff). 

 

At about the same time, or slightly later, Hesiod 
(1914), in his famous book Works and Days, discusses 
all the stars and constellations mentioned by Homer, 
with a special reference to Sirius.  Indeed, he mentions 
Sirius in three different passages.  In the first of these 
he gives some advice to his brother Perses about 
grape-gathering: 
 

But when Orion and Sirius are come into mid-heaven, 
and rosy-fingered ��� [Dawn] sees Arcturus, then cut 
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off all the grape-clusters, Perses,3 and bring them home. 
(Hesiod, 1914: v 609ff). 
 

In the other two passages he speaks about the dog 
burnings: “For then the star Sirius passes over the 
heads of men, who are born to misery, only a little 
while by day and takes greater share of night …” 
(ibid.: 417) and “… for Sirius dries the head and the 
knees and the body is dry from the heat.” (ibid.: 587). 

 

Another work by Hesiod, Aspis Irakleous (The 
Shield of Hercules), is to a certain extent an imitation 
of Aspis Achilleos (The Shield of Achilles) as it is 
described in the Iliad (Homer, 1924).  In this work, 
too, Hesiod mentions Sirius twice: 

 

Their souls passed beneath the earth and went down 
into the house of Hades; but their bones, when the skin 
is rotted about them, crumble away on the dark earth 
under parching Sirius. (Hesiod, 1914: v 139ff). 
 

And when the dark-winged whirring grasshopper, perch-
ed on a green shoot, begins to sing of summer to men—
his food and drink is the dainty dew—and all day long 
from dawn pours forth his voice in the deadliest heat, 
when Sirius scorches the flesh, then the beard grows 
upon the millet which men sow in summer. (ibid.: v 
391). 

 

�he ancient Greek lyric poet Alcaeus (seventh-sixth 
century BC) states the following about Sirius: 
 

Wet your lungs with wine: the dog star, Seirios, is 
coming round, the season is harsh, everything is thirsty 
under the heat, the cicada sings sweetly from the leaves 
... the artichoke is in flower; now are women most 
pestilential, but men are feeble, since Seirios parches 
their heads and knees. (Alcaeus, 1982, 1993; cf. 
Alcaeus, 1922; Alcée, 1999). 

 

Theognis (570–480 BC), a significant elegy poet 
from Megara, wrote several symposium poems, distin-
guished for their dignity and their respect for the gods.  
He even gave a rule for wine drinking, adding some 
information for the period around the rise of Sirius, 
calling it ‘astrokyon’ in Greek (Table 1): “Witless are 
those men, and foolish, who don’t drink wine even 
when the Dog Star is beginning …” (Wender, 1984: 
1039-1040). 

 

The tragic poet Aeschylus (525–456 BC), in his 
tragedy Agamemnon (Aeschylus, 1955: v 966-968), al-
so mentions Sirius, as ‘seirios dog’, while Euripides 
(480–406 BC) in both his tragedies Hecuba (2008) and 
Iphigenia at Aulis (1999; 2003; 2004) mentions it by 
its name, Seirios proper.  Here are the relevant verses 
in their English translations: 
 

For while the stock is firm the foliage climbs, 
Spreading a shade, what time the Dog-star (seirios 
kynos) glows; And thou, returning to thine hearth and 
home, Art as a genial warmth in winter hours. 
(Aeschylus, 1955: v 967). 
 

Where Orion and Sirius dart from their eyes a flash as 
of fire … (Euripides, 2008: v 1104).  

 

Sirius, still shooting o’er the zenith on his way near the 
Pleiads’ sevenfold track … (Euripides, 2004: 1�8). 

 

The poet Lycophron of the Alexandrine ‘Pleias’4 
(third century BC), in his only surviving poem, wrote 
of Cassandra’s prophecy for the fall of Troy in which 
he referred to a ‘Seirian ray’, meaning more probably 
a solar ray (Scheer, 1958: Frag. 397). 
 

The renowned Greek astronomical poem, Phaeno-
mena,  written by  Aratus of  Soloi  in the Court  of An- 

tigonos Gonatas, the King of Macedonia (270 BC), 
refers to Seirios calling it ‘Star of the Dog’, ‘Poikilos’ 
(most probably meaning ‘changing in color’) and ‘Sei-
rios’:  
 

A star that keenest of all blazes with a searing flame 
and him men call Seirios.  When he rises with Helios 
(the Sun), no longer do the trees deceive him by the 
feeble freshness of their leaves.  For easily with his 
keen glance he pierces their ranks, and to some he gives 
strength but of others he blights the bark utterly.  Of 
him too at his setting are we aware. (Aratus of Soloi, 
1921: 326-340). 

 

Aratus also appended an adjective to the name, cal-
ling Sirius ��	�� (= big, great); according to Allen.  
With this adjective he wanted only to characterize the 
brilliancy of the star, and not to distinguish it from the 
Lesser Dog.  The Greeks did not know of the two 
Dogs at that time, nor did the comparison appear until 
the latter days of Vitruvius (Allen, 1963: 117).  How-
ever, Allen does not mention the use of the same 
adjective (big, great) for Sirius by Eratosthenes. 
 

Eratosthenes (276–194 BC) in his work Astrothesiai 
or Catasterismoi (Eratosthenes, 1997a; 2001) writes 
about the Dog, which he calls both Isis and Seirios, 
describing it as “… great and bright.”  However, he 
also uses the word seirios as an adjective, writing for 
example: “Such stars are called ‘seirioi’ by astron-
omers due to the quivering motions of their light.” 
(‘Seirioi’ is the plural of ‘seirios’). 
 

Apollonius of Rhodes (third century BC) in his Argo-
nautica, a major epic poem that remolds in poetic form 
the mythical expedition of the Argonauts from Thes-
saly to Colchis on the Black Sea, also mentions Sirius 
in connection to the unbearable summer heat: 

 

But when from heaven Sirius scorched the Minoan 
Isles, and for long there was no respite for the inhabit-
ants … (Apollonius Rhodius, 1962, Book II: 517). 
 

Also, in another passage: 
 

But soon he appeared to her longing eyes, striding 
along loftily, like Sirius coming from ocean’s depths, 
which rises fair and clear to see, but brings unspeakable 
mischief to flocks … (Apollonius Rhodius, 1962, Book 
III: 956-958). 

 

Diodorus Siculus (ca. 80–20 BC), a Greek historian 
of Agyrium in Sicily, wrote forty books on world 
history, called Library of History, in three parts: myth-
ical history of peoples (both non-Greek and Greek) up 
to the Trojan War; history up to Alexander’s death 
(323 BC); and history up to 54 BC.  From his writings 
we have complete Books I-V (Egyptians, Assyrians, 
Ethiopians, Greeks) and Books XI-XX (Greek history 
480-302 BC); and fragments of the rest.  He was an 
uncritical compiler, but used good sources and re-
produced them faithfully.  He is valuable for details 
that are not recorded elsewhere, and as evidence for 
works now lost, especially the writings of Ephorus, 
Apollodorus, Agatharchides, Philistus and Timaeus.  
Diodorus Siculus writes in The Library of History: 

 

A plague [i.e. a pestilence arising in a time of drought] 
prevailed throughout Greece … [and] the sacrifice he 
offered there was on behalf of all the Greeks.  And 
since the sacrifice was made at the time of the rising of 
the star Seirios, which is the period when the Etesian 
winds customarily blow, the pestilential diseases, we 
are told, came to an end.  Now the man who ponders 
upon this event may reasonably marvel at the strange 
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turn which fortune took; for the same man [Aristaios] 
who saw his son [Aktaion] done to death by the dogs 
likewise put an end to the influence of the star which, of 
all the stars of heaven, bears the same name [i.e. 
Seirios, which was known as the dog-star] and is 
thought to bring destruction upon mankind, and by so 
doing was responsible for saving the lives of the rest. 
(Diodorus Siculus, 1939, IV: 81.1). 
 

Satirical author Lucian of Samosata (AD 120–190) 
mentions Sirius in his fantasy novel Trips to the Moon 
(original title: A True Story), where he narrates the 
imaginary war between earthlings with the dog-faced 
inhabitants of Sirius, who are called Cynobalani: 
 

Near them were placed the Cynobalani [88b] about five 
thousand, who were sent by the inhabitants of Sirius; 
these were men with dog’s heads, and mounted upon 
winged acorns: some of their forces did not arrive in 
time; amongst whom there were to have been some 
slingers from the Milky Way, together with the Ne-
phelocentauri; [88c] they indeed came when the first 
battle was over, and I wish [88d] they had never come 
at all: the slingers did not appear, which, they say, so 
enraged Phaëton that he set their city on fire. (Lucian, 
2010). 
 

Apart from this work, which probably could be con-
sidered as the first science fiction novel, Lucian men-
tions Sirius in other works, as ‘the Dog of Orion’: “For 
this reason the poet, in order to praise the Dog of 
Orion, called it lion-tamer.” (Lucian, 1911: Volume 6). 

 

In The Almagest, Ptolemy (1903: Books VII and 
VIII) called Sirius 	
������ (Astrokyon = Dog star; 
see Table 1), writing that it was a red star like Antares 
(Alpha Scorpionis) and Aldebaran (Alpha Tauri).  
Ptolemy 

 

… and his countrymen knew it by Homer’s title, and 
often as 	
������, although it seems singular that the 
former never used the word �������. (Allen 1963: 118). 

 

Ptolemy used Astrokyon as the location for the celest-
ial globe’s central meridian. 

 

In the same century, Plutarch writes in his work De 
Iside et Osiride that the constellation of the Dog was 
dedicated to goddess Athena-Isis:  

 

And the ship that Greeks call ‘Argo’ was built in the 
form of the ship of Osiris; it was enlisted among the 
constellations as an honor and it moves not far from the 
constellations of Orion and of the Dog, from which the 
former is dedicated by the Egyptians to Horus, while 
the latter is dedicated to Isis. (Plutarch, 1932: 354c-
359f). 
 

According to Allen (1963: 120), 
 

Plutarch called it ��������, the Leader, which well 
agrees with its character and is an almost exact trans-
lation of its Euphratean, Persian, Phoenician, and Vedic 
titles; but ����, ���� 
������, ���� �
���, ������� 
�
���, ������� �
����, or simply �� �
����, were its 
names in early Greek astronomy and poetry.  
 

According to the architect and author Nikolaos V. 
Litsas (2008: 40): 

 

Plutarch in his opus ‘De Iside et Osiride’ (354c and 
366a) writes that Isis, which he identifies with Athena, 
is Sirius, the well-known star of the Dog.  This is why 
Parthenon, the temple of Athena in the Acropolis of 
Athens is oriented in such a way that once per year, on 
July 2 [modern date], when the Sun passes above Sirius, 
the rays of the rising Sun penetrate in the sacrosanct of 
the sanctuary.  

Quintus Smyrnaeus was a Greek epic poet who flou-
rished in Smyrna in the late fourth century AD.  His 
only surviving work is a fourteen-book epic entitled 
the Fall of Troy (or Posthomerica).  This poem covers 
the period of the Trojan War from the end of Homer’s 
Iliad to the final destruction of Troy.  Quintus is be-
lieved to have drawn heavily from works of the poets 
of the Epic Cycle, including such now-lost works as 
the Aethiopis and the Little Iliad:  
 

From the ocean’s verge upsprings Helios (the Sun) in 
glory, flashing fire far over earth - fire, when besides 
his radiant chariot-team races the red star Seirios, scat-
terer of woefullest diseases over men. (Quintus Smyr-
naeus, 1913, 8: 30ff). 

 

In the same period (fourth century AD) we have Anon-
ymous, perhaps Pamprepius of Panopolis, referring to 
Seirios, as the dog-star (kynos astraios):  
 

The snow-white brightness of blazing Phaethon [the 
Sun] is quenched by the liquid streams of rain clouds, 
and the fiery … [lacuna]... of the dog-star [(kynos 
astraios)] is extinguished by the watery snowstorms. 
(Anonymous, 1950: No. 140). 
 

Nonnus, a Greek epic poet of the fifth century AD 
from the Egyptian city of Panopolis, writes in his Dio-
nysiaka twice about the dog burnings of Sirius: 
 

He sent an opposite puff of winds to cut off the hot 
fever of Sirius. (Nonnus, 1940, 5: 275ff). 

 

He [Aristaios] had not yet migrated to the island 
formerly called Meropis [Kos]: he had not yet brought 
there the life breathing wind of Zeus the Defender [the 
Etesian Winds], and checked the fiery vapour of the 
parched season; he had not stood steel clad to receive 
the glare of Seirios, and all night long repelled and 
clamed the star’s fiery heat—and even now the winds 
cool him with light puffs, as he lances his hot parching 
fire through the air from glowing throat. (ibid. 13: 253 
ff). 

 
4.2  The Ancient Latin and Byzantine References 
 

According to Allen (1963), the Romans adopted their 
Canis from the Greeks and kept that name forever, 
sometimes in its even diminutive form Canicula (with 
the adjective candens, meaning ‘shining’).  There are 
also the names ‘Erigonaeus’ and ‘Icarius’ from the 
fable of the dog ‘Maera’—which by itself means ‘Shin-
ing’.  In the fable, the dog’s mistress, Erigone, is trans-
formed into Virgo, her master, Icarius, is transformed 
into Boötes, and Maera becomes Sirius.  According to 
Allen (1963: 118), Ovid alluded to this in his Icarii 
stella proterva canis [Amor. II.16.4]; and Statius men-
tioned the Icarium astrum, although Hyginus [Fab. 
130] had ascribed this to the Lesser Dog. 
 

From the Latin authors and poets, Virgil in his Georg- 
ics, tragic poet Seneca (2003) in his Oedipus, epic poet 
Valerius Flaccus in his Argonautica (1934) and poet 
Statius in his Silvae (2003), all refer to Sirius mostly as 
the ‘star of the dog’. 
 

Virgil (first century BC) writes: 
 

The time when the sultry Dog Star [Canis] splits the 
fields that gape with thirst … (Virgil, 1916: Georgics 2, 
353 ff). 

 

And now Sirius (the Dog Star), fiercely parching the 
thirsty Indians, was ablaze in heaven, and the fiery Sun  
had consumed half his course; the grass was withering 
and the hollow streams, in their parched throats, were 
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scorched and baked by the rays down to the slime. 
(ibid. 2: 425 ff). 

 

Virgil also writes in Aeneid’s Books III and X about 
Sirius: 
 

Just as when comets glow, blood-red and ominous in 
the clear night, or when fiery Sirius, bringer of drought 
and plague to frail mortals, rises and saddens the sky 
with sinister light. (Virgil, 2002: Book X: v 271-273). 

 

They relinquished sweet life, or dragged their sick 
limbs around: then Sirius blazed over barren fields: the 
grass withered, and the sickly harvest denied its fruits 
(Virgil, 2002: Book III: v 140-142).  

 

Seneca writes in his Roman tragedy Oedipus (first 
century BC): 
 

[Thebes was plagued by drought and] … No soft breeze 
with its cool breath relieves our breasts that pant with 
heat, no gentle Zephyrus blows; but Titan [Helios, the 
Sun] augments the scorching dog-star’s [Seirios’] fires, 
close-pressing upon the Nemean Lion’s [i.e. Leo, zod-
iac of mid-summer] back.  Water has fled the streams, 
and from the herbage verdure. Dirce5 is dry, scant flows 
Ismenus’ stream, and with its meagre wave scarce wets 
the naked sands. (Seneca, 2004: Oedipus, 37 ff). 

 

The Roman Valerius Flaccus writes in his epic Argo-
nautica (first century BC): 
 

When Sirius in autumn sharpens yet more his fires, and 
his angry gold gleams in the shining tresses of night, the 
Arcadian [planet Mercury] and great Jupiter [the planet] 
grow dim; fain are the fields that he would not blaze so 
fiercely in heaven, fain too the already heated waters of 
the streams. (Valerius Flaccus, 1934, 5: 370 ff). 

 

Horace (Quintus Horatius Flaccus) mentions Sirius 
in his Satires (Horace, 1870: V).  Finally, Statius in 
Silvae (Roman poetry, first century AD) refers to 
Sirius:  
 

T’was the season when the vault of heaven bends its 
most scorching heat upon the earth, and Sirius the Dog-
star smitten by Hyperion’s [the Sun’s] full might piti-
lessly burns the panting fields. (Statius, 2003: 3, 1, 5). 

 

According to Allen (1963: 118), Sirion and Syrius 
occasionally appeared with the best Latin authors; and 
the Alfonsine Tables of 1521 had Canis Syrius. 
 

Arab astronomers, influenced by Ptolemy and the 
other Greek astronomers, called Sirius ‘Al Shi
rã’, 
which means ‘the shining one’, because of its extreme 
brightness (Allen, 1963: 121). 
 

The scholar and Byzantine Princess, Anna Comnena 
(Komnene), in her large work Alexias (1148) mentions 
the ‘star of the Dog’: 
 

… even though it was summer and the sun had passed 
through  Cancer  and  was  about  to  enter  Leo – a season  
in which, as they say, the star of the Dog rises … (Anna 
Comnena, 1928, 1969: I, Book 3, �II.4). 

 

Finally, the Byzantine scholar, medical doctor and 
astronomer Georgios Chrysococca (fourteenth cen-
tury) mentions Sirius as Siaèr Jamanè in his astro-
nomical work Synopsis tabularum persiacarum ex syn-
taxi Persarum Georgii medici Chrysococcae (Chryso-
cocca, 1645: 1347).  Allen refers to this work as ‘Chry-
sococca’s Tables’.  It was published by Ismael Bullial-
dus in Paris in 1645. 
 

As a general observation, it can be noted that the an-
cient Greeks and Romans generally did not distinguish 
the  constellation Canis  Major  from the  star Sirius by 

name, but often called both simply ‘Dog’ (Ceragioli, 
1996: 121). 
 
5  MAIRA  
 

Sirius in the annual period from its heliacal rising to 
22 August was also called ‘Maira’, a word coming 
from the ancient Greek verb marmairo, which means 
‘to shine’ (Palatine or Greek Anthology, 1917, 9: 55).  
As a name, Maira (or Maera) therefore became the star- 
goddess of the scorching dog-star Seirios, whose ris-
ing in conjunction with the Sun brought on the scorch-
ing heat of midsummer.  Like the Pleiades and Hyades, 
Maira was a starry daughter of the Titan Atlas.  She 
married a mortal King, the Arcadian Tegeates, the son 
of King Lycaon and the eponymous founder of the 
Arcadian town of Tegea.  The precise location of her 
tomb was not known, and both Tegea and Mantineia 
laid claim to it.  Pausanias (1935, VIII: 12, §4; 48, §4; 
53, §1) thinks that Maira was the same as the Maira 
whom Odysseus saw in Hades (Pausanias: “[Odysseus 
sees the ghosts of heroines in the Underworld:] I saw 
Maira too.” (Homer, 1919: 11, 326 ff). 
 

In his Description of Greece, the Greek traveller Pau-
sanias (second century AD) writes about the story of 
the nymph Maira, and reports all the mythical and 
historical information associated with her:   
 

There are also tombs [in Tegea, Arcadia] of Tegeates, 
the son of Lykaon, and of Maira, the wife of Tegeates.  
They say Maira was a daughter of Atlas, and Homer 
makes mention of her in the passage where Odysseus 
tells to Alkinous his journey to Hades, and of those 
whose ghosts he beheld there. (Pausanias, 1935: 8.48.6). 

 

The ruins of a village called Maira, with the grave of 
Maira … For probably the Tegeans, and not the Man-
tineans, are right when they say that Maira, the daughter 
of Atlas, was buried in their land. (ibid.: 8.12.7). 

 

Apollon and Artemis, they say, throughout every land 
visited with punishment all the men of that time who, 
when Leto was with child and in the course of her 
wanderings, took no heed of her when she came to their 
land [Tegea in Arcadia].  So when the divinities came 
to the land of Tegea, Skephros, they say, the son of 
Tegeates, came to Apollon and had a private conver-
sation with him.  And Leimon [= water-rich meadow], 
who also was a son of Tegeates, suspecting that the 
conversation of Skephros contained a charge against 
him, rushed on his brother and killed him.  Immediate 
punishment for the murder overtook Leimon, for he was 
shot by Artemis.  At the time Tegeates and Maira sac-
rificed to Apollon and Artemis, but afterwards a severe 
famine fell on the land, and an oracle of Delphi ordered 
mourning for Skephros (ibid.: 8.53.2). 

 
5.1  Maira/Maera as a Dog in Greek and Roman 
       Mythology 
 

Maera was the faithful  hound  of Icarius,  an  Athenian 
King, and follower of the wine-god Dionysus.  Icarius 
was the father of the maiden Erigone.  
 

This is the whole story, according to the Roman myth-
ographer Hyginus (second century AD): Dionysus had 
taught Icarius how to make wine.  One day, Icarius 
was travelling on the road in a wagon, when he met 
some shepherds.  Icarius shared his wineskin.  The 
shepherds fell into a drunken stupor and when they 
woke up they thought Icarius had tried to poison them, 
so they killed him and buried him under a tree. 



E. Theodossiou, V. Manimanis, M. Dimitrijevic, & P. Mantarakis                                        Sirius in Ancient Greek and Roman Literature 

185 

Concerned for her father’s whereabouts, Erigone set 
off with Maera to find him, and Maera led the maiden 
to the grave.  The hound howled in its grief, before 
leaping off the cliff to its death.  Erigone was also dis-
traught over her father’s death, and hanged herself 
from the tree above her father’s grave. 
 

Taking pity on his followers and the hound, Dio-
nysus placed them in the sky as the constellations 
Boötes (Icarius), Virgo (Erigone), and Maera as the 
constellation with the star Sirius.  So, Maira was close-
ly identified with the Kyon Ikarion, the dog of Icarius, 
which along with her star formed the constellation 
Canis Major.  Others say the constellation Canis Major 
or Canis Minor was Maera. 
 

Dionysus did not let the shepherds escape for mur-
dering Icarius.  Dionysus caused madness in Athens, 
where all the maidens hanged themselves.  The Athen-
ians found out from the oracle what had caused this 
phenomenon so they captured the murderers and hang-
ed them.  From that time onwards, the Athenians held 
an annual festival in honour of Icarius and his daughter 
during the grape harvest, where the girls swung on 
trees in swings.  In a different version, the shepherds 
found refuge in the land of the Keans (i.e. on the island 
of Kea). 
 
5.2  Maira as the Star Seirios 
 

Callimachus, the Hellenistic poet of the third century 
BC, writes:  
 

The [Kean] priests of Zeus Aristaios Ikmaios (the Lord 
of Moisture): priests whose duty is upon the mountain-
tops to assuage stern Maira [Seirios] when she rises. 
(Callimachus, 1958: Aetia Fragment 3. 1). 
 

The Greeks believed that the constellation Canis 
Minor and the Dog Star (Sirius) heralded the coming 
of a drought. 

 

In the words of Hyginus: 
 

Jupiter [Zeus], pitying their misfortune, represented 
their forms among the stars … The dog, however, from 
its own name and likeness, they have called Canicula.  
It is called Procyon by the Greeks, because it rises 
before the greater Dog.  Others say these were pictured 
among the stars by Father Liber [Dionysus]. 
 

[The constellation] … Canicula rising with its heat, 
scorched the land of the Keans, and robbed their fields 
of produce, and caused the inhabitants, since they had 
welcomed the killers to be plagued by sickness, and to 
pay the penalty to Icarus with suffering.  Their king, 
Aristaeus, son of Apollo and Cyrene, and father of 
Actaeon, asked his father by what means he could free 
the state from affliction.  The god bade them expiate the 
death of Icarus with many victims, and asked from Jove 
that when Canicula rises he should send wind for forty 
days to temper the heat of Canicula.  This command 
Aristaeus carried out, and obtained from Jove [Zeus] 
the favour that the Etesian winds should blow … 
(Pseudo-Hyginus, 1960). 

 

It should be noted that the brightest star in the con-
stellation of Canis Minor, Alpha Canis Minoris, is cal-
led Procyon (from the Greek words pro = before and 
kyon = dog) because it rises just before Sirius (the 
Great Dog). 
 

The epic poet Nonnus of Panopolis (previously men-
tioned in Section 3.1) also calls Sirius ‘Maira’s star’ in 
his Dionysiaka (Nonnus, 1940, Book 5: v. 220-222). 

6  ‘DOG BURNINGS’ AND ‘DOG DAYS’  
 

In antiquity the heliacal rise of Sirius had been con-
nected with a period of the year of extremely hot 
weather, ���� ������ (kynica kavmata, canine burn-
ings).  This period corresponded to late July, August 
and early September in the Mediterranean region.  The 
Romans also knew these days as dies caniculariae, the 
hottest days of the whole year, associated with the con-
stellation of the Great Dog.  Ancient Greeks theorized 
the extra heat was due to the addition of the radiation 
of bright Sirius to the Sun’s radiation. 
 

In ancient Greek folklore, people referred to the 
summer days after the heliacal rise of Sirius as ‘dog 
burnings’.  The term has no relation to the Dog-star or 
the constellation, but rather to dogs in general, think-
ing that only dogs were crazy enough to go outside 
when it was so hot.  This idea persisted through the 
centuries and can be found in modern Greek folklore 
as the belief that during the hot days of July and Aug-
ust, and especially between 24 July and 6 August, dog 
bites are infectious (Theodossiou and Danezis, 1990: 
115).  
 

According to an ancient myth, the inhabitants of the 
island Kea were dying from a famine caused by a 
drought brought on by the dog burnings around 1600 
BC.  Then, the god Apollo made a prophesy that 
Phthia6 Aristaeus, the god’s son, could be summoned 
to help them.  Upon arriving on Kea, Aristaeus per-
formed rituals, cleansings and sacrifices to Zeus Ik-
maeus, the lord of the rains and the skies, and to 
Apollo the Dog. 
 

Both gods listened to his pleas and they sent the 
Etesian Winds, northern winds that have blown ever 
since across the Aegean Sea during mid-summer, so 
that people could survive the unbearable heat.  After 
that, the people of Kea, incited by Aristaeus, made 
sacrifices to the constellation of Canis Major and to 
Sirius; in order to remember his beneficence, they hon-
ored Aristaeus as ‘Aristaeus Apollo’ and pictured his 
head on the one side of their coins, while on the other 
side they depicted Sirius crowned with rays (Wendel, 
1935: 168.8-12).  Indeed, ancient coins retrieved from 
the island and dating to the third century BC feature 
dogs or stars with emanating rays, highlighting Sirius’ 
importance (Holberg, 2005).  From then on, the 
islanders of Kea used to predict from the first appear-
ance of Sirius (its heliacal rising) whether the follow-
ing year would be healthy or not: if it rose clear, it 
would portend good fortune; if it was misty or faint 
then it foretold (or emanated) pestilence.  
 

According to Allen (1963: 126), even the ‘father of 
Medicine’, Hippocrates, writing circa 460 BC, stress-
sed in his Epidemics and Aphorisms the influence of 
Sirius on the weather and on the physical aspect of 
humans; the same he believed for Arcturus.  Some 
minor doctors in antiquity were arguing that the ‘dog 
star’ played some role in the appearance of cases of 
rabies (Ideler, 1841). 
 

In ancient poetry Sirius is mentioned as a star with a 
particularly negative influence, a belief that is evident 
in the Homeric verse “… the most bright one, yet it 
bodes no good to us poor mortals.” (Homer, 1924: 
�XII: 25-31).  
 

Socrates appears to swear to Apollo, the Dog, in his 
Apology  (and not  to  curse,  as  some have argued): “… 
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and, by the Dog, oh men of Athens – for I must tell 
you the truth.” (Plato, 2002: 22a-22b).  Similarly, 
Plato (Platonis opera, 1900-1907) in Gorgias swears 
to the god Kyna (Dog) that what he writes is true: “By 
the Dog, Gorgias, a lengthy conversation is needed 
about how these things are, so that we can analyze 
them in extent.” [461b].  
 

It should be noted that Kynas (Sirius) is one of the 
numerous appellations of Apollo, the god of solar and 
spiritual light, and of music. 
 

Professor Pericles Theochares (1995) writes about 
the Kea island myth: 
 

This myth alludes to the relation of Sirius with the 
Earth.  The sacrifices were made to Zeus Meilichius,7 a 
god of the weather, of the sun and rain, and to Sirius, 
who causes the dog burnings on Earth; they believed 
that not only the Sun is responsible for the great heat of 
the summer, but also Sirius when standing next to the 
Sun.  This was probably the belief of the builders of the 
Argolis pyramids, orienting their entrance corridors 
towards the azimuth of Sirius.  

 

Also, for Manilius (1977: 5.208) the Dog-star is, in 
effect, a fiery mad dog that “… raves with its own 
fire.”  
 

On the influence of Sirius on ‘dog burnings’ Gemin-
us (1898: 17.26) writes in Isagoge: 
 

For everyone assumes that the star has a peculiar power 
and is the cause of the intensification of summertime 
heat, when it rises with the sun. 

 
7  THE RED COLOR OF SIRIUS  

 

It is an interesting fact that the star’s color is men-
tioned by most ancient authors as red, while today, we 
know it is a star of spectral type A1 V, and is white. 

 

In essence, there is a series of ancient references 
about Sirius from different civilizations that describe it 
as a red star (Allen 1963: 128).  In the fourth century 
AD epic poet Quintus Smyrnaeus (1913: 8. 30ff) 
mentions the ‘red star’ Sirius in the Fall of Troy.  

 

From the Roman literary figures, Horace (1870) 
refers to Sirius as a red star (rubra), while Seneca 
(2004) writes (ca. AD 35) that: “… when the air is 
clear, then Sirius appears more red than planet Mars.” 
(Whittet, 1999: 335). 

 

In 1927, T.J.J. See reported on references to the 
color of Sirius from the second century AD to the tenth 
century AD: 

 

Many classical literature artists – Cicero, Horatius and 
Seneca to name a few – mention Sirius as a red star.  
Ptolemy goes even further in his description and claims 
that Sirius is fire-red in color.  On the other hand, the 
Arabian Astronomer Abd-al Rahman Al-Sufi contra-
dicts them and classifies Sirius as a white star in his 
catalogue dating around 925 BC, 850 years after 
Ptolemy.  Also in Carmina Burana, based on the past-
oral songs of the 13th century, the whiteness of Sirius is 
compared to that of ivory.  Geoffrey Chaucer, in 1391, 
relates that the Arabians call Sirius Al-Habur, the beaut-
iful white star.  Chinese Astronomer and Historian Sim-
aquian (91 BC), Roman artists Hyginus, Manilius and 
Avienus, (360 BC), and Archbishop Saint Isidore of 
Seville all support the opinion that Sirius is a white star. 
 

According to Holberg (2007: 157), 
 

One of the most contentious and long-running mysteries 
regarding Sirius  originated  in  the  2nd century AD with 

what appears to be a casual comment made by the 
Alexandrine astronomer/astrologer Claudius Ptolemy 
(Chapter 3).  Books VII and VIII of Ptolemy’s Alma-
gest contain one of the earliest and most famous of the 
ancient star catalogues, in which Ptolemy lists the 
positions and brightness of some 1022 stars.  He com-
ments on the color of only six of these stars – Betel-
geuse, Aldebaran, Pollux, Arcturus, Antares, and Sirius 
– and assigns the color red to each.  In particular, for 
Sirius in the constellation Canis Major, he states its 
location, on the dog’s mouth, as well as its relative 
brightness and color: bright and red.  
 

Besides the references already mentioned, Horace 
(first century BC), Seneca (first century AD) and 
Aratus (third century BC) also described Sirius as 
being red in color.  Various early translations of their 
works, including those by Cicero and Germanicus, 
drew no concern from anyone about Sirius’ redness.  
In fact, it was not until 1760 (after a translation by 
Samuel Johnson) that anyone voiced skepticism about 
the observations.  

 

There is a quote from Hephaestion of Thebes (Ce-
ragioli, 1996) describing how the star’s color upon 
rising was inspected as an omen.  Curiously, he men-
tions that the star is ‘white’ (lefkòs).  This agrees with 
Hyginus’ description of Sirius as being remarkable   
for its ‘candor’, which is usually—from the context—
interpreted as ‘brightness’, but almost certainly implies 
a white color.  Add to these Manilius and Avienus, who 
explicitly describe the star Sirius as blue or perhaps 
blue-white.  

 

Since we can see that there was an awareness and 
assumed meaning in the color of Sirius, perhaps Ptol-
emy’s (1903) characterization of the star as ‘hypo-
kirros’ is a guess at the star’s ‘actual’ color, since we 
do not know if he shared an assumption with Seneca 
that celestial bodies have no inherent color.  There is 
very little context to make a guess, although several 
astronomers (most notably See) took up the task and 
piled up dubious citations leading ultimately to the 
conclusion that the ancients saw Sirius as a ‘fiery red’ 
star all the time.  So probably the correct question to 
ask here is not really ‘Was Sirius red in antiquity?’, 
but rather ‘Did Sirius sometimes appear to be red, or 
was it sometimes described as red (or other colors) in 
antiquity, and if so what did this mean?’. 

 

The certain thing is that the impression Sirius cur-
rently gives to a visual observer is of a ‘cold white’ 
star (i.e. with a lightly bluish tint) when it is high 
enough above the horizon, an impression which agrees 
with its modern spectral classification as an A1 star. 

 

Another explanation involves the modern finding 
that Sirius is part of a binary star system.  The fainter 
star of the pair (the companion), Sirius B, is a white 
dwarf.  This means that it started with the larger mass 
of the two stars of the system, as it evolved faster and 
became a stellar remnant after it first passed from the 
evolutionary stage of the red giant.  In that stage the 
fiery red light of Sirius B would dominate over the 
cold white light of Sirius A, thus causing all the an-
cient color descriptions mentioned in the previous para-
graphs.  Of course, the main weakness of this explana-
tion scheme is that the time needed for a star to pass 
from the stage of a bright red giant to that of a clear 
white dwarf is, according to theoretical astrophysics, 
much longer than a few thousand years, so this can not 
be the reason for the ancient ‘red color’ of Sirius. 
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A more plausible explanation is that perhaps some 
interstellar cloud in the space between the Solar Syst-
em and Sirius was absorbing the shorter wavelengths 
of the Sirian light, thus causing its ancient red appear-
ance.  This is not so probable, though, due to the rel-
atively small distance of Sirius, only 2.64 parsecs.  A 
much more feasible explanation is that the ancient 
tradition was created by the color of Sirius when it was 
very low in the sky, near the horizon.  In this position 
Sirius—like other stars—appeared to twinkle, to move 
rapidly around a mean position and to change its color 
in tenths of a second, exhibiting a variety of very in-
tense nuances more intense than its true color.  All 
three phenomena are caused by the Earth’s atmo-
sphere.  Moreover, Sirius is only a few times fainter 
than Venus in the terrestrial sky, and it is known that 
Rayleigh scattering of Venus’ light—which is a func-
tion of the light’s wavelength—reddens it considerably 
when the planet is near the horizon (the phenomenon 
of course is much better known and is more impressive 
in the case of the Sun and the Moon).  Now Sirius, as 
we saw earlier, was intensely observed by the ancient 
Greeks when it first appeared in its heliacal rising, that 
is, when it was just above the eastern horizon during 
the last hour of the night.  So, unlike today, the most 
frequently-observed image of Sirius in antiquity was 
when it was very close to the horizon.  Hence, this 
explanation is by far the most probable. 
 
8  CONCLUSIONS 
 

In this paper we have only studied ancient Greek, 
Roman and Byzantine references to Sirius. 

 

The name seirios, which means sparking, fiery or 
burning, flamboyant, scorching star or scorcher, turned 
out to be very ancient in the form of an adjective, as it 
occurred in the Orphic Argonautics, even though it did 
not relate to a specific star.  Homer, also, did not use 
seirios for the star, preferring to call it the ‘autumnal 
star’ and ‘Orion’s Dog’.  Hesiod, writing at about the 
same time (circa 800 BC) in two different works, calls 
this particular bright star Seirios, which is a most im-
portant turning point in the star’s lore.  Additional ref-
erences to Sirius and its various names were in the 
works of Aratus and Eratosthenes. 

 

After the two great epic poets (Homer and Hesiod), 
the Greek lyrical poet Alcaeus (seventh to sixth cen-
turies BC) also mentioned the star as Seirios and the 
‘Dog’s star’.  Theognis of Megara (570–480 BC) re-
fers to it in a single-word form (Astrokyon). 

 

Next came the tragic poets Aeschylus and Euripides; 
the former with his ‘seirios dog’, while the latter used 
just Seirios as a proper name.  

 

Lykophron of Alexandria (third century BC), a well-
known poet of that period, wrote of a ‘seirian ray’ 
(most probably meaning sunray).  Eratosthenes (third 
century BC) in his famous Catasterismoi, calls the star 
both Isis and Seirios, still using, however, the word 
seirios as an adjective; the use of the word as a name 
for the specific star had nevertheless been widespread 
by then, as is evident by the Argonautics of Apollonius 
of Rhodes during the same years (two different 
passages), and by Diodorus Siculus in The Library of 
History. 

 

Passing to the AD years, Lucian of Samosata men-
tioned Sirius by that name in his True Story or Trips to 

the Moon.  The leading astronomer of the time, Ptol-
emy, followed the older tradition by calling the star 
Astrokyon.  Plutarch called it ��������, the Leader; 
but ����, ���� 
������, ���� �
���, ������� �
���, 
������� �
����, or simply �� �
���� (‘the star’) were 
its names in early Greek astronomy and poetry. 

 

Also considered were works from the fourth century 
AD, of epic poet Quintus Smyrnaeus and Pamprepius 
of Panopolis.  One century later, epic poet Nonnus of 
Panopolis, in his main work Dionysiaka, wrote twice 
about Sirius and the ‘dog burnings’. 

 

The Latin authors and poets who mentioned the star 
are Virgil in his Georgics and the Aeneid (Books III 
and X), Seneca in his Oedipus, and Valerius Flaccus in 
his Argonautica, and the poet Statius in his Silvae 
(3.1.5).  

 

According to Allen (1963: 118): “Sirion and Syrius 
occasionally appeared with the best Latin authors; and 
the Alfonsine Tables of 1521 had Canis Syrius.”  

  

In the mid-twelfth century, Byzantine Princess Anna 
Comnena (Komnene) in her opus The Alexiad (1148) 
also mentioned Sirius as the ‘Dog’s star’.  Finally, the 
Byzantine scholar, medical doctor and astronomer 
Georgios Chrysococca, two centuries later, in his 
astronomical work Synopsis tabularum …, mentioned 
Sirius as Siaèr Jamanè. 

 

An important additional element is that Sirius from 
its heliacal rising up to 22 August bore the special 
appellation Maira, both a Greek word stemming from 
the verb marmairo, which means ‘to shine’, and the 
name of a dog from Greco-Roman mythology.  The 
name Maira appears for Sirius in poems by Callimach-
us in the third century BC and Nonnus (as ‘Maira’s 
star’) eight centuries(!) later. 

 

Mythology associated with the star and its constel-
lation is also plentiful, a fact that indicates their signif-
icance.  Thus, according to Eratosthenes, Sirius is Lae-
laps, the faithful dog of Orion the Hunter.  Another 
legend puts in its place Cerberus, the horrid three-
headed dog that guarded the World of the Dead, or 
with one of the hunting dogs of Actaeon, a renowned 
hunter and hero from Thebes. 

 

The myths about Sirius also involve Orthrus (the 
dog of Geryon the giant), Maira (the faithful dog of 
Icarius, placed in the sky by the god Dionysus accord-
ing to Ovid and Hyginus), and Hecate, the goddess 
protecting dogs, who was the daughter of the Titans 
Perses and Asteria. 

 

A Roman myth refers to Canis Major as Custos Eu-
ropae, the dog guarding Europa; and as Janitor Leth-
aeus, the watch-dog of the ‘lower heavens’, i.e. the 
Keeper of Hell. 

 

The significance of the brightest star in the sky 
which emerges from all of these references is evident.  
As for the traditional ancient characterization of Sirius 
as ‘red’, this most likely arose from the custom of 
watching the star on the nights of its heliacal rising, 
when it was very low in the sky. 
 
10  NOTES 
 

1. All translations into English in this paper were 
made by the authors. 

2.  Geryon,  son of Chrysaor and Callirrhoe and grand- 
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son of Medusa, was a giant on the island of 
Erytheia (Hesiod, 1914: 979 ff) in the far west of 
the Mediterranean.  According to Hesiod (1914: 
287 ff), Geryon had one body and three heads, 
whereas the tradition followed by Aeschylus 
(1955: 869 ff) gave him three bodies.  He owned a 
herd of magnificent red cattle, guarded by a two-
headed hound named Orthrus, which was the 
brother of Cerberus.  In the Bibliotheke of Pseudo-
Apollodorus (1913: 2. 5. 10) the tenth labour of 
Heracles was to obtain the Cattle of Geryon.    

3.  Perses was the brother of Hesiod.  He is mentioned 
several times in the Works and Days.  

4. Pleias is a ‘group of seven stars’ and refers to the 
seven tragic poets who wrote at Alexandria under 
Ptolemy Philadelphus in the third century BC: 
Alexander Aetolus, Philiscus, Sositheus, Homerus, 
Aeantides, Sosiphanes and Lycophron. 

5.  In Greek Mythology, Dirce was the wife of the 
Theban King, Lycus.  She was devoted to the god 
Dionysus, who caused a spring to flow where she 
died, near Thebes (Tripp, 1970: ��. 213). 

6.  Phthia (Greek: ���� or ����; transliterations: Fthii 
(modern), Phthí� (ancient)) in ancient Greece was 
the southernmost region of ancient Thessaly, on 
both sides of the Othrys Mountain.  It was the home-
land of the Myrmidones tribe, who took part in the 
Trojan War under Achilles (Hornblower, 2004). 

7.  Meilichius is the surname of Zeus, the protector of 
those who honored him with propitiatory sacri-
fices. 
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MODIFIED SEMIEMPIRICAL METHOD 

M. S. Dimitrijevic′ and L. C
∨

. Popovic′* UDC 533.9.082.5

A review of the application, during the years 1980 to 2000, of the modified semiempirical method
developed by Dimitrijevic′ and Konevic′ in 1980 for calculating the parameters of Stark broadening is
given and the possibility of using this method to calculate the Stark width and, in some cases, the
shift of a large number of spectral lines of various atoms and a number of ions is shown.

Keywords: line profile, Stark broadening, plasma.

Introduction. More than twenty years have elapsed since the formulation of the modified semiem-
pirical (MSE) approach [1] to calculation of the Stark broadening parameters for nonhydrogenic ion spectral
lines. During these decades, the method has been found to be useful in solving various problems in physics
and astrophysics.

In comparison with the fully semiclassical perturbation approach [2–4] and Griem’s (1968) semiem-
pirical approach [5], which need practically the same set of atomic data as the more sophisticated semiclassi-
cal one, the modified semiempirical approach requires a considerably smaller number of such data. In fact, if
there are no perturbing levels that strongly violate the approximation made, then, e.g., for the line width cal-
culations, we need only the energies of the levels with ∆n = 0 and l = li,f ± 1, since all perturbing levels with
∆n ≠ 0, needed for a full semiclassical investigation or an investigation within Griem’s semiempirical ap-
proach [5], are lumped together and estimated approximately. Here, n is the principal and l the orbital angular
momentum quantum numbers of the optical electron, with i and f denoting the initial and final state of the
transition considered.

Owing to the considerably smaller set of needed atomic data in comparison with the complete semi-
classical [2–4] or Griem’s semiempirical [5] methods, the MSE method is particularly useful for stellar spec-
troscopy depending on a very extensive list of elements and line transitions with their atomic and line
broadening parameters where it is not possible to use a sophisticated theoretical approach in all of the cases
of interest.

The MSE method is also very useful whenever line broadening data for a large number of lines are
required, and the high precision of every particular result is not so important as, e.g., for opacity calculations
or plasma modeling. Moreover, in the case of more complex atoms or multiply charged ions, the lack of
accurate atomic data needed for more sophisticated calculations makes the reliability of the semiclassical re-
sults decrease. In such cases, the MSE method might be very interesting as well.

The Modified Semiempirical Method. According to the modified semiempirical approach [1, 6–9],
for electron impact broadening, the full width at half maximum of the spectral line of wavelength λ is given
as
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Here, the initial level is denoted by i and the final one by f, and the square of the matrix element is
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where E = (3/2)kT is the electron kinetic energy and ∆Elk,lk′
 =  Elk

 − Elk′
  is the energy difference between

the levels lk and lk ± 1 (k = i, f),

xnk,nk+1 C 
E

∆Enk,nk+1
 ,

where, for ∆n ≠ 0, the energy difference between energy levels with nk and nk + 1 is estimated as ∆Enk,nk+1
≈ 2Z2EH/(nk

∗ )3 and nk
∗  = [EHZ2/(Eion − Ek)]

1 ⁄ 2 is the effective principal quantum number, Z is the residual ionic
charge (for example, Z = 1 for neutral atoms), and Eion is the appropriate spectral series limit.

In Eqs. (1) and (2), the sums
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represent contributions of the allowed dipole transitions for lk → lk + 1 and lk → lk − 1 for ∆n = 0. In the
case of the shift, where particular contributions have different signs, all transitions with ∆n ≠ 0 are first
summed, with the squared matrix elements lumped together. From the sum obtained, the group of transitions
with ∆Ekk′ < 0, k = i, f, is subtracted so that in Eq. (2) the sums
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would be present. In both equations, (1) and (2), the sums (Σk′ R kk′
 2 )∆n≠0 represent the combined contributions

for the energy levels with ∆n ≠ 0.
If we know the oscillator strength, e.g., from the literature, the corresponding squared matrix element

may be calculated as
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where fk′k and fkk′ are the oscillator strengths, EH is the hydrogen ionization energy, and 2k + 1 is the statis-
tical weight for the level k.

The ultimate configuration mixing may be taken into account (see, e.g., [9]) if one represents R αβ
 2 as

R
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where Kα and Kβ are the mixing coefficients for the two configurations and Kα + Kβ = 1.
In Eqs. (1)–(4), N and T are the electron density and temperature, respectively, whereas Q(lA, l′A′)

and Q(J, J′) are the multiplet and line factors. The value of A depends on the coupling approximation (see,

e.g., [10]): A = L for LS coupling, A = K for jK coupling, and A = j for jj coupling. Rnk
∗ lk

nk
∗
lk±1

  is the radial

integral; and g(x) [5], g~(x) [1] and gsh(x) [5], g~sh(x) [8] denote the corresponding Gaunt factors for the width

and the shift, respectively. The factor σkk′ = (Ek′ − Ek)/ Ek′ − Ek , where Ek and Ek′ are the energies of the

level being considered and of the level perturbing it. The sum Σkδk is different from zero only if there are

perturbing levels with ∆n ≠ 0 strongly violating the assumed approximations, so that they should be taken

into account separately. The δk, k = i, f, may be evaluated as
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for the lower level. In Eqs. (7) and (8), the lower sign corresponds to ∆Ekk′ < 0, k = i, f.
Simplified Modified Semiempirical Formula. For astrophysical purposes, of particular interest

might be the simplified semiempirical formula [7] for the Stark widths of the isolated lines of singly and
multiply charged ions. It is appreciable in the cases where the nearest atomic energy level (j′ = i′ or f′) from
which a dipolarly allowed transition can occur from or to the initial (i) or final (f) energy level of the con-
sidered line, is so far that the condition xjj′ = E/ Ej′ − Ej  ≤ 2 is satisfied. In such cases, the full width at
half maximum is given by the expression [7]
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Here, N and T are the electron density and temperature, respectively, E = 3kT/2 is the energy of a
perturbing electron, Z − 1 is the ionic charge, and n* is the effective principal quantum number. This expres-
sion is of interest for abundance calculations and also for stellar atmosphere research, since its validity con-
ditions are often satisfied for stellar plasma conditions.

Similarly, in the case of the shift
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If all the levels li,f ± 1 exist, an additional summation may be performed in Eq. (10) to obtain
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where ε = +1 if j = i and −1 if j = f.
Applications. The modified semiempirical approach has been tested several times on numerous ex-

amples [11]. In order to test this method, selected experimental data for 36 multiplets (7 different ion species)
of triply charged ions were compared with theoretical linewidths. The averaged values of the ratios of meas-
ured to calculated widths are as follows [1]: for doubly charged ions 1.06 ± 0.32 and for triply charged ions
0.91 ± 0.42. The adopted accuracy of the MSE approximation is at about ±50%, but it has been shown in
[12] and [13] that the MSE approach, even in the case of emitters with very complex spectra (e.g., Xe II and
Kr II), gives very good agreement with experimental measurements (in the interval ±30%). For example, for
the 6s–6p transitions of Xe II the averaged ratio between the experimental and theoretical widths of the lines
is 1.15 ± 0.5 [12].

In order to complete as much as possible the needed Stark broadening data, the Belgrade group
(Milan S. Dimitrijevic′, Luka C

∨

. Popovic′, Vladimir Krs
∨
ljanin, Dragana Tankosic′, and Nenad Milovanovic′)

used the modified semiempirical method to obtain the Stark width and, in some cases, shift data for a large
number of spectral lines for various atoms and a number of ions. Up to now the following transitions have
been calculated: 6 Fe II [14], 4 Pt II [15], 16 Bi II [9], 12 Zn II, 8 Cd II [16], 18 As II, 10 Br II, 18 Sb II,
8 I II [17], 20 Xe II [12, 18], 138 Ti II [19], 3 La II [20], 16 Mn II [21, 22], 14 V II [23, 24], 6 Eu II [20],
37 Kr II [13], 6 Y II, 6 Sc II [18, 25], 4 Be III, 4 B III [1, 6, 26, 27], 13 S III [28], 8 Au II [29, 30], 8 Zr
II [18, 25, 31], 53 Ra II [32], 3 Mn III, 10 Ga III, 8 Ge III [21, 22], 4 As III, 3 Se III [33], 6 Mg III [34],
6 La III [20], 5 Sr III [35], 8 V III [23, 24], 210 Ti III [19], 9 C III, 7 N III, 11 O III, 5 F III, 6 Ne III, 8
Na III, 10 Al III, 5 Si III, 3 P III, 16 Cl III, 6 Ar III [1, 6, 26, 27], 30 Zr III [31], 2 B IV [1, 6, 26, 27],
Cu IV [36], 30 V IV [23, 24], 14 Ge IV [21, 22], 7 C IV, 4 N IV, 4 O IV, 2 Ne IV, 4 Mg IV, 7 Si IV, 3
P IV, 2 S IV, 2 Cl IV, 4 Ar IV [1, 6, 26, 27], 3 C V, 50 O V, 12 F V, 9 Ne V, 3 Al V, 6 Si V, 11 N VI,
28 F VI, 8 Ne VI, 7 Na VI, 15 Si VI, 6 P VI, and 1 Cl VI [37]. The shift data have been calculated for the
following transitions: 16 Bi II [9], 12 Zn II, 8 Cd II [16], 18 As II, 10 Br II, 18 Sb II, 8 I II [17], 20 Xe II
[12], 5 Ar II [38, 39], 6 Eu II [20], 14 V II [23, 24], 8 Au II [29, 30], 14 Kr II [40], and 138 Ti II [19].
Moreover, 286 Nd II Stark widths have been calculated [41] within the simplified modified semiempirical
approach.

For comparison with experimental data or testing the theory, calculations within the modified
semiempirical approach have been performed also for the Stark width for the following transitions: 14 Al I,
46 Al II, 12 Al III [42], 1 C IV, 1 N V, 1 O VI [43, 44], 1 Ne VIII [44], 3 N III, 3 O IV, 3 F V, 2 Ne VI
[45], 12 C IV [46], 4 C II, 5 N II, 3 O II, 4 F II, 3 Ne II [47], 1 N II [48], 8 S II [49], 2 Ne VII [50], 4
N III, 2 F V [51], 2 Ne III, 2 Ar III, 2 Kr III, 2 Xe III [52], 3 Si III [53], 3 Ne III, 2 Ar III, 2 Kr III, and
2 Xe III [54]. Moreover, in [55] the Stark widths and shifts for the 2 Cl II and 6 Ar III lines have been
calculated.

In [56–59], reviews of the modified semiempirical approach are given. In addition to the investigation
of the Stark broadening of specific spectral lines in laboratory and astrophysical plasmas, the considered
method has been successfully applied, e.g., to the study of elemental abundances in early B-type stars [60],
normal late-B and HgMn stars [61], and hot white dwarfs [62], investigations of abundance anomalies in stars
[63], elemental abundance analyses with DAO spectrograms for 15-Vulpeculae and 32-Aquarii [64], calcula-
tion of radiative acceleration in stellar envelopes [65–69], consideration of radiative levitation in hot white
dwarfs [62, 70], quantitative spectroscopy of hot stars [71], non-LTE calculations of silicon-line strengths in
B-type stars [72], calculation and study of stellar opacities [73–79], investigations of atmospheres and winds
of hot stars [80], Ga II lines in the spectrum of Ap stars [81], design and development of new lasers [82–87],
spectroscopic diagnostics of railgun plasma armatures [88], investigations of 3d photoabsorption in Zn III, Ge
V [89], Zn II, Ga III, and Ge IV [90], research of Stark broadening parameter regularities and systematic
trends [91–99], calculations of radiative emission coefficients for thermal plasmas [100, 101], considerations
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of plasma-wall contact [102, 103], and examination of particle-velocity distribution and expansion of a sur-
face flashover plasma in the presence of magnetic fields [104].

The modified semiempirical method has also entered in computer codes, as, e.g., the OPAL opacity
code [75], handbooks [105, 106] and monographs [59, 107, 108].

As can be seen, over the coarse of twenty years a large number of Stark broadening parameter data,
calculated within the modified semiempirical approach has been provided to plasma physicists and astrophysi-
cists. In order to make the application and use of these data easier, we are now organizing them in a data-
base, BELDATA.
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STARK BROADENING OF Ne II AND Ne III SPECTRAL LINES

M. S. Dimitrijevic′ UDC 533.9.082.5

Using a semiclassical approach, the widths and shifts of the spectral lines of three Ne II and six Ne III mul-
tiplets caused by collisions with electrons, protons, and helium ions at a density of perturbing particles of
1017 cm−3 and different temperatures have been calculated. The results obtained have been compared with the
known experimental and theoretical data.

Keywords: Stark broadening of spectral lines, semiclassical approach, impact width of spectral line, shift of spectral
line.

Introduction. Knowledge of the Stark broadening parameters of the Ne II and Ne III spectral lines is of in-
terest for diagnostics, modeling, and investigation of laboratory, astrophysical, and technological plasmas. Namely,
from the Stark broadening parameters, it is possible to obtain basic plasma parameters such as the electron temperature
and electron density, essential for modeling the plasma considered. Moreover, neon is present in many light sources,
lasers, and different plasma devices as the working gas. Neon is also the most abundant element in the universe after
hydrogen, helium, oxygen, and carbon, and it is, for example [1], one of the products of hydrogen and helium burning
in orderly evolution of stellar interiors. Moreover, after the hydrogen-, helium-, and carbon-burning periods come to an
end in massive stars, neon burning begins.

From the first investigation of the influence of the Stark broadening effect on the Ne II spectral lines [2, 3],
the Ne II Stark broadening parameters have been investigated in several experiments (see [4] and references therein
and [5–16]) and theoretically in [6, 7, 9, 12, 15–18]. Also, estimation of Ne II Stark broadening using regularities and
systematic trends has been performed in [19–21]. The Ne III Stark widths have been measured in [11, 12, 15, 22, 23]
and the results of theoretical calculations have been presented in [12, 15, 22–27]. In [15] electron-impact widths for
twenty two Ne II, five Ne III, and two Ne IV multiplets have been calculated within the semiclassical perturbation
formalism [28, 29] (see also [30–36]) and in [16] electron-impact shifts for twenty two Ne II multiplets. Due to the
significance of neon for laboratory, astrophysical, and technological plasmas, it is of interest to provide corresponding
Stark broadening data, especially for resonance lines and for lines originating from low-lying energy terms. In order to
complete this research, which provides complete data for the Ne II spectral lines where it is possible to do with our
standard accuracy, this paper presents the results of calculations, within the semiclassical formalism of perturbations
[28, 29] caused by electron-, proton-, and ionized helium impacts of line widths and shifts for an additional three Ne
II and six Ne III multiplets of interest for laboratory, laser-produced fusion, and astrophysical plasma research. The re-
sults obtained are compared with available experimental [9, 11, 14] and theoretical [9, 18, 19, 26, 27] data.

Results and Discussion. The semiclassical perturbation formalism used here [28, 29] and all innovations and
optimizations of the computer code have been discussed, for example, in [36] and will not be repeated here. The
atomic energy levels needed for calculations, not found in [37, 38] (or revised later), were taken from [39] for Ne II
and from [40] for Ne III. The corresponding ionization potential for Ne III was also taken from [40]. Oscillator
strengths have been calculated by using the method of Bates and Damgaard [41, 42]. For higher levels, the method
described in [43] has been used. The results for three Ne II multiplets for the Stark broadening due to electron-, pro-
ton-, and ionized helium impacts are shown in Table 1. It should be noted that the electron-impact width for the
3s 5So−3p5P and 3s 3So−3p3P multiplets are taken from [15] and here are given in order to complete the data.

Astronomical Observatory, 7 Volgina Str., Belgrade, 11160, Serbia, Yugoslavia. Translated from Zhurnal Prik-
ladnoi Spektroskopii, Vol. 70, No. 4, pp. 439–443, July–August, 2003. Original article submitted September 4, 2002.
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TABLE 1. Electron-, Proton-, and Ionized Helium Impact Broadening Parameters for the Ne II and Ne III Spectral Lines for
a Perturbing Density of 1017 cm–3 and Different Temperatures as well as Transitions and Corresponding Wavelengths (in
A° )

Transition, λ, Å T, K

Perturbing particles

electron proton helium ions

width shift width shift width shift

Ne II
2p52P–3s2P 5000 0.292⋅10–2 0.110⋅10–2

0.484⋅10−5 0.281⋅10−4 0.695⋅10−5 0.270⋅10−4

446.6 10,000 0.206⋅10–2
0.843⋅10−3 0.210⋅10−4 0.540⋅10−4 0.250⋅10−4 0.496⋅10−4

C = 0.56⋅1019 20,000 0.142⋅10–2
0.656⋅10−3 0.520⋅10−4 0.834⋅10−4 0.509⋅10−4 0.732⋅10−4

30,000 0.115⋅10–2
0.546⋅10−3 0.754⋅10−4 0.102⋅10−3 0.730⋅10−4 0.858⋅10−4

50,000 0.944⋅10–3
0.468⋅10−3 0.106⋅10−3 0.119⋅10−3 0.930⋅10−4 0.990⋅10−4

100,000 0.769⋅10–3
0.380⋅10−3 0.140⋅10−3 0.143⋅10−3 0.119⋅10−3 0.119⋅10−3

3s2P–3p2S 5000 0.317 –0.447⋅10−3 0.583⋅10−2 –0.299⋅10−3 0.824⋅10−2 –0.298⋅10−3

3507.9 10,000 0.230 –0.145⋅10–2
0.100⋅10−1 –0.650⋅10−3 0.123⋅10−1 –0.629⋅10−3

C = 0.35⋅1021 20,000 0.168 –0.189⋅10–2
0.140⋅10−1 –0.119⋅10−2 0.154⋅10−1 –0.110⋅10−2

30,000 0.144 –0.180⋅10–2
0.154⋅10−1 –0.155⋅10−2 0.166⋅10−1 –0.134⋅10−2

50,000 0.126 –0.219⋅10–2
0.169⋅10−1 –0.198⋅10−2 0.181⋅10−1 –0.172⋅10−2

100,000 0.112 –0.197⋅10–2
0.188⋅10−1 –0.249⋅10−2 0.195⋅10−1 –0.208⋅10−2

3p4S–4s4P 5000 0.668 0.271 0.130⋅10–1
0.155⋅10−1 0.139⋅10−1 0.130⋅10−1

3414.8 10,000 0.468 0.207 0.227⋅10–1
0.242⋅10−1 0.232⋅10−1 0.203⋅10−1

C = 0.97⋅1020 20,000 0.345 0.155 0.338⋅10–1
0.325⋅10−1 0.304⋅10−1 0.268⋅10−1

30,000 0.314 0.141 0.393⋅10–1
0.364⋅10−1 0.345⋅10−1 0.300⋅10−1

50,000 0.291 0.116 0.462⋅10–1
0.421⋅10−1 0.405⋅10−1 0.348⋅10−1

100,000 0.271 0.0911 0.551⋅10–1
0.490⋅10−1 0.467⋅10−1 0.405⋅10−1

Ne III
3s5S–3p5P 20,000 0.916⋅10−1 –0.108⋅10−2 0.173⋅10−2 –0.527⋅10−3 0.244⋅10−2 –0.510⋅10−3

2593.1 50,000 0.594⋅10–1
–0.114⋅10−2 0.326⋅10−2 –0.111⋅10−2 0.395⋅10−2 –0.982⋅10−3

C = 0.26⋅1021 100,000 0.450⋅10−1 –0.167⋅10−2 0.436⋅10−2 –0.156⋅10−2 0.465⋅10−2 –0.135⋅10−2

200,000 0.361⋅10−1 –0.144⋅10−2 0.500⋅10−2 –0.196⋅10−2 0.524⋅10−2 –0.163⋅10−2

300,000 0.324⋅10–1
–0.147⋅10−2 0.539⋅10−2 –0.218⋅10−2 0.555⋅10−2 –0.182⋅10−2

500,000 0.288⋅10–1
–0.137⋅10−2 0.581⋅10−2 –0.250⋅10−2 0.581⋅10−2 –0.204⋅10−2

3p5P–3d5D 20,000 0.712⋅10–1
–0.103⋅10−3 0.262⋅10−2 0.738⋅10−6 0.340⋅10−2 0.738⋅10−6

2162.6 50,000 0.469⋅10–1
–0.687⋅10−5 0.437⋅10−2 0.191⋅10−5 0.493⋅10−2 0.191⋅10−5

C = 0.17⋅1021 100,000 0.360⋅10–1
0.277⋅10−5 0.517⋅10−2 0.382⋅10−5 0.557⋅10−2 0.381⋅10−5

200,000 0.294⋅10–1
0.446⋅10−4 0.582⋅10−2 0.754⋅10−5 0.617⋅10−2 0.739⋅10−5

300,000 0.268⋅10–1
0.217⋅10−4 0.616⋅10−2 0.109⋅10−4 0.636⋅10−2 0.104⋅10−4

500,000 0.242⋅10–1
0.233⋅10−4 0.640⋅10−2 0.160⋅10−4 0.656⋅10−2 0.147⋅10−4

2p43P–2s3S 20,000 0.738⋅10–3
0.598⋅10−4 0.355⋅10−5 0.152⋅10−4 0.482⋅10−5 0.143⋅10−4

313.4 50,000 0.438⋅10–3
0.584⋅10−4 0.169⋅10−4 0.287⋅10−4 0.158⋅10−4 0.252⋅10−4

C = 0.37⋅1019 100,000 0.318⋅10−3 0.619⋅10−4 0.304⋅10−4 0.396⋅10−4 0.289⋅10−4 0.329⋅10−4

200,000 0.245⋅10–3
0.585⋅10−4 0.448⋅10−4 0.475⋅10−4 0.385⋅10−4 0.395⋅10−4

300,000 0.213⋅10–3
0.565⋅10−4 0.519⋅10−4 0.528⋅10−4 0.440⋅10−4 0.437⋅10−4

500,000 0.182⋅10–3
0.526⋅10−4 0.611⋅10−4 0.601⋅10−4 0.526⋅10−4 0.492⋅10−4

2p43P–2d3D 20,000 0.191⋅10−2 0.260⋅10−4 0.116⋅10−3 –0.964⋅10−4 0.129⋅10−3 –0.837⋅10−4

229.1 50,000 0.146⋅10−2 0.383⋅10−5 0.177⋅10−3 –0.141⋅10−3 0.170⋅10−3 –0.117⋅10−3

C = 0.13⋅1018 100,000 0.122⋅10−2 0.287⋅10–5
0.218⋅10−3 –0.169⋅10−3 0.202⋅10−3 –0.140⋅10−3

200,000 0.103⋅10–2
0.104⋅10−4 0.265⋅10−3 –0.198⋅10−3 0.230⋅10−3 –0.162⋅10−3

300,000 0.933⋅10–3
0.194⋅10−4 0.300⋅10−3 –0.216⋅10−3 0.245⋅10−3 –0.175⋅10−3

500,000 0.822⋅10–3
0.216⋅10−4 0.330⋅10−3 –0.233⋅10−3 0.270⋅10−3 –0.196⋅10−3
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Also the parameter C [33] has been specified; it gives an estimate for the maximum density for which the
line may be treated as isolated, when it is divided by the corresponding full width at half-maximum. When the impact
approximation is not valid, the ion broadening contribution may be estimated by using a quasistatic approach [17, 32].
In the intermediate region, where neither of these two approximations is valid, a unified type theory should be used.
For example, in [44] a simple analytical formula for such a case is given. The accuracy of the results obtained de-
creases when broadening by ion interactions becomes important.

In Table 2 our semiclassical results are compared with available experimental data [9, 11, 14]. In [14] the
measurements of the Ne II Stark widths were performed in a pure discharge lamp working with the continuous flow
of a pure neon gas. In [11] a linear pinch plasma source with neon as a working gas was used and in [9] it was a
low pressure pulsed arc Z-discharge filled with pure neon or a gas mixture consisting of 25% Ne and 75% N2. In
Table 2, full line widths at half-maximum due to impacts with Ne and N ions are also shown and the differences are
negligible. Our results are in good agreement with the experimental values of [11] for the Ne III 2163.8 A°  line. For
Ne II, our results are higher than the experimental ones except for the 3481.96 A°  line where agreement is good. How-
ever, if we look at the difference in the experimental values of [11] for the 3481.96 A°  (0.15 A° ) and 3557.84 A°  (0.10
A° ) lines within the same Ne II 3s2P−3p 2So multiplet, we cannot find a theoretical explanation. Namely, if the posi-
tions of atomic energy levels are regular and the difference between the energy levels within the 3s 2P and 3p 2So

terms is much smaller than the distance to the closest perturbing terms (which is the case here), the line widths within
such a multiplet should be similar. Consequently, a new experimental determination of Stark widths for these lines is
of interest.

In [9] the semiempirical [46] calculations for the Ne II 3557.84 A°  line were performed and the ratio of meas-
ured and calculated values is 1.71, while this ratio with our results is 0.73. In [9] the ratio of measured values and
semiclassical values from [18], equal to 1.20, is also given. The dependence of the Stark widths and shifts of the reso-
nance spectral lines on atomic polarizability was determined in [18] and used to estimate the width of the Ne II
2p5 2Po−3s2P multiplet. For the electron temperature T = 10,000 K and electron density ne = 1017 cm−3 the estimated
value is 0.00194 A° , while our result is 0.00142 A° , which is in reasonable agreement. In [16, 27], the Stark widths of
the Ne III lines were calculated by using the modified semiempirical approach of [47]: WMSE; the Griem’s semiem-
pirical approach [46]; the Griem’s approximate semiclassical method (see [17], Eq. 526). WG; and its modification

TABLE 1. (Continued)

Transition, λ, Å T, K

Perturbing particles

electron proton helium ions

width shift width shift width shift

Ne II
3s3S–3p3P 20,000 0.106 –0.118⋅10−2 0.221⋅10−2 –0.558⋅10−3 0.307⋅10−2 –0.540⋅10−3

2679.0 50,000 0.688⋅10–1
–0.128⋅10−2 0.404⋅10−2 –0.118⋅10−2 0.485⋅10−2 –0.104⋅10−2

C = 0.27⋅1021 100,000 0.525⋅10−1 –0.176⋅10−2 0.524⋅10−2 –0.165⋅10−2 0.561⋅10−2 –0.143⋅10−2

200,000 0.424⋅10–1
–0.159⋅10−2 0.598⋅10−2 –0.208⋅10−2 0.630⋅10−2 –0.173⋅10−2

300,000 0.382⋅10–1
–0.160⋅10−2 0.643⋅10−2 –0.232⋅10−2 0.665⋅10−2 –0.193⋅10−2

500,000 0.339⋅10–1
–0.152⋅10−2 0.686⋅10−2 –0.265⋅10−2 0.688⋅10−2 –0.217⋅10−2

3p3P–3d3D 20,000 0.645⋅10–1
–0.938⋅10−3 0.372⋅10−2 –0.292⋅10−2 0.414⋅10−2 –0.254⋅10−2

1248.1 50,000 0.486⋅10–1
–0.676⋅10−3 0.558⋅10−2 –0.427⋅10−2 0.535⋅10−2 –0.354⋅10−2

C = 0.40⋅1019 100,000 0.405⋅10–1
–0.613⋅10−3 0.679⋅10−2 –0.510⋅10−2 0.631⋅10−2 –0.422⋅10−2

200,000 0.342⋅10–1
–0.310⋅10−3 0.816⋅10−2 –0.599⋅10−2 0.707⋅10−2 –0.487⋅10−2

300,000 0.311⋅10–1
0.708⋅10−5 0.917⋅10−2 –0.646⋅10−2 0.769⋅10−2 –0.533⋅10−2

500,000 0.275⋅10–1
0.120⋅10−3 0.999⋅10−2 –0.705⋅10−2 0.851⋅10−2 –0.593⋅10−2

Note. By dividing the value of C by the corresponding full width at half-maximum [33], we obtain an estimate for the

maximum perturbing density of charged particles, for which the line may be treated as isolated and tabulated data may

be used.
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[47]: WGM. For example, for the Ne III 3p 5P7−3d 5D9
o, 2163.8 A°  line at T = 20,000 K and ne = 1017 cm−3, WMSE =

0.0484 A° ; WGM = 0.0606 A° , WG = 0.0760 A°  and our result is 0.0712 A° , so that the best agreement is observed with
the results obtained with the Griem’s approximate semiclassical method.

Conclusions. The Stark broadening parameters presented here contribute not only to our knowledge of Stark
broadening in the Ne II and Ne III spectra but also to the creation of a large set of reliable semiclassical Stark broad-
ening data of significance for a number of problems in laboratory, technological, and astrophysical plasma research.

This work is a part of the project "Influence of collisional processes on astrophysical plasma line shapes" sup-
ported by the Ministry of Science, Technologies, and Development of Serbia.
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Stark broadening parameters for 36 multiplets of B IV have been calculated using the semi-classical perturbation formalism. Obtained
results have been used to investigate the regularities within spectral series and temperature dependence.
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1. Introduction

The study presents Stark broadening parameters (widths
and shifts) of B IV spectral lines which have been deter-
mined using the semi-classical perturbation formalism
(Sahal-Bréchot, 1969a,b). Data on boron lines are of inter-
est in astrophysics, astrochemistry, and cosmology, in tech-
nological plasma research, for thermonuclear reaction
devices, and for laser produced plasma investigations.
For abundance determinations of boron and modelling,
and analysis of stellar plasma it is necessary to have reliable
atomic and spectroscopic data, including Stark broadening
parameters. This enables to provide data on the astrophys-
ical processes that can both produce and destroy this rare
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element. Namely, the light elements lithium, beryllium,
and boron (LiBeB) are sensitive probes of stellar models
due to the fact that the stable isotopes of all three consist
of nuclei with small binding energies that are destroyed
easily by (p, a) reactions at modest temperatures (Cunha
and Smith, 1999). The origin and evolution of boron
are of special interest because it is hardly produced by
the standard big bang nucleosynthesis (BBN), and cannot
be produced by nuclear fusions in stellar interiors
(Tankosić et al. et al., 2003). The cosmic abundance of
11B is of major importance for the model of Galactic chem-
ical evolution (GCE) (Ritchey et al., 2011). Ritchey et al.
(2011) concluded that a major portion of the cosmic abun-
dance of 11B can be attributed to neutrino nucleosynthesis.
Thus, it is necessary to accurately describe the stellar
evolution, and the formation of elements, which are closely
connected. To make progress in these developments chem-
ical abundances are crucial parameters to be determined.
This needs an accurate interpretation of the detailed line
spectra of the stellar objects. In order to provide the data
needed in astrophysics, laboratory-, technological-,
fusion-, and laser produced-plasma research, our aim is
to determine here Stark broadening parameters (full widths
rved.
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Table 1
Stark broadening parameters for singlet B IV multiplets for a perturper density of 1017 cm�3 and temperatures from 20,000 to 500,000 K. The width
(FWHM) W and shift d (a positive shift is towards the red) values from different perturbers are given in (Å) for 36 multiplets. The ratio of the included
parameter C versus the corresponding Stark width gives an estimate of the maximal pertuber density for which the line may be treated as isolated. The
asterisks indicate that the impact approximation reaches the limit of validity. We – electron-impact width, de – electron-impact shift, Wp – proton-impact
width, dp – proton-impact shift, WHe+ – singly charged helium ion-impact width, dHe+ – singly charged helium ion-impact shift.

Transition T (K) We (Å) de(Å) Wp (Å) dp (Å) WHe+(Å) dHe+ (Å)

B IV 2p-3d 20,000 0.244E�02 0.677E�04 0.735E�04 0.159E�03 0.898E�04 0.147E�03
418.7 Å 50,000 0.160E�02 0.111E�03 0.209E�03 0.275E�03 0.204E�03 0.241E�03
C = 0.24E+18 100,000 0.122E�02 0.117E�03 0.348E�03 0.349E�03 0.297E�03 0.295E�03

200,000 0.953E�03 0.106E�03 0.487E�03 0.421E�03 0.387E�03 0.353E�03
300,000 0.832E�03 0.100E�03 0.586E�03 0.468E�03 0.455E�03 0.390E�03
500,000 0.710E�03 0.849E�04 0.739E�03 0.522E�03 0.550E�03 0.430E�03

B IV 2p�4d 20,000 0.581E�02 0.221E�03
308.4 Å 50,000 0.451E�02 0.308E�03
C = 0.17E+16 100,000 0.369E�02 0.288E�03

200,000 0.298E�02 0.365E�03
300,000 0.262E�02 0.303E�03
500,000 0.222E�02 0.222E�03

B IV 2p�5d 20,000 0.130E�01 0.506E�03
274.9 Å 50,000 0.104E�01 0.616E�03
C = 0.97E+15 100,000 0.856E�02 0.585E�03

200,000 0.692E�02 0.854E�03
300,000 0.607E�02 0.665E�03
500,000 0.512E�02 0.457E�03

B IV 2p�6d 20,000 0.251E�01 0.804E�03
259.6 Å 50,000 0.203E�01 0.102E�02
C = 0.62E+15 100,000 0.168E�01 0.985E�03

200,000 0.136E�01 0.165E�02
300,000 0.119E�01 0.121E�02
500,000 0.101E�01 0.806E�03

B IV 2p�7d 20,000 *0.411E�01 *0.111E�02
251.2 Å 50,000 0.344E�01 0.133E�02
C = 0.20E+15 100,000 0.290E�01 0.139E�02

200,000 0.237E�01 0.223E�02
300,000 0.209E�01 0.165E�02
500,000 0.177E�01 0.115E�02

B IV 3p�4d 20,000 0.116 0.607E�02
1190.5 Å 50,000 0.889E�01 0.723E�02
C = 0.25E+17 100,000 0.727E�01 0.677E�02

200,000 0.591E�01 0.761E�02
300,000 0.521E�01 0.636E�02

B IV 3p�5d 20,000 0.126 0.514E�02
809.7 Å 50,000 0.999E�01 0.657E�02
C = 0.84E+16 100,000 0.822E�01 0.622E�02

200,000 0.666E�01 0.841E�02
300,000 0.585E�01 0.662E�02
500,000 0.495E�01 0.469E�02

B IV 3p�6d 20,000 0.186 0.623E�02
689.8 Å 50,000 0.150 0.808E�02
C = 0.44E+16 100,000 0.124 0.779E�02

200,000 0.101 0.124E�01
300,000 0.886E�01 0.917E�02
500,000 0.749E�01 0.621E�02

B IV 3p�7d 20,000 *0.269 *0.758E�02
633.2 Å 50,000 0.224 0.928E�02
C = 0.12E+16 100,000 0.189 0.953E�02

200,000 0.155 0.148E�01
300,000 0.137 0.110E�01
500,000 0.116 0.776E�02
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Table 1 (continued)

Transition T (K) We (Å) de(Å) Wp (Å) dp (Å) WHe+(Å) dHe+ (Å)

B IV 4p�5d 20,000 1.50 0.745E�01
2567.3 Å 50,000 1.18 0.906E�01
C = 0.84E+17 100,000 0.973 0.846E�01

200,000 0.789 0.104
300,000 0.693 0.840E�01
500,000 0.587 0.610E�01

B IV 4p�6d 20,000 1.17 0.455E�01
1655.2 Å 50,000 0.938 0.568E�01
C = 0.25E+17 100,000 0.775 0.541E�01

200,000 0.629 0.793E�01
300,000 0.552 0.600E�01
500,000 0.467 0.416E�01

B IV 4p�7d 20,000 *1.31 *0.419E�01
1363.1 Å 50,000 1.09 0.500E�01
C = 0.58E+16 100,000 0.915 0.504E�01

200,000 0.749 0.741E�01
300,000 0.661 0.561E�01
500,000 0.560 0.399E�01

B IV 3d�4p 20,000 0.105 �0.806E�02 0.122E�01 �0.128E�01 *0.115E�01 *�0.104E�01
1163.5 Å 50,000 0.768E�01 �0.845E�02 0.193E�01 �0.181E�01 *0.163E�01 *�0.151E�01
C = 0.76E+18 100,000 0.615E�01 �0.783E�02 0.255E�01 �0.222E�01 *0.205E�01 *�0.184E�01

200,000 0.496E�01 �0.691E�02 0.324E�01 �0.252E�01 0.251E�01 �0.210E�01
300,000 0.438E�01 �0.613E�02 0.377E�01 �0.271E�01 0.281E�01 �0.226E�01
500,000 0.375E�01 �0.500E�02 0.448E�01 �0.300E�01 0.330E�01 �0.254E�01

B IV 3d�5p 20,000 0.121 �0.989E�02
798.8 Å 50,000 0.911E�01 �0.103E�01 *0.302E�01 �0.265E�01
C = 0.18E+18 100,000 0.737E�01 �0.921E�02 *0.391E�01 �0.314E�01

200,000 0.596E�01 �0.881E�02 *0.474E�01 �0.357E�01 *0.367E�01 �0.305E�01
300,000 0.526E�01 �0.749E�02 *0.524E�01 �0.394E�01 *0.404E�01 �0.315E�01
500,000 0.448E�01 �0.601E�02 *0.662E�01 �0.429E�01 *0.466E�01 �0.361E�01

B IV 3d�6p 20,000 0.174 �0.138E�01
682.5 Å 50,000 0.137 �0.146E�01
C = 0.77E+17 100,000 0.113 �0.133E�01

200,000 0.925E�01 �0.140E�01
300,000 0.817E�01 �0.118E�01
500,000 0.697E�01 �0.923E�02

B IV 3d�7p 20,000 *0.257 *�0.183E�01
627.3 Å 50,000 0.210 �0.197E�01
C = 0.40E+17 100,000 0.177 �0.191E�01

200,000 0.146 �0.224E�01
300,000 0.129 �0.187E�01
500,000 0.110 �0.141E�01

B IV 4d�6p 20,000 1.11 �0.843E�01
1635.6 Å 50,000 0.877 �0.907E�01
C = 0.47E+17 100,000 0.727 �0.828E�01

200,000 0.594 �0.893E�01
300,000 0.524 �0.748E�01
500,000 0.446 �0.580E�01

B IV 4d�7p 20,000 *1.27 *�0.883E�01
1350.9 Å 50,000 1.04 �0.962E�01
C = 0.32E+17 100,000 0.873 �0.929E�01

200,000 0.719 �0.110
300,000 0.637 �0.917E�01
500,000 0.544 �0.686E�01

B IV 5d�6p 20,000 *11.0 *�0.749
4623.4 Å 50,000 8.80 �0.830
C = 0.27E+18 100,000 7.30 �0.762

200,000 5.95 �0.873
(continued on next page)
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Table 1 (continued)

Transition T (K) We (Å) de(Å) Wp (Å) dp (Å) WHe+(Å) dHe+ (Å)

300,000 5.24 �0.718
500,000 4.45 �0.543

B IV 5d�7p 20,000 *6.68 *�0.436
2897.7 Å 50,000 5.46 �0.484
C = 0.11E+18 100,000 4.60 �0.467

200,000 3.78 �0.568
300,000 3.34 �0.469
500,000 2.84 �0.347

B IV 3d�4f 20,000 0.522E�01 0.145E�03
1170.9 Å 50,000 0.395E�01 �0.224E�03
C = 0.24E+17 100,000 0.319E�01 �0.401E�03

200,000 0.258E�01 �0.114E�02
300,000 0.228E�01 �0.793E�03
500,000 0.196E�01 �0.228E�03

B IV 3d�5f 20,000 0.817E�01 0.691E�03
800.6 Å 50,000 0.679E�01 0.109E�03
C = 0.21E+16 100,000 0.568E�01 0.175E�03

200,000 0.464E�01 �0.965E�03
300,000 0.409E�01 �0.573E�03
500,000 0.347E�01 0.297E�04

B IV 3d�6f 20,000 0.140 0.139E�02
683.2 Å 50,000 0.119 0.553E�03
C = 0.10E+16 100,000 0.996E�01 0.536E�03

200,000 0.813E�01 �0.148E�02
300,000 0.716E�01 �0.640E�03
500,000 0.607E�01 0.244E�03

B IV 3d�7f 20,000 *0.220 *0.170E�02
627.7 Å 50,000 0.190 0.148E�02
C = 0.67E+15 100,000 0.162 0.133E�02

200,000 0.133 0.301E�03
300,000 0.118 0.872E�03
500,000 0.998E�01 0.103E�02

B IV 4d�5f 20,000 1.08 �0.507E�02
2530.1 Å 50,000 0.900 �0.156E�01
C = 0.21E+17 100,000 0.753 �0.134E�01

200,000 0.615 �0.304E�01
300,000 0.542 �0.225E�01
500,000 0.460 �0.116E�01

B IV 4d�6f 20,000 0.920 0.264E�02
1639.7 Å 50,000 0.775 �0.399E�02
C = 0.59E+16 100,000 0.651 �0.334E�02

200,000 0.532 �0.173E�01
300,000 0.468 �0.107E�01
500,000 0.396 �0.358E�02

B IV 4d�7f 20,000 *1.10 *0.394E�02
1352.8 Å 50,000 0.943 0.187E�02
C = 0.31E+16 100,000 0.802 0.170E�02

200,000 0.661 �0.457E�02
300,000 0.583 �0.760E�03
500,000 0.495 0.137E�02

B IV 5d�6f 20,000 9.65 �0.507E�01
4657.0 Å 50,000 8.08 �0.137
C = 0.48E+17 100,000 6.77 �0.128

200,000 5.52 �0.301
300,000 4.85 �0.208
500,000 4.10 �0.109

B IV 5d�7f 20,000 *5.91 *�0.114E�01
2906.0 Å 50,000 5.06 �0.328E�01
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Table 1 (continued)

Transition T (K) We (Å) de(Å) Wp (Å) dp (Å) WHe+(Å) dHe+ (Å)

C = 0.14E+17 100,000 4.29 �0.320E�01
200,000 3.52 �0.841E�01
300,000 3.10 �0.509E�01
500,000 2.63 �0.250E�01

B IV 4f�5d 20,000 1.23 0.315E�01
2532.0 Å 50,000 0.990 0.483E�01
C = 0.82E+17 100,000 0.817 0.468E�01

200,000 0.662 0.737E�01
300,000 0.582 0.563E�01
500,000 0.492 0.367E�01

B IV 4f�6d 20,000 1.05 0.262E�01
1640.5 Å 50,000 0.855 0.385E�01
C = 0.25E+17 100,000 0.708 0.380E�01

200,000 0.574 0.663E�01
300,000 0.505 0.483E�01
500,000 0.426 0.313E�01

B IV 4f�7d 20,000 *1.23 *0.276E�01
1353.1 Å 50,000 1.03 0.372E�01
C = 0.57E+16 100,000 0.866 0.392E�01

200,000 0.710 0.650E�01
300,000 0.626 0.479E�01
500,000 0.530 0.328E�01

B IV 5f�6d 20,000 *10.3 *0.189
4661.8 Å 50,000 8.45 0.304
C = 0.72E+17 100,000 7.04 0.294

200,000 5.72 0.550
300,000 5.03 0.397
500,000 4.25 0.248

B IV 5f�7d 20,000 *6.34 *0.117
2907.4 Å 50,000 5.34 0.168
C = 0.26E+17 100,000 4.51 0.176

200,000 3.69 0.306
300,000 3.26 0.224
500,000 2.76 0.150
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at half intensity and shifts) for 36 B IV multiplets.
Obtained results will be also used for the consideration of
regularities within spectral series and temperature depen-
dence of Stark broadening parameters.

2. Theory of Stark broadening in the impact approximation

Pressure broadening of spectral lines arises when an
atom, ion, or molecule which emits or absorbs light in a
gas or plasma, is perturbed by its interactions with the
other particles of the medium. Interpretation of this phe-
nomenon is currently used for modelling of the medium
and for spectroscopic diagnostics, since the broadening of
the lines depends on the temperature and density of the
medium. The physical conditions in the Universe are very
various, and collisional broadening with charged particles
(Stark broadening) appears to be important in many
domains. For example, at temperatures around 104 K
and densities 1013–1015 cm�3, Stark broadening is of inter-
est for modelling and analysing spectra of A and B type
stars: see e.g. (Lanz et al., 1988; Popović et al., 2001a,b,
1999a,b; Tankosić et al. et al., 2003; Simić et al., 2005;
Sahal-Bréchot, 2010). Especially in white dwarfs, Stark
Please cite this article in press as: Dimitrijević, M.S., et al. Stark broaden
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broadening is the dominant collisional line broadening
mechanism in all important layers of the atmosphere
(Popović et al., 1999b; Tankosić et al. et al., 2003; Simić
et al., 2006, 2009; Hamdi et al., 2008; Dimitrijević et al.,
2011; Dufour et al., 2011; Larbi-Terzi et al., 2012). The
theory of Stark broadening is well applied, especially for
accurate spectroscopic diagnostics and modelling. This
requires the knowledge of numerous profiles, especially
for trace elements, as boron in this case, which are used
as useful probes for modern spectroscopic diagnostics.
Interpretation of the spectra of white dwarfs, which are
very faint, allows understanding the evolution of these very
old stars, which are close to death. The results for Stark
broadening parameters of 36 BIV multiplets have been cal-
culated using the semi-classical perturbation formalism
(Sahal-Bréchot, 1969a,b). Within this theory the full half
width (W) and the shift (d) of an isolated line originating
from the transition between the initial level i and the final
level f is expressed as:
W ¼ ne

Z þ1

0

vf ðvÞdv
X
i0–i

rii0 ðvÞ þ
X
f 0–f

rff 0 ðvÞ þ rel

" #
; ð1Þ
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Fig. 2. Temperature dependence of the electron impact shift for
1s2p1P o � 1s3s1S; 1s2p1P o � 1s3d1D; 1s3p1P o � 1s4s1S and 1s3p1P o�
1s4d1D transitions at an electron density of 1:1017 cm�3.
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d ¼ ne

Z þ1

0

vf ðvÞdv
Z RD

R3

2pqdq sin 2/p; ð2Þ

where i0 and f 0 are perturbing levels, ne and v are the elec-
tron density and the velocity of perturbers respectively, and
f ðvÞ is the Maxwellian distribution of electron velocities.

The inelastic cross sections rii0 ðvÞ (respectively rff 0 ðvÞ)
can be expressed by an integration of the transition proba-
bility Pii0 over the impact parameter q:

X
i0–i

rii0 ðvÞ ¼
1

2
pR2

1 þ
Z RD

R1

2pqdq
X
i0–i

P ii0 ðq; vÞ: ð3Þ

The elastic collision contribution to the width is given
by:

rel ¼ 2pR2
2 þ

Z RD

R2

8pqdq sin2 dþ rr; ð4Þ

d ¼ ð/2
p þ /2

qÞ
1=2
: ð5Þ

The phase shifts /p and /q are due to the polarization
and quadruple potential respectively. The cut-off parame-
ters R1; R2; R3, the Debye cut-off RD and the symmetriza-
tion procedure are described in the above mentioned
papers.The contribution of Feshbach resonances, rr is
described in Fleurier et al. (1977). In the following, the col-
lisions of emitters with electrons, protons and ionized
helium are examined, and the contribution of different per-
turbers in total Stark broadening parameters are discussed.

3. Results and discussion

In this paper, Stark broadening widths (FWHM) and
shifts for 36 BIV multiplets have been calculated using
the semiclassical perturbation formalism (Sahal-Bréchot,
1969a,b) and presented in Table 1. Since the Stark broad-
ening widths and shifts are the same for spectral lines
within a multiplet when expressed in angular frequency
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Fig. 1. Temperature dependence of the electron impact width for B IV
1s2p1P o � 1s3s1S; 1s2p1P o � 1s3d1D; 1s3p1P o � 1s4s1S and 1s3p1P o�
1s4d1D transitions at an electron density of 1:1017 cm�3.
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units for a simple spectrum like the B IV one, it is easy
to obtain their values in Angströms or nanometers (see
e.g. Eqs. 7 and 8 in Hamdi et al., 2013). In particular, the
spectral line broadening due to interactions of the emitters
with electrons, protons and singly charged helium ions as
perturbers has been examined.

Calculations have been performed using experimental
values of energy levels in Kramida et al. (2008). The oscil-
lator strengths have been calculated using the Coulomb
approximation method (Bates and Damgaard, 1949) and
the tables of Oertel and Shomo (1968), while for higher lev-
els, the method described by Van Regemorter et al. (1979)
has been applied. The asterisks in Table 1 indicate that the
impact approximation reaches the limit of validity.

The temperature dependences of Stark widths and shifts
for the 1s2p1P o�1s3s1S; 1s2p1P o�1s3d1D; 1s3p1P o�1s4s1S
and 1s3p1P o � 1s4d1D transitions at an electron density of
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Fig. 3. Temperature dependence of the proton impact width for
1s2p1P o � 1s3s1S; 1s2p1P o � 1s3d1D; 1s3p1P o � 1s4s1S and 1s3p1P o�
1s4d1D transitions at an electron density of 1:1017 cm�3.
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1017 cm�3 have been presented in Figs. 1 and 2, respec-
tively. The first two transitions have the same lower energy
level 2p where both, the width and shift of 2p � 3s are
larger than the Stark parameters of 2p � 3d. For the other
transitions with the same 3p lower energy level, 3p � 4d
transition has larger width, while 3p � 4s has larger shift.
For all of them, the width and shift due to electrons
decrease slowly for temperature values above 100, 000 k.

In Figs. 3 and 4, the temperature dependences of pro-
ton-impact widths and shifts, respectively, are shown.
One can see that both widths and shifts slowly increase
with the temperature. For proton-impact broadening for
B IV 3p � 4d transition the impact approximation is not
valid at an electron density of 1017 cm�3 within the whole
Principal quantum number

Fig. 6. Principal quantum number dependence of the electron-impact
width for transitions within 1s2p1P o � 1sns1S; 1s2p1P o � 1snd1D;
1s3p1P o � 1sns1S and 1s3p1P o � 1snd1D spectral series at an electron
density of 1:1017 cm�3 and T = 200,000 K.
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Fig. 4. Temperature dependence of the proton impact shift for
1s2p1P o � 1s3s1S; 1s2p1P o � 1s3d1D; 1s3p1P o � 1s4s1S and 1s3p1P o�
1s4d1D transitions at an electron density of 1:1017 cm�3.
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Adv. Space Res. (2013), http://dx.doi.org/10.1016/j.asr.2013.08.021
interval of the considered temperatures and they are not
included in the figures.

The dependence of the broadening parameters of spec-
tral lines due to impacts with charged particles versus prin-
cipal quantum number within a spectral series is an
important information. If we know the trend of Stark
broadening parameters within a spectral series, it is possi-
ble to interpolate or extrapolate the eventually missing val-
ues within the considered series. The regular behavior of
Stark broadening widths and shifts versus principal quan-
tum number within spectral series is presented in Figs. 5
and 6. The both parameters increase with principal quan-
tum number which reflects the decrease of the distance to
the nearest perturbing levels with the increase of the princi-
pal quantum number.

4. Conclusion

New Stark broadening parameters for 36 multiplets of B
IV have been determined within the frame of the semi-clas-
sical perturbation formalism.The results for Stark broaden-
ing parameters of boron lines could be applicable for the
adequate interpretation of the observed spectra in astro-
physics, astrochemistry, and cosmology, in technological
plasma research, for thermonuclear reaction devices, and
for laser produced plasma investigation. We also note that
the Stark broadening data obtained in the present research,
will be inserted in the STARK-B database (Sahal-Bréchot
et al., 2012, 2013), which is a part of Virtual Atomic and
Molecular Data Center (VAMDC – Dubernet et al.,
2010; Rixon et al., 2010).

Additionally, it has been confirmed that the behaviour
of Stark broadening parameters within B IV spectral series
is regular, enabling the interpolation and extrapolation of
new data.
ing of B IV lines for astrophysical and laboratory plasma research. J.
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8 M.S. Dimitrijević et al. / Advances in Space Research xxx (2013) xxx–xxx
Acknowledgments

This paper is within the projects 176002 and III44022 of
Ministry of Education, Science and Technological Devel-
opment of Republic of Serbia. It is also the result of Short
term Scientific Mission CM0805 within COST programme
on The Chemical Cosmos: Understanding Chemistry in
Astronomical Environments. Partial financial support
from project No 6572-20 Technical University – Sofia with-
in Euroatom Programme is also acknowledged. One of us
(MSD) acknowledges the support of the LABEX
PLAS@PAR.

References

Bates, D.R., Damgaard, A., 1949. The calculation of the absolute
strengths of spectral lines. Trans. R. Soc. London Ser. A 242, 101–122.

Cunha, K., Smith, V.V., 1999. A determination of the solar photospheric
boron abundance. ApJ 512, 1006–1013.
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Stark broadening of carbon and oxygen lines in hot DQ white dwarf
stars: recent results and applications. Baltic Astron. 20, 511–515.
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Stark broadening of Pb IV spectral lines. MNRAS 431, 1039–1047.

Hamdi, R., Ben Nessib, N., Milovanović, N., Popović, L.Č., Dimitrijević,
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Abstract

“Stark” broadening theories and calculations have been extensively developed for about 50 years and can now be applied to many
needs, especially for accurate spectroscopic diagnostics and modeling. This requires the knowledge of numerous collisional line profiles.
Nowadays, the access to such data via an online database becomes essential. STARK-B is a collaborative project between the Astrono-
mical Observatory of Belgrade and the Laboratoire d’Étude du Rayonnement et de la matière en Astrophysique (LERMA). It is a
database of calculated widths and shifts of isolated lines of atoms and ions due to electron and ion collisions (impacts). It is devoted
to modeling and spectroscopic diagnostics of stellar atmospheres and envelopes, laboratory plasmas, laser equipments and technological
plasmas. Hence, the domain of temperatures and densities covered by the tables is wide and depends on the ionization degree of the
considered ion. STARK-B has been fully opened since September 2008 and is in free access.

The first stage of development was ended in autumn 2012, since all the existing data calculated with the impact semiclassical-pertur-
bation method and code by Sahal-Bréchot, Dimitrijević and coworkers have now been implemented. We are now beginning the second
stage of the development of STARK-B. The state of advancement of the database and our program of development are presented here,
together with its context within VAMDC. VAMDC (Virtual Atomic and Molecular Data Center) is an international consortium which
has built a secure, documented, flexible interoperable platform e-science permitting an automated exchange of atomic and molecular
data.
� 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Databases; Atomic data; Atomic processes; Line: profiles; Stars: atmospheres
1. Introduction

Broadening of spectral lines due to perturbation of emit-
ting or absorbing atoms, ions, or molecules, by their inter-
actions with the surrounding particles in a plasma or gas is
called pressure broadening. If perturbers are charged parti-
cles, electrons or ions, such broadening mechanism is called
Stark broadening. Data on Stark broadening are of interest
for plasma diagnostic and modeling, as well as for spectra
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analysis and synthesis in many domains for research of dif-
ferent kinds of plasma in laboratory, inertial fusion inves-
tigations, for lasers and laser produced plasmas and
especially in astrophysics, since thanks to space missions,
large space observatories like Hubble, Chandra, Spitzer,
Lyman, and to ground-based telescopes of the ten meters
class, spectra with very high resolution could be obtained
from X to radio wavelength ranges.

In stellar astronomy, Stark broadening data are of par-
ticular importance for white dwarfs, where Stark broaden-
ing is the dominant collisional line broadening mechanism
(Popović et al., 1999b; Tankosić et al., 2003; Simić et al.,
2006; Hamdi et al., 2008; Simić et al., 2009; Dimitrijević
rved.
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et al., 2011; Dufour et al., 2011; Larbi-Terzi and Sahal-Bré-
chot, 2012). Such data are also of significance for interpre-
tation, analysis and synthesis of A and B type star spectra
(see e.g. Lanz et al., 1988; Popović et al., 2001a,b, 1999a,b;
Tankosić et al., 2003; Simić et al., 2005; Sahal-Bréchot
et al., 2010). Modern codes for stellar atmosphere model-
ing, like e.g. PHOENIX (Baron et al., 1998; Hauschildt
et al., 1999; Short et al., 1999) require the knowledge of
atomic data for as much as possible transitions, especially
for trace elements, so that the access to such atomic data,
including Stark broadening ones, via online databases
becomes very important.

The database STARK-B (Sahal-Bréchot et al., 2013),
which contains Stark broadening parameters, namely cal-
culated line widths and shifts of isolated lines of atoms
and ions due to collisions with electrons, protons and dif-
ferent ions, first of all ionized helium as the most important
after electrons and protons for stellar atmospheres, is not
useful only for modeling and spectroscopic diagnostics of
stellar atmospheres and envelopes, but also for laboratory
plasmas, inertial fusion plasma, laser equipments and
technological plasmas. This is a common project where
participants are from the Paris Observatory and the Astro-
nomical Observatory of Belgrade. The database STARK-B
has been opened online since September 2008, and is in free
access. The objective of the first phase of database develop-
ment, was to implement all the existing data calculated
with the impact semiclassical-perturbation method and
code by Sahal-Bréchot, Dimitrijević and coworkers. We
are now working on the second stage and the state of
advancement of the database STARK-B will be presented
here, as well as our program of development. We note also
that STARK-B enters in Virtual Atomic and Molecular
Data Center – VAMDC (Dubernet et al., 2010; Rixon
et al., 2010), a secure, documented, flexible, interoperable
platform based on e-science, which permits an optimized
search and exchange of atomic and molecular data. The
relation between STARK-B database and VAMDC was
discussed in Sahal-Bréchot et al. (2012).
2. STARK-B database

Within the impact-complete collision-isolated line
approximation, the profile of an isolated spectral line is
the Lorentz one, characterized by a width at half maximum
of intensity and a shift, so called Stark broadening param-
eters, depending on temperature T and density N of per-
turbers. For not too high densities, due to the impact
approximation, widths and shifts are linearly proportional
to the density of perturbers. But at high densities, due to
the Debye screening effect which decreases the width and
the shift, and which for such conditions can become signif-
icant, the dependence of Stark broadening parameters as a
function of perturber density may decline from the linear
one. This is taken into account in majority of our calcula-
tions, so that for many of atoms and ions the Stark broad-
Please cite this article in press as: Sahal-Bréchot, S., et al. The STARK-B
advancement and program of development. J. Adv. Space Res. (2013), ht
ening parameters for a grid of perturber densities are
implemented in STARK-B.

In the first stage of STARK-B development, we imple-
mented in STARK-B Stark broadening parameters deter-
mined with the semiclassical-perturbation method (SCP)
developed by Sahal-Bréchot (1969a,b) and updated in fur-
ther papers by Sahal-Bréchot (1974) for more complex
atoms, by Fleurier et al. (1977) for inclusion of Feshbach
resonances in elastic cross-sections for the line widths for
ion emitters, and by Mahmoudi et al. (2008) for the partic-
ular cases of very complex atoms. The numerical codes
have been also updated by Dimitrijević and Sahal-Bréchot
(1984) and in further papers. The accuracy is about 20% for
the widths of simpler spectra but is worse for the shifts and
very complex spectra, particularly when configuration mix-
ing is present in description of energy levels. The results of
Stark broadening parameters determination performed by
Dimitrijević, Sahal-Bréchot, and co-workers using the
semiclassical-perturbation method are contained in more
than 130 publications and now have been implemented in
the STARK-B database.

STARK-B is devoted for modeling and spectroscopic
diagnostics of various plasmas in astrophysics, laboratory
physics, technology and other topics, so that the range of
temperatures and densities in the tables is wide and vary
with the ionization degree of the considered ion. The tem-
peratures in tables vary from several thousands Kelvins for
neutral atoms to several millions for highly charged ions.
Also the perturber densities vary from 1012 cm�3 to several
1022 cm�3. The presentation of data, in particular the defi-
nition of configurations, terms and atomic energy levels is
in accordance with the VAMDC standards, in order to
allow interoperability with other atomic databases included
in the Virtual Atomic and Molecular Data Center. We note
also that the wavelengths in STARK-B are usually calcu-
lated from the energy levels that are used as input data
for the determination of Stark broadening parameters.
Consequently, the tabulated wavelengths are most often
different from the measured ones, especially if the used
energy levels are theoretically calculated. For the identifica-
tion of the lines, the configurations, terms and levels are
included in tables as well as the multiplet number from
NIST database (Kramida et al., 2012).

If one opens the homepage, proposed menus are “Intro-
duction”, “Data Description”, “Access to the Data”,
“Updates” and “Contact”. In “Introduction” methods of
Stark broadening parameter calculations and different
approximations which are adopted are briefly explained.
“Data Description” describes the data which are tabulated.
“Access to the Data” provides a graphical interface
enabling to the visitor to click on the needed element in
the Mendeleev periodic table and then on the correspond-
ing ionization degree. For elements in yellow cells, which
symbols are additionally enhanced by boldface, Stark
broadening data exist in the database, and for other cells,
which have the color a little bit lighter than the
background, there is no data. After choosing the needed
database as a resource for “STARK” widths and shifts data: State of
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ionization stage, the user with several clicks chooses the
colliding perturber(s), the perturber density, the transi-
tion(s) by quantum numbers and the plasma tempera-
ture(s). A query by domain of wavelengths instead by
transitions is also possible. Then a table containing the
Stark full widths at half maximum of intensity and shifts
is generated. In our tables, a positive shift is towards the
red and a negative one towards the blue. At the beginning,
before the table, an instruction how to cite the use of
STARK-B, and bibliographic references for the data in
the table below are given and linked to the publications
via the SAO/NASA ADS Physics Abstract Service
(http://www.adsabs.harvard.edu/) and/or within DOI, if
available. The widths and shifts data can be downloaded
as an ASCII table or in format adapted for Virtual Obser-
vatories – VOTable format (XML format).

Actually (1st of July 2013) in the STARK-B are Stark
broadening parameters for 79 transitions of He, 61 Li, 29
Li II, 19 Be, 30 Be II, 27 Be III, 1 B II, 12 B III, 148 C
II, 1 C III, 90 C IV, 25 C V, 1 N, 7 N II, 2 N III, 1 N
IV, 30 N V, 4 O I, 12 O II, 5 O III, 5 O IV, 19 O V, 30
O VI, 14 O VII, 8 F I, 5 F II, 5 F III, 2 F V, 2 F VI, 10
F VII, 25 Ne I, 22 Ne II, 5 Ne III, 2 Ne IV, 26 Ne V, 20
Ne VIII, 62 Na, 8 Na IX, 57 Na X, 270 Mg, 66 Mg II,
18 Mg XI, 25 Al, 23 Al III, 7 Al XI, 3 Si, 19 Si II, 39 Si
IV, 16 Si V, 15 Si VI, 4 Si XI, 9 Si XII, 61 Si XIII, 114 P
IV, 51 P V, 6 S III, 1 S IV, 34 S V, 21 S VI,2 Cl, 10 Cl
VII, 18 Ar, 2 Ar II, 9 Ar VIII,51 K, 4 K VIII, 30 K IX,
189 Ca, 28 Ca II, 8 Ca V, 4 Ca IX, 48 Ca X, 10 Sc III, 4
Sc X, 10 Sc 11,10 Ti IV, 4 Ti XI, 27 Ti XII,26 V V, 33 V
XIII, 9 Cr I, 7 Cr II, 6 Mn II, 3 Fe II, 2 Ni II, 9 Cu I,
32 Zn, 18 Ga, 11 Ge, 11 Kr, 1 Kr II, 6 Kr VIII, 24 Rb,
33 Sr, 32 Y III, 3 Pd, 48 Ag, 70 Cd, 1 Cd II, 18 In II, 20
In III, 4 Te, 4 I, 14 Ba, 64 Ba II, 6 Au, 7 Hg II, 2 Tl III
and 2 Pb IV.

We will continue to implement the new results and
under the menu “Updates” is the description of newly
added data with the date of importation. Also all updates
with the date of the first importation and the importation
of revised data are noted. Moreover, for further enquiries
or user support, there is the menu “Contact” with the pos-
sibility to send an e-mail with questions to the correspond-
ing persons.

3. Fitting formulae as functions of temperature

The first step of the stage two of STARK-B develop-
ment was the implementation of possibility to fit the tabu-
lated data with temperature. The theory of Stark
broadening shows that the dependence of line widths with
temperature is proportional to T�1=2 at low temperature
and to logðT Þ=T 1=2 at high temperatures. This was checked
many times, for example in Elabidi et al. (2009). However,
in astrophysics, especially for the modeling of stellar atmo-
spheres, this is not sufficient, since fitting formulae and
coefficients as functions of temperature for the whole line
are needed, since such fitting coefficients are easier to be
Please cite this article in press as: Sahal-Bréchot, S., et al. The STARK-B
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imported to the computer codes for stellar atmosphere
modeling than data with tabulated widths and shifts for a
set of temperatures.

Consequently, in order to enable the better and more
adequate use of STARK-B for stellar atmospheres model-
ing, we have derived (Sahal-Bréchot et al., 2011) a simple
and accurate fitting formula based on a least-square
method, which is logarithmic and represented by a second
degree polynomial:

logðwÞ ¼ a0 þ a1 logðT Þ þ a2 logðT Þð Þ2;
d=w ¼ b0 þ b1 logðT Þ þ b2 logðT Þð Þ2:

ð1Þ

One can be noted that Dimitrijević et al. (2007) proposed
the fitting formula w ¼ C þ AT B, but the present one is
more accurate, due to the second degree term of the expan-
sion. It should be noted also that none of them have a real
physical sense.

Now in STARK-B, for each table with widths and shifts
is added a complementary table with coefficients a0; a1; a2

and b0; b1; b2 for the corresponding fitting with the temper-
ature using Eq. (1), so that it is easier to include the corre-
sponding Stark broadening parameters in computer codes
for stellar atmospheres modeling. We plan also to develop
the fitting formulae as functions of perturber densities in
order to make easier the use of data on high densities
needed for white dwarf atmospheres and sub photospheric
layers modeling.
4. The further development of STARK-B, stage 2

As the next step in STARK-B development is planned the
implementation of Stark broadening data obtained with the
Modified semiempirical method (Dimitrijević and Konjević,
1980; Dimitrijević and Kršljanin, 1986; Dimitrijević and
Popović, 2001). We use this approach for emitters where
atomic data are not sufficiently complete to perform an ade-
quate semiclassical perturbation calculation. Stark line
widths and in some cases also shifts of the following emitters
spectral lines were calculated up to now:

Ag II, Al III, Al V, Ar II, Ar III, Ar IV, As II, As III,
Au II, B III, B IV, Ba II, Be III, Bi II, Bi III, Br II, C
III, C IV, C V, Ca II, Cd II, Cl III, Cl IV, Cl VI, Co II,
Cu III, Cu IV, Eu II, Eu III, F III, F V, F VI, Fe II, Ga
II, Ga III, Ge III, Ge IV, I II, Kr II, Kr III, La II, La
III, Mg II, Mg III, Mg IV, Mn II, N II, N III, N IV, N
VI, Na III, Na VI, Nd II, Ne III, Ne IV, Ne V, Ne VI,
O II, O III, O IV, O V, P III, P IV, P VI, Pt II, Ra II, S
II, S III, S IV, Sb II, Sc II, Se III, Si II, Si III, Si IV, Si
V, Si VI, Sn III, Sr II, Sr III, Ti II, Ti III, V II, V III, V
IV, Xe II, Y II, Zn II, Zn III, and Zr II.

Another future step is the implementation of our quan-
tum data in STARK-B. Also, our plans concerns the devel-
opment of additional fittings along principal quantum
number for a given multiplet, charge of the ion collider
along isoelectronic sequences, of the radiating ion, homol-
ogous ions in order to enable to estimate by interpolation
database as a resource for “STARK” widths and shifts data: State of
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and extrapolation the data that are missing in STARK-B
database.
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spectral lines in chemically peculiar stars: Te I lines and recent
calculations for trace elements. New Astron. Rev. 53, 246–251.
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Abstract. The halfwidths of seven Si 111 and four Si IV lines have been measured in 
a pulsed arc. The electron density of 5.8 x loL6 cm-3 was determined by laser interfero- 
metry, while the electron temperature of 25600 K was measured from a Boltzmanii plot 
of the relative intensities of the C1 111 lines. The experimental Si 111 and Si IV Stark-profile 
halfwidths were compared with calculated values obtained from Baranger’s semiclassical 
and Griem’s semiempirical approaches. The agreement between experiment and semiem- 
pirical results is within 15%. 

1. Introduction 

A recently published critical review and tables of selected data (Konjevic and Wiese 
1976) indicate that there are only a few reliable measurements of the Stark-broadening 
parameters of multiply ionised atom lines. In order to supply more data, we have 
performed a number of experiments to investigate the Stark broadening of the promi- 
nent spectral lines of Ar 111 and Ar IV (Plati8a et a1 1975a), N 111 (Popovic et ul 
1975), 0 111 (PlatiSa et a1 1975b) and C1 111 (PlatiSa et al 1977). These data were 
also compared with the theoretical results in order to verify the application of various 
approximations (PlatiSa et ul 1975a, 1977, Hey 1976). 

From a plasma diagnostic point of view, there is constant interest in the lines 
of different elements and their ion species as these can be used for the determination 
of the plasma electron density. Since silicon is frequently present as an impurity 
in laboratory plasmas, the Stark-broadening parameters of multiply ionised silicon 
lines may be of particular interest. Therefore, we have performed an experiment to 
investigate the Stark broadening of Si 111 and Si IV lines, and the results for some 
prominent lines are given in this paper. The experimental results are compared with 
the theoretical results calculated using two approaches (Baranger 1962, Griem 1968). 

2. Calculation of the linewidths 

For the theoretical evaluation of the linewidths, we have used two basically similar 
theoretical approaches : Baranger’s semiclassical approach and Griem’s semiempirical 
approach. Most of the detail of the theoretical calculations can be found elsewhere 
(Baranger 1962, Griem 1968, 1974) and therefore only a few details will be given 
here for completeness. 
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The semiclassical theory of Baranger (1962) uses second-order perturbation theory, 
and treats an electron-atom collision as the time-dependent perturbation of an atom 
by an electron moving along a hyperbolic path. In this theory, line broadening is 
caused only by weak inelastic transitions. If one neglects quadrupole and higher-order 
interactions (treating a collision as a monopole-dipole interaction), the Stark half- 
width of an isolated line of a radiating ion is given by 

471 9 
3 j j t  3271’ j j ‘  = ii’, ff’ (1) u f (v )  dv - NeX2 z RJ?, -f (tjj.) exp (271 I t j j . 1 )  w = JOX‘ 

where Ne,  U and X = h/mv are the electron density, velocity and reduced de Broglie 
wavelength respectively. f ( v )  is the velocity distribution function (Maxwellian), and 
RYj, is the square of the matrix element of the atomic-electron position vector I’ 

in units of the Bohr radius for upper level i and lower level j and corresponding 
perturbing levels i’, j’ : 

Here gj  is the statistical weight which, in the case of LS coupling, has a value for 
the multiplet of 

gj  = (2Lj + 1)(2Sj + 1). (3) 

The Coulomb excitation function fE, is tabulated by Alder et al (1956) and in the 
classical limit is given by 

where K i c ( l )  are Hankel functions (Alder et a1 1956, Abramowitz and Stegun 1964) 
and 

(5) 

where Z is the ionisation stage and wj j .  is the angular frequency separation of levels 
j and j ‘ .  Argument t j j .  is symmetrised with respect to the perturber velocity before 
(U) and after (U’) an inelastic collision. Integration of the velocity in equation (1) 
starts at a threshold, i.e. fE, = 0 if v 2  < 2hwjj.. The right-hand side of equation (4) 
is equal to the Stark-broadening function a, ) (see e.g. Griem 1974), where 
E is the eccentricity of the hyperbolic path for E,,,, = 1. 

For evaluation of the linewidths, we used Griem’s (1968) semiempirical approach, 
with the semiempirical Gaunt factor 
tic process. This approach gives for 

g extrapolated below the threshold for an- inelas- 
the line halfwidth: 

where 

(l/& = (2m/nkT)’”. 
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This method is based on the quasiclassical Gaunt factor obtained in the first 
Born approximation, using the Bethe formula for the inelastic cross section. Then, 
the theoretical Gaunt factor is replaced by the semiempirical one with the value 
0.2 at the threshold. This value below the threshold also makes an allowance, in 
some way, for the contribution of the elastic collisions. 

The Coulomb excitation functions are expressed through the Gaunt factor 

In the high-energy limit, g (t j j .) obtained from Coulomb excitation theory is equiv- 
alent to the quasiclassical Gaunt factor obtained in the first Born approximation, 
but in the adiabatic limit g ( l j y )  tends to unity. This is a very crude value and all 
attempts to improve the calculations have usually been concerned with introducing 
cut-off multiplicators in the electron velocity integration (Seaton 1962). On  the other 
hand, the value g = 0.2 at threshold is too low for multiply ionised atoms, as was 
indicated by some experimental results (PlatiSa et al 1975a, 1975b, 1977) and pointed 
out by Hey (1976). This also follows from recent calculations by Hayes (1975). Still, 
with the value g = 0.2, theory (Griem 1968) gives much better agreement with experi- 
ment than with g = 1. 

For both theoretical approaches (Baranger 1962, Griem 1968) it is necessary to 
evaluate the square of the matrix element of the electron position vector l ( j l r l j )  I * ,  
which was taken from Bates and Damgaard (1949) and Oertel and Shomo (1968), 
and to perform the calculation for each particular line. 

3. Experiment 

The plasma source was a low-pressure pulsed arc (Konjevic' et a1 1971). It consisted 
of a pyrex tube of 24" internal diameter with the distance between electrodes 
equal to 20 cm. At the centre of both electrodes, holes of 1 mm diameter were located 
for laser interferometric measurements and for end-on plasma observations. The dis- 
charge was driven by a 150 pF condenser bank charged to 1.4 kV. It was first necess- 
ary to pre-ionise the gas in the discharge tube and later discharge the main condenser 
bank via the ignitron. In order to obtain a uni-directional current plasma decay, 
a second ignitron placed in parallel with the discharge was fired after 25 ps (discharge 
current ringing frequency 10 kHz). During the experiment a continuous flow of an 
argon-silicon tetrafluoride-dichlorodifluoromethane mixture was sustained at a pres- 
sure of 0.15 Torr. 

The light from the pulsed arc was observed end-on by an EM1 6255B photo- 
multiplier-monochromator system (1 m McPherson, inverse linear dispersion 
4.16 A"-'). This instrument has, with 10 pm slits, a measured instrumental half- 
width of 0.047 .& The relative spectral response of the photomultiplier-monochroma- 
tor system was calibrated against a standard tungsten 'coiled-coil' quartz-iodine lamp. 
During the scanning of the line, great care was always taken to ensure that measure- 
ments were taken in the region of the linear response of the photomultiplier and 
amplifier. The output of the photomultiplier together with the current waveform 
were recorded on a dual-beam oscilloscope. Scanning of the Si 111 and Si IV lines 
was accomplished by repeated pulsing of the arc while advancing the monochromator 
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in 0.02 8, wavelength steps. All signals were analysed at the maximum electron con- 
centration. 

4. Determination of line profiles 

The experimental line profiles are, in fact, the result of the superposition of a Stark 
profile, an instrumental profile and the profiles induced by other broadening mechan- 
isms. To assess the importance of different broadening processes apart from electron 
impact Stark broadening, table 1 gives calculated linewidths for various multiplets 
of Si 111 and Si IV. 

Table 1. Calculated full halfwidths of spectral lines of different multiplets of Si 111 and 
Si IV. The results are given in Bngstroms. 

Broadening 

Ion Multiplet Naturalt Doppler Resonance: \an  der Waals: Ion? 

Si 111 4s 3s-4p 3P0 0.0048 0.098 0.0 1.9 x 10-”N,, 0,0011 
Si 111 4p 3 P u 4 d  3D 0.0036 0,082 0.0 1.6 x 1 0 ~ 2 ’ N A ,  0.0015 
Si IV 4s 2 s 4 p  2P0 0.0089 0,090 2 x 10-2’Nsl,k, 1.4 x 10-21N,, 0.0006 

Experimental conditions: N,, = 5.8 x 10l6 ~ m - ~ ,  T,!,> = 25600 K .  
+Transition probabilities taken from Wiese et a /  (1969). 
$ Evaluated from Griem (1964), equations (4,104) and (4.1 13). 

Evaluated from Griem (1974), equation (2186). 

From table 1 it is easy to conclude that, apart from electron impact broadening 
(typical full halfwidth 0.15 A), Doppler broadening makes the largest contribution 
to the experimental linewidth. If one takes into account the initial pressure of neutral 
argon (0.15 Torr) and the corresponding concentration of Si (<0.01 Torr), resonance 
and van der Waals broadenings are found to be negligible. The same conclusion 
can be drawn for ion broadening which, in all cases, is less than 1% of the experimen- 
tal linewidth. However, it is interesting to note that natural line broadening is not 
completely negligible, in particular for the Si IV multiplet. 

Therefore, the experimental line profile consists of two parts : dispersion (caused 
mainly by electron impact and natural broadening) and Gaussian (caused by Doppler 
and instrumental broadening). To obtain the Stark profile from the measured one. 
it was first necessary to use a deconvolution procedure for the dispersion and Gauss- 
ian profiles (Davies and Vaughan 1963). If the natural linewidth is known. it is 
straightforward to deduce the Stark linewidth from the dispersion profile. However, 
the natural linewidths did not exceed 7% of the dispersion profile linewidth. 

As we knew the instrumental width, it was possible to deduce the ion temperature 
from the Gaussian part of the linewidth. It was found that the ion temperature 
and measured electron temperature are the same (within the limits of the experimental 
errors) for the present experimental conditions at the peak of the electron density. 
If we also take into account the relatively high electron concentration 
(-5 x 1016cm-3), we can use the assumption of excitation and ionisation LTE for 
the determination of the electron temperature in our plasma (Griem 1964). An 
example of experimental measurements fitted with the corresponding Voigt profile 
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is given in figure 1. This figure illustrates, at the same time, the typical scatter in 
the experimental data. 

The greatest care was taken to ensure that line self-absorption did not affect 
our lineshape determinations. This was achieved by careful examination of the line 
intensities and lineshapes as functions of the experimental conditions and by checking 
the optical depth of the strongest lines by measuring the intensity ratios within each 
multiplet. The experimental ratios were then compared with theoretical predictions 
based on LS coupling. 

' " I  I 

L.2Yzz 
O 080 

Figure 1. Experimental data (0) for the 4088.8 8, Si III line fitted with corresponding 
Voigt profile (-). The electron density was 5.8 x 10l6 ~ m - ~ ,  and the electron tempera- 
ture 25600 K. 

The ratio SiF,:Ar = 1 :40 (or 1 :20) was determined after a number of experiments 
in which SiF, was diluted gradually. Two criteria were used to determine the time 
at which to stop further dilution: (a)  the line intensities within a multiplet should 
agree to within 5% with the values derived from transition probability data (Wiese 
er al 1969), and (b)  the line intensity should start to decrease while the linewidth 
remains constant for the strongest lines in the spectrum investigated. It should be 
mentioned here that, at high dilution ratios, the plasma parameters (electron density 
and temperature) at constant pressure do not change within the limits of the experi- 
mental errors. 

Finally, it should be noted that the experimental results presented later in table 
2 were obtained end-on from the discharge in the argon-silicon tetrafluoride-dichloro- 
difluoromethane mixture. Traces of the third gas (CCI,F,) were introduced for 
plasma thermometric purposes, so that the relative intensities of the Cl 111 lines could 
be used to measure the electron temperature. Most of the Si 111 and Si IV lines 
were investigated in the mixture with the ratio SiF,:Ar = 1:40, while the Si 111 lines 
4574.76 and 3230.50 8, and the Si IV line 4116.10 8, were investigated with a mixture 
of ratio 1 :20. The total initial pressure was 0.15 Torr. 
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5. Plasma diagnostics 

A helium-neon laser interferometer with a plane external mirror was used to deter- 
mine the axial electron density. Interferometric fringes at 6328 A were detected by 
a photomultiplier placed behind the monochromator to separate the signal from 
the plasma radiation. The peak electron density was 5.8 x 1016cm-3 with an esti- 
mated error not exceeding i- 7%. 

The electron temperature of 25600 K i 10% was determined from the Boltzmann 
plot of the relative intensities of the C1 111 lines (3191.45, 3289.80, 3393.45, 3530.03, 
3612.85 and 3748.81 A), assuming thermal equilibrium (Griem 1964); the transition 
probabilities were taken from Wiese et al(1969). 

Both quoted values, for the electron density and the temperature, were taken 
at the peak of the electron density where all the measurements of the line profiles 
were performed. 

6. Results and conclusions 

The experimentally determined full halfwidths of seven Si 111 and four Si IV lines 
(in Angstroms) at an electron concentration of 5.8 x 1016cm-3 and an electron tem- 
perature of 25600 K are given in table 2. The estimated errors of these linewidths 
are typically I l50 / , .  The estimated errors do not include the uncertainty in the 
electron density and temperature measurements. 

For the same experimental conditions, two sets of theoretical data were calculated 
and are also given in table 2. The semiclassical results for the linewidths according 
to the theory of Baranger (1962) with hyperbolic trajectories for the perturber paths 
are introduced in the table under W,. The results obtained from Griem’s (1968) 

Table 2. Experimental Si 111 and Si IV full halfwidths W ,  in gngstrBms, compared with 
theoretical values calculated for the same experimental conditions from Baranger’s (1962) 
semiclassical W, and Griem’s (1968) semiempirical W,, approach. ASjS is defined by 
equation (8). 

Transition Designation 
Ion array (multiplet number) Wavelength W,, w3 W,, AS,S 

455262 
4567.82 
4574,76 

3791.41 

3241,61 
3233.95 
3230.50 

4088.85 
4116.10 

3165.71 
3149.56 

0.180 0.142 0,152 0,045 
0.18, 0,142 0.152 0,045 
0.176 0,142 0,152 0,045 

0.204 0.157 0.176 -0.016 

0.186 0.151 0,173 -0.035 
0.186 0.151 0.173 -0.035 
0.182 0.151 0.173 -0035 

0.125 0.092 0.101 -0.017 
0.123 0.092 0.101 -0.017 

0,138 0,075 0,097 0,006 
0.13, 0.075 0,097 0.006 

Experimental conditions: N e  = 5.8 x 1 0 1 6 ~ m - 3 ,  T,  = 25600 K 
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semiempirical approach are shown in the table under WsE. Here it should be noted 
that, using a semiempirical approach, we did not lump together dipole matrix ele- 
ments as was recommended by Griem (1968, 1974). The necessary condition for this 
simplification (Griem 1968, 1974) was not fulfilled since the Gaunt factors for the 
several perturbing levels are far away from the threshold value of 0.2. For example, 
if one uses for Si IV 4p ’P”4d  ’D (multiplet number 2) the sum of the dipole matrix 
elements for all perturbing transitions, a full halfwidth of 0.128 A is obtained which 
is about 30% larger than the corresponding value in table 2. 

In order to illustrate the completeness of the sets of perturbing energy levels, 
with regard to the dipole matrix elements, for each particular line in table 2, the 
parameter AS/S is introduced (Jones et a1 1971) 

where 

Here E, is the ionisation energy of the hydrogen atom and E ,  is the energy of 
the state to which the term of the level investigated converges. From the data for 
AS/S in table 2, one can conclude that sufficiently complete sets of energy levels 
(Moore 1965) were taken into account. 

Both theoretical approaches (Baranger 1962, Griem 1968) give values which are 
smaller than the measured ones, although the semiempirical method is closer to  
the experimental data. It is possible to explain, at least qualitatively, why the values 
calculated from Baranger’s (1962) approach are smaller. This theory does not take 
into account the contribution of elastic collisions, while Griem’s (1968) semiempirical 
method takes care of elastic collisions through the integration of the perturber velocity 
below the threshold energies. For higher ionisation stages, typical energy-level separ- 
ations are increased, so it is not correct to neglect the contribution from elastic 
collisions. In order to assess the importance of elastic collisions, we have calculated 
the dipole polarisation term for elastic collisions in the second Born approximation 
according to Brtchot and Van Regemorter (1964). For the Si 111 lines in table 2, 
the magnitude of the contribution of the elastic collision term is about 50% of the 
measured linewidths W,, while for Si IV it is even greater than 50%. For example, 
for Si IV 4s 2S-4p ’P. (multiplet number 1) the elastic dipole polarisation term is 
0.120 A. 

From the comparison between theory and experiment (table 2), one can conclude 
that there is agreement to within 15% with the semiempirical results (Griem 1968), 
although the theoretical data are systematically smaller. The results obtained from 
the semiclassical approach (Baranger 1962) are also systematically smaller, but the 
agreement is worse, in particular for the Si IV lines. The discrepancy would be de- 
creased if one took into account the contribution of the elastic collisions to the 
linewidth. However, the semiempirical results obtained with a Gaunt factor of 0.2 
at a threshold still agree better with experiment. 
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To our knowledge there is only one experimental result for the Si 111 4552.62 A 
line (Puric'et a2 1974) which can be used for comparison with our data and it has 
been obtained in a reflected shock-wave plasma at an electron temperature of 
16400 K. A halfwidth of 0.36 8, is given (Purid et al 1974) for an electron density 
of 1 x 1017cm-3. If one normalises the result for the same line in table 2 to the 
electron density 1 x 1017cm-3, a full halfwidth of 0.31 is obtained. The agreement 
is within the limits of the experimental errors of both experiments. 
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Abstract. Angular correlations between the escaping electrons after ionising collisions 
between an electron and single-, double- and triple-charged hydrogenic ions have been 
examined in the vicinity of the ionisation thresholds. Numerical investigations indicate, 
within a restricted classical model, an increasing spread of the mutual-angle distribution 
with an increase of the ion charge, but do not reveal the total disappearance of all angular 
correlations for an ion nuclear charge 2 3 3, as predicted by Rau. The increase in the total 
spread of the mutual angle with the nuclear charge has been fitted by a Z0'56 power law. 
Dependence of the angular spread on the total energy has been examined for e-LiZf and 
excellent agreemeni with the analytical prediction of Vinkalns and Gailitis has been 
obtained. The final energy distribution generally appears to be uniform, as in the case of 
electron-neutral-atom collisions, but in some cases it deviates from this simple behaviour 
when Z 2 3 .  The relation between the regular non-uniform distributions and those 
suggested by Temkin and Rau has been discussed. 

1. Introduction 

The advance of experimental techniques and the extensive use of powerful computers 
have renewed interest in near-threshold ionisation processes for electron-atom 
collisions. Apart from the threshold law, derived analytically as early as 1953 by 
Wannier and confirmed both experimentally (e.g. McGowan and Clarke 1968, Cve- 
janoviC and Read 1974) and numerically (e.g. Banks et a1 1969, Peterkop and 
Tsukerman 1970, GrujiC 1972), some other features, peculiar to near-zero total energy 
processes, have attracted the attention both of experimenters and theoreticians. In 
particular, the mutual-angle distribution function for e-He ionisation has been investi- 
gated experimentally by CvejanoviC and Read (1974) and numerically for e-H 
collisions (GrujiC 1976). Both measurements (CvejanoviC and Read 1974) and 
computer calculations for e-H (e.g. GrujiC 1972) and e-Hec (GvejanoviC and GrujiC 
1974, Boesten er a1 1976) of the total energy partition between the escaping electrons 
agree with the numerical analysis of Vinkalns and Gailitis (1967), which was the first to 
indicate that every partition of the available energy between the outgoing electrons 
should be equally probable (see, however, Temkin 1974). 

Of particular importance to the present work are three analytical approaches by (i) 
Vinkalns and Gailitis (1967), (ii) Peterkop (1971) and (iii) Rau (1971). In (i) a purely 
classical approach was employed, though different from the original Wannier one. 
Besides re-deriving Wannier's threshold law, these authors found that the spread of the 
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e12 - T distribution function should decrease with a decrease of the total energy E as 
, for 2 s 2, and as ~ 1 / 4  

Y = ;[(42 -9 ) / (42  - l)]’” for 2 3 3 (1) E 1 / 4 - u / 2  

2 being the charge of the nucleus of the hydrogenic target (atomic units are used 
throughout). It was argued that only a full quantum mechanical calculation in the 
innermost region (of the order of the dimensions of the target) could yield the proper 
form of the differential cross section. The Wannier part of the phase-space of the 
electron-hydrogen-atom system has been investigated semiclassically by Peterkop 
(1971), who derived a constant differential cross section, in the vicinity of the saddle 
point of the potential (method (ii)). Finally, Rau (1971) carried out a quantum 
mechanical analysis in the same (Wannier) region and also confirmed Wannier’s results 
(method (iii)). Later the same author (Rau 1976) expanded his analysis and found 
that, in the first approximation to O I 2  - T ,  the angular distribution function should be 
Gaussian in shape. 

It is worth emphasising the following common features of the above calculations: (i) 
the authors restricted themselves to the Coulomb zone, where all important correlation 
effects persist; (ii) the energy dependence of the spread of the distribution functions for 
2 = 1 , 2  is that quoted in Vinkalns and Gailitis (1967). The latter result has been 
corroborated by the measurements of CvejanoviC and Read (1974), but the experiment 
was unable to provide the shape of the angular distribution. 

Besides taking actual measurements, one can investigate collision phenomena by 
making use of computer simulations of a real experiment. This can be done in several 
ways, e.g. by applying a Monte Carlo method (see, e.g. Suzukawa and Wolfsberg 1978). 
These procedures, however, are not suitable for the investigation of near-threshold 
behaviour, because the ionisation probability is extremely small in that energy region. 
In this case one must resort to a combined graphical and non-random integration 
method, which has already been used in some previous calculations. 
However, whilst being successful in providing the threshold law, this method is of only 
limited value in investigating distribution functions. Nevertheless, it can give an insight 
into some general features of near-threshold phenomena, in particular into the angular 
and energy distributions, as indicated earlier (GrujiC 1976). This method is used here in 
order to study some properties of the angular and energy distributions in the vicinity of 
the threshold in He+, Liz+ and Be3+. 

In the next section we give a brief description of the classical three-body computer 
program, together with some details of the numerical procedures employed. Numerical 
results are presented in 0 3 and then discussed in § 4. 

2. Numerical procedure 

As in previous calculations, the computer program developed by Abrines et a1 (1966) 
has been used, with a modified Runge-Kutta subroutine due to Banks and Wilson 
(private communication). The program is based on the classical three-body system, 
which in our case consists of the incident electron and a hydrogenic ion with a nuclear 
charge 2. For the purpose of our calculations, the program has been modified in three 
respects: (i) non-random integration is adopted, at variance with the original Monte 
Carlo procedure; (ii) asymptotic initial-state Coulomb interaction between the imping- 
ing electron and the ion has been accounted for by inserting a subroutine which 



Angle and energy distributions near the threshold 1875 

evaluates the initial position and moment of the incident particle, from given values at 
infinity; (iii) the code has been converted into double precision so that a typical accuracy 
of 99% has been achieved. 

The classical three-body model describes the target ion by a nucleus (practically) at 
rest in the laboratory system, with an electron moving around it along a Kepler orbit, 
and the incident electron moving along the Oz axis from infinity. The entire system can 
be defined (at a fixed total energy E )  by six parameters: the total angular momentum 
(L); the angular momentum of the target ( I ) ;  the Euler angles of the Kepler orbit 
(4, 8, +); and the position of the atomic electron on the orbit, defined by the time 
parameter t. Obviously, a full statistical treatment of any near-threshold distribution 
function would be a formidable computational task. Even disregarding the time needed 
to find out ionisation intervals, a complete treatment of the angular distribution would 
mean calculations of N 6  trajectories, where N is the number of values of a particular 
parameter. Adopting N = 10 and taking an average computing time of 1 min/orbit (a 
typical value), it is obvious that this kind of approach would not be feasible even with the 
help of the very powerful computers available at present. Consequently, one has to 
resort to a more restricted model which will not give the exact shape of any differential 
cross section. 

We have chosen the following (plane case) model: L = 0, 1 2 =  0.5, 8 = $T, + = &r 
(see figure 1). Values of 1’ being uniformly distributed within a microcanonical 
ensemble (see e.g. Abrines et a1 1966), the choice of 1’= (1’) = 0.5 is aimed at a partial 
compensation for the omitted variation. (This choice seemed more appropriate than 
that of 1’ = 0.8 (Grujii: 1972).) 

The general computational procedure is as follows. For a fixed value of 4, the time 
parameter t is varied over the whole interval (0, T ) ,  where the orbit period T is given by 

where CL is the electron-nucleus reduced mass, and n the principal quantum number (in 
our case n = 1). The program calculates the final energy of the impact electron as a 
function of t (see figure 2)  so that ionisation intervals are determined by means of 
graphical interpolations. The largest of these intervals is examined further by comput- 
ing trajectories within the interval. The accuracy of the final computed values is 
checked by comparing conserved quantities, the total energy and the total angular 
momentum of the system, before and after the collision. 

3. Results 

3.1. Angular distributions 

We first examined the case of e-He+, i.e. 2 = 2. A typical electron final-energy curve is 
plotted in figure 2 against the time parameter t. The ionisation intervals, defined by E:, 
E: > 0 are determined by the intersections of E: (E:) with E‘ = 0 and E‘ = E (see figure 
3). Generally, one of these intervals is much larger than the others. In the particular 
case shown in figure 2, this is the interval furthest left, which has been shown in more 
detail in figure 3. The final electron energy, as seen in figure 3, is a strictly linear 
function of t, showing that the energy distribution function 

F,(E:) = const dtldE: (3) 
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0 XlL TI 2 

t (aul 

Figure 1. The initial (schematic) configuration for an 
electron-hydrogenic-ion collision, for the plane case 
L = 0 (see text). 

Figure 2. Final energy of one of the electrons as a 
function of the initial time parameter t (see text), for 
e--He+ collisions. 

t (arbitrary un i t s )  

Figure 3. Electron final energy and mutual angle parameter y (  = n= - OI2) in the ionisation 
interval, for e-He' collisions. The angular distribution, corresponding to the y curve is 
sketched in the lower right-hand corner (see text). 

is constant over the entire ionisation interval. The corresponding distribution function 
for the mutual angle OI2 

F,(eI2) = const dt/de12 (4) 
indicated at the lower right-hand corner of figure 3, is strongly peaked at the particular 
(minimum) angle and can be approximated well by a delta-function. Repeating 
computations for different q5 values, we have obtained a set of y = 7~ -e?;" (4) values, 
as shown in figure 4. One point computed for l 2=0 .8  is presented for the sake of 
comparison. Making use of the curve in figure 4 one could calculate the distribution 
F,(y) = const dq5/dy, as was done in the case of 2 = 1 (GrujiC 1976), but we shall 
dispense with that here, sketching only the general shape of this function in the upper 
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right-hand corner of figure 4. What is, however, of importance here is the total spread 
of F 4 ( y ) ,  which is given by the length of the interval [0, y(Z.rr)], as seen from figure 4. 
Another important feature of F 4 ( y )  is that its maximum is well removed from y = 0, in 
accordance with the findings for e-H collisions, where the maximum is situated at 
012 = T only for much smaller total energies (Grujik 1976). Hence, if the actual 
distribution is to be Gaussian, it must be at E << 0.03 au, according to the model adopted 
here. Analogous computations have been carried out for e-Li2' collisions, and the 
results are shown in figure 5 .  Comparing curves from figures 4 and 5 one sees: (i) the 
simple, almost linear, form of y(q5) for He' disappears; (ii) the total spread is again 
determined by y(&r) .  

3 au I'10.5 au 

7r A 2R 2K 0 ~__~L_..L._.I._L___L.._L~ 

9 (rad1 9 (rad1 
0 

Figure 4. Mutual angle parameter y( = v - 8;;'") 
versus the initial orientation of the Kepler orbit 4, 
for +He' collisions. The angular distribution, 
derived from the y function is sketched in the upper 
right-hand corner (see text). 

Figure 5. Same as for figure 4 but for e-Li2+ 
collisions. 

Assuming that (ii) is a common feature for 2 3 (although this assumption is not a 
crucial one), we carried out computations for e-Be3+ at q5 = &r only, since as the nuclear 
charge increases the curves E: ( t )  become more oscillatory and generally the compu- 
tations become much more involved. 

In order to see how the spread of F,(y) depends on 2, we have plotted y(q5 = ?T) 
versus the nuclear charge 2, as shown in figure 6. As can be seen, the angle y increases 
monotonically with 2, and no radical change is observed in passing from 2 = 2  to 
2 = 3. In order to test this monotonic behaviour of y further, the value for the 2 = 1 
case has also been plotted (note, however, that the latter had been calculated with 
1' = 0.8 au). The point calculated from the results for e-H (GrujiC 1976) fits the general 
behaviour well. 

In order to test the analytically derived formula for the spread of the angular 
distribution (Vinkalns and Gailitis 1967), we carried out computations of y(q5 = &r) for 
e-Li2' collisions at two more energies. The results are presented in table 1, together 
with the best fit function of the form y = aEP (second and third columns). As can be 
seen from the third column in table 1, the best fit p exponent is in excellent agreement 
with the analytically derived (Vinkalns and Gailitis 1967) value of p = 0.1195. Judging 
from the dispersion of the computed points, this almost exact coincidence is however 
somewhat fortuitous. 
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Figure 6. The spread of the angular distribution, at 4 =&, versus the ion charge 2 (see 
text). 

Table 1. Mutual angle parameter y = .TT - 8;;'" and ionisation intervals At (second and 
fourth columns) and corresponding best-fit values (third and fifth columns) at different total 
energies E in the case of e-Li2+ collisions (see text). 

E (au) y (deg) 117.1 Atx lo5 (au) 284 E"o33 

0.0064 64.33 64.01 1.65 1 6 3 9  
0.0316 76.58 77.48 8.04 8.007 
0.0615 84.50 83.91 15.9 15.93 

3.2. Energy distributions 

As already mentioned, all numerical investigations up to now and the only measure- 
ments carried out (CvejanoviC and Read 1974) do not reveal any deviation from energy 
uniformity in the final (ionised) state near the threshold. However, it was argued by 
Rau (1976) that, taking the second-order correction to the differential cross section 
p 2 y 2  (p  = $T - tan-l(rZ/rl)) there should be a non-uniformity in the p distribution at 
relatively large values of y, for Z = 1,2 .  We looked for deviations in the linear 
dependence of E: (E:) on t, for e-He+, and did not find any, even for y > 50". For 
instance, at y = y&) = 64" the linearity persists in the E: energy band for an order of 
magnitude beyond the total energy E.  However, we found that in a few particular cases 
(i.e. at a specific q5 value) of e-Li2' collisions, the energy distribution does deviate from 
uniform. The function E: (t)  within the ionisation interval for q5 = I T  and E = 
0.0064 au ( y  = 56.4") is shown in figure 7. No attempt has been made to extract an 
energy distribution F: (El) = const df/dE:, but it is evident from figure 7, that F, has a 
minimum near the centre of the ionisation interval, i.e. at small p values. This is 
opposite to Rau's (1976) analysis for Z = 1,2.  One can interpret this result with the 
following simple considerations. If the escaping electrons share the available energy 
unequally, i.e. if p # 0, then y may be relatively large, since the electron mutual distance 
can still be large (rl >> rz), in contrast to the case of r l =  r2 when the 'harmonic-oscillator 
force' imposes strict correlation in 012 on the motion. In other words, if El >> EZ the 
outgoing electrons may follow each other and still both escape. 
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If this interpretation is correct, then the 'non-linearity effect' might be present 
whenever y is large. We examined the ionisation interval for e-Be3+, where y = 83.3" 
( 4  = &r) and found an energy dependence quite analogous to that in figure 7 .  

i i i  
t (arbitrary units1 

Figure 7. Final energy of one of the electrons, for e-Li2' collisions. 

Generally, present calculations reveal that energy distribution does not follow the 
usual pattern corresponding to Z < 3 for Z 3 3. In one particular case of e-Li2', 
E = 0.0064 (4 = &) the E:(2, ( t )  functions are quite irregular and show an undulatory 
character in the ionisation interval. In order to check if this ionisation interval can be 
used in deriving the threshold law, we calculated the lengths of three ionisation 
intervals, and the results are shown in table 1 (fourth column), together with values 
obtained from the best fit to aEb function. As can be seen from table 1, computed 
values are in fair agreement with the Wannier threshold behaviour particularly 
considering At  (0.0064) was rather poorly determined. Consequently, the uniformity 
of energy distribution does not seem to be crucial in determining the threshold law for 
the ionisation cross section. 

4. Discussion 

The present calculations have revealed a gradual increase in the spread in the mutual- 
angle differential cross section as the ionic targets become more charged and this was as 
expected. As the influence of the remaining ion nucleus increases, the role of electron 
correlation diminishes. That this change in the spread as a function of Z can be 
regarded as an actual representation of the change in the complete angular distribution 
has been corroborated by the high level of agreement between the total spread 
behaviour, as a function of E, and the analytically derived law. Our numerical results 
conform more to Peterkop's (1971) expressions than to those of Rau (1971). It should 
be noticed that the present approach is in a sense complementary to treatments (i)-(iii) 
quoted earlier: we have confined ourselves to a plane, but our treatment covers the 
entire range of rl,  r2,  while the analytical treatments mentioned employ a full three- 
dimensional space, but remain outside the inner zone, i.e. r? + r: > R2.  

The energy distribution behaviour in the case of Liz+ and Be3+ turned out to be 
irregular, ranging from a simple uniform distribution to quite complicated forms. 
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Generally, we conclude that, as the ion charge increases, the energy differential cross 
section may become inhomogeneous. As Wannier’s threshold law turns into a linear 
function for 2 >> 1, since all correlation effects die out, the uniform energy distribution 
may disappear for the same reason. Whether this effect would be measurable depends 
on the relative frequency of the ‘irregular’ ionisation intervals. Hence, in the case of 
2 3 3  a numerical derivation of an actual energy distribution may require a full 
‘six-parameter statistical treatment’, just as in the case of the mutual-angle distribution. 

The present numerical investigations have not revealed the predicted 2 = 2 -+ 2 = 3 
‘jump’ in the mutual-angle distribution, but have indicated that the jump may appear in 
the energy distribution. It is interesting lo notice that a non-uniform distribution was 
put forward by Ternkin (1974) for any value of 2. We can say that in a number of cases 
examined in this work, our findings are not inconsistent with the distribution which he 
proposed. 

As for possible experimental investigation, it would be of interest to perform 
measurements with double- and triple-charged ions and see whether the features 
calculated numerically are dominant or, at least, noticeable. As was done by Cve- 
janoviC and Read (1974) with He, both angular and energy distributions could be 
checked in a single experimental arrangement. 
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Abstract. The classical trajectory method is applied to the investigation of low-energy 
e +He  + He2+ + 3e collisions. In contrast to the hydrogenic case numerical calculations 
appear unable to derive the ionisation threshold law by varying one or two initial 
parameters. Final electron energies appear as linear functions of the initial time parameter 
and it is conjectured that the energy distribution should be uniform within the total energy 
interval: 0.544 5 E 6.75 eV. Calculated angular correlations between the three escaping 
electrons conform to the full central symmetry at very small energies, but go over to axially 
symmetric configurations as the energy rises. The final angular momenta acquire large 
values, with dramatic enhancement at the edges of an ionisation interval, where momentum 
exchange becomes particularly strong. Finally, the applicability of the classical model to 
non-hydrogenics is discussed, as well as some stochastic effects encountered. 

1. Introduction 

Since renewed interest in the classical theory of atomic collisions was initiated by 
Gryzinski (1959), much work has been done, both analytically and numerically, 
concerning charged-particle-atom’(ion) collisions within the classical picture (see e.g. 
Burgess and Percival 1968). However, the classical approach to atomic processes has 
been used either for charged-particle-hydrogenic collisions (such as e-H scattering) or 
‘hydrogen situations’ (e.g. electron-Rydberg-atom collisions), which reduce essentially 
to a three-body problem (see e.g. Percival and Richards 1975). Another approach, 
adopted by Gryzinski (see e.g. Gryzinski 1979), which treats the atomic target as a 
dynamical stationary system, reduces to particle-time-dependent-potential scat- 
tering. 

All numerical calculations based on the classical trajectory method, since the 
appearance of the three-body computer code of Abrines and Percival (1966), have 
been, in fact, dealing with hydrogenic systems, regardless of the processes considered. 
Bonsen and Banks (1971) did some computations for p-He ionisation, but the 
approximation they used reduced the classical scattering model to the binary encoun- 
ters approach, which is essentially a quasi-three-body problem. In the case of the near 
threshold processes this is not a serious drawback, since in the ionisation volume (and its 
close vicinity) of the phase space all atoms behave as quasi-single-electron systems (e.g. 
CvejanoviC and GrujiC 1975). However, in the case of processes where more than one 
active atomic electron takes part, as in case of a multiple ionisation, the problem of 
setting up a reasonable classical many-electron atomic system must be directly faced. 

0022-3700/81/101663 + 12$01.50 @ 1981 The Institute of Physics 1663 



1664 e-He double ionisation 

This is not a trivial extension of the hydrogen model, since, as is well known, it is the 
failure of the old quantum theory to provide an adequate non-hydrogenic model (see 
e.g. Percival 1980) that led to quantum mechanics. 

The gim of this paper is twofold. Firstly, we want to examine how effective a purely 
classical two-electron atomic model can be in describing a class of electron-atom 
processes, such as the near-threshold double ionisation of He. Secondly, unlike the 
single-ionisation threshold processes, when all theoretical and experimental data agree 
on the threshold law (see e.g. GrujiC 1972, and references therein), there is dis- 
agreement between the analytical calculations (Wannier 1955, Klar and Schlecht 1976) 
and the unique experimental results (Brion and Thomas 1968). Besides this principal 
aim, numerical investigation of the energy and angular distributions and angular 
momenta behaviour are also of interest. Unfortunately, it turned out that the pro- 
cedure of varying only one (or two) parameter, which was successful in the case of 
hydrogenics, does not work in the case of a three-electron system as far as the threshold 
law is concerned. On the other hand, the study of angular distributions and angular 
momenta behaviour have revealed some new interesting features. 

In § 2 the physical model adopted fo’r e-He collisions is set up and discussed, as well 
as the computer code used in the numerical calculations. Calculations of the ionisation 
threshold law, the energy and mutual angle distributions, and of the angular momenta 
of the escaping electrons, are presented in § 3. Finally, the capability of the classical 
trajectory method in describing many-electron threshold effects is disucssed in the last 
section, together with some intrinsic computational difficulties met. 

2. Calculations 

2.1. e-He classical model 

The helium model we nave adopted is based on the so-called Bohr’s model (see Leopo!d 
and Percival 1980, for this and some other classical set-ups), which consists of two 
electrons revolving around the nucleus along the common (circular) orbit. The model 
assumes elliptical rather than circular orbits (see figure l ) ,  but it preserves the original 
symmetry with regard to both radius and velocity vectors of the electrons. This 

Figure 1. Electron-helium scattering classical model (initial configuration). 
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symmetry is important in numerical calculations, as it ensures a reasonable stability of 
the atomic system. Further, the model provides a fairly good ground state energy: 
-3.063 au, as compared with the actual value: -2.9037 au. 

Hence, our collision model consists of an impact electron moving along the Oz axis, 
with an impact parameter p and the quasi-hydrogenic helium target in the same plane, 
as shown in figure 1. The computer program used is based essentially on the code 
developed by Abrines et  al (1966) for three-body classical-trajectory Monte-Carlo 
calculations. The code is modified and extended for the purpose of dealing with 
quasi-four-body systems. Besides removing all statistical features of the code (see 
DimitrijeviC and GrujiC 1979, to be referred to as I) essential modifications to the 
program are: 

( a )  The code has been converted into double precision (14 significant figures). 
This change is imposed by the greater complexity of the system, and particularly by the 
nature of the physical process under consideration, since the double-ionisation intervals 
were expected to be much smaller than those for single ionisation. This double- 
precision conversion has been carried out in two stages: (i) first only the Runge-Kutta 
integration routine has been rewritten, the rest of the program being left in single 
precision. This ensured an accuracy better than 99% in the total energy calculated 
value as well as in the total angular momentum numerical results; (ii) when the total 
energy was decreased below 0.08 au, the entire code was put into double precision, so 
that the input data were determined very accurately, too. The importance of this 
improvement will be disucssed in the last section. 

(6) We have set the target nucleus to be at rest at the origin, so that the system 
consists of three (identical) particles moving in the Coulomb field (quasi-three-body 
problem). The program then solves the corresponding Newton equations (cf Percival 
1973) (atomic units are used throughout). 

d2ri 2 ri - ri 
_.- i, j = 1 ,2 ,3 .  

r i  j t ’ i  Iri -rjl d t2  - -7+ c ~ 3 

(c) The exit routine, which checks if a final configuration has been achieved, had to 
be extended considerably, the number of possible ‘channels’ in the final configurations 
being enlarged by introducing the third electron. Since in the final channel the 
two-electron bound state is (classically) inaccessible (cf CvejanoviC and GrujiC 1975), 
the computing proceeds until at least two electrons reach the free state; this inevitably 
prolongs the computing time per orbitt. 

For the fixed helium (ground) state energy and the total angular momentum L = 0, 
the system can be described initially by the parameters: E (eccentricity), 8 (orientation 
of the major axis), t (time parameter) and the impact energy E,. The primary goal is to 
find an ionisation interval by varying at least one of the quantities: E ,  8 and t (with E, 
fixed). Once the ionisation interval is localised, the quantities of interest, like the final 
energies, angular momenta, etc, are calculated, within and around it, as functions of the 
initial parameter varied. The initial values of the parameters varied are distributed 
equidistantly and, where necessary, a graphical interpolation is employed so as to save 
computational time, which was typically 2 min per orbit, within or close to an ionisation 
interval. The program calculates the final energies, angular momenta and mutual 
angles (in case of triple escape). 

i- We are indebted to Dr S CvejanoviC for help in developing the exit routine. 
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3. Results 

3.1. Threshold L a w  

3.1.1. Review of analytical and experimental inuestigations. The first conjecture of the 
possible threshold behaviour of the double ionisation cross sections was made by 
Wannier (1955), who concluded, on the basis of simple geometrical considerations, that 
electron-atom multiple ionisation should follow the power law 

U!"' cc (ail))" (2) 
where ai" is the cross section for the single ionisation (double escape) and IZ is the 
degree of ionisation. Further, following his previous classical study of single ionisation 
near threshold (Wannier 1953) he suggested that the double ionisation threshold law 
should read, approximately: 

(3) 
(2) cc ~ 2 . 2 5 4  

g I  

where E is the total energy, i.e. the exponent should be somewhat larger than 2, the 
value corresponding to the no-correlation case. 

In their analytical quantum mechanical study of the multiple escape of electrons 
from a Coulomb field Klar and Schlecht (1976) found that the dominant contribution to 
the ionisation probability close to threshold comes from the doublet quantum state, and 
that the exponent (cf equation (3)) has the value 2.270f. 

To our knowledge, the only experiment performed to derive the double ionisation 
threshold behaviour was done by Brion and Thomas (1968) by measuring the intensity 
of the 3He2+ ion current. Although the electron energy resolution quoted (50 meV) was 
sufficient to reveal a deviation from the square law, they fitted the results to E 2  
behaviour in the energy region (0-25 eV) above the double ionisation threshold. This is 
to be regarded as more disturbing in view of their e + He +, He' + 2e results, which they 
found definitely in accordance with the El 127 power law in the region 0-12 eV. 
However, it is to be noted that, in general, the low-energy ionisation cross section curve 
goes over to the no-correlation case if either the impact electron energy spread is too 
large or the total energy interval considered is too wide. It is the latter case which seems 
to have affected the results for the double ionisation and more elaborate investigations 
in the energy range 0-5 eV are needed (in particular, experimental set-ups of the type 
due to CvejanoviCl and Read (1974) are desirable). 

3.1.2. Numerical search for the threshold law. In searching for the ionisation intervals 
we have adopted the same strategy as in I, keeping the 8 and E parameters constant and 
varying the positions of the atomic electrons on their Kepler orbits uia the time 
parameter t (see figure 1). In the energy region 2.4 s E s 6.75 eV the following values 
have been used: 8 = 297.5", E -- 0.8, the latter meaning that l I  = -1.4 au, 12 = 13 = 0.7 au 
(the initial values of the electron angular momenta). An ionisation interval is deter- 
mined by the requirement that the final energies of all three electrons are positive: 
E:, E:, E: > o (E: +E: +E: = E  = constant). In figure 2 an ionisation interval at 
E = 0.1682 au (4.6 eV) is shown. This has the typical energy dependence on t of all 
'high-energy' intervals (E  > 2 eV), with the impact electron energy curve running 

t Interestingly, though the latter authors quote Wannier's theory for the single ionisation, no mention of his 
work of 1955 has been made. On the other hand, Klar and Schlecht's results for the multiple ionisation 
(p 1709) have been, in our opinion, misinterpreted in the review by Burke and Williams (1977, p 345). 
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- t i a r b i t r a r y  units1 

Figure 2. Double-ionisation interval at E = 0.1682 au; 0, initial orientation of the orbit (see 
figure 1); E ,  eccentricity. 

parallel to one of the atomic electron’s final energy. The length of the interval turns out 
to be very small indeed, being typically lop4 of the range of t (0, T = 2 au). The 
accuracy of E; calculations was typically better than 99%, achieved by putting an error 
parameter, which governs the integration step length, EPSILN = 0.1. 

Following our earlier procedure (see GrujiC 1972) ‘we computed a number of 
intervals at different values of E, in order to establish their dependence on the energy. 
However, unlike the hydrogenic cases, it turned out th8.t no simple power law could be 
fitted to the values calculated, the curves computed exhibiting no monotonic behaviour 
at all. Starting at E = 6.75 eV with a finite length it reached a maximum at E = 2.55 eV, 
and then decreased more or less monotonically until it disappeared at E = 2.15 eV. We 
have been unable to find it for lower E without changing one of the parameters (kept 
constant for E > 2 . 1 5  eV). A single interval was detected at E = 0 . 0 8 8  au with e 
slightly changed to 0 = 296.9’. The corresponding electron energy configurations are 
shown in figure 3, which exhibits a different pattern compared with the ‘high-energy’ 
region (cf figure 2). Attempts to locate this interval at some nearby energy points have 
failed, indicating apparently irregular behaviour of the whole system in the final 
configuration, as in the case for higher E. 

0 02 

- f l a rb i t ra ry  uni ts)  

Figure 3. Triple-escape interval at E = 0.02 au (lower energy region, see text). 
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The possibility of deriving a threshold law from the behaviour of a single parameter 
interval comes from the fact that in hydrogenic case an appropriate choice of the system 
parameters may reduce the corresponding phase-space volume contraction, as E 
decreases, to reduction along a single direction (Wannier 1953). 

In general, this need not be the case and the full extent of this phase-space volume 
should be calculated (in which case not only the threshold law, but the absolute cross 
section would be obtained). Hence, one possible way out would be to compute not 
ionisation intervals, but manifolds of higher dimensions as eventual representatives of 
the threshold behaviour. A tentative choice would be a determination of magnitudes of 
surfaces in a two-parameter subspace. Thus a trial was made by changing both the 8 
and t parameters. (This kind of approach was used in calculating e + H(n = 1) + e + 
H(n = 2) excitation function behaviour (GrujiC 1973).) We have computed the quan- 
tities 

U, = I",, 8 ( ~  -0.8) dE d e  d t  

at two energies: 2.67 and 5.15 eV; it provided the power law: uE - E4.06', with the 
exponent twice as large as that expected. Apparently, the ionisation phase-space 
volume is not fixed, or/and it does not preserve its shape as the energy varies. The 
possibility that a homotetic contraction takes place must be ruled out, since in such a 
case ionisation intervals for every parameter should conform to a power law, as can be 
easily shown. Hence it appears that an evaluation of the full volume in the configuration 
subspace spanned by E, 8 and t would be necessary. This, however, would require 
prohibitive computing time. 

3.2. The energy distribution 

Unlike the hydrogenic case where it is sufficient to examine the final energy of only one 
of the escaping electrons (see figure 4 in I), the energy curves being symmetrical about 
E/2, in the triple escape case it is more convenient to plot all three energy functions, as 
was done in figures 2 and 3. As can be seen from these figures, the functions are linear in 
t, as a general case, in near-threshold processes (see, however, figure 7 in I), but a 
derivation of the corresponding energy distribution among the escaping particles is not 
straightforward here. 

We consider first the higher energy region. From the energy conservation law and 
shapes of Ef(t) (see figure 2) we have (approximately), with superscript f omitted 

Now in view of the complexity of the electron trajectories in the strong interaction 
region, it is reasonable to assume that all configurations have equal statistical weights. 
Then there is a set {e, E }  which yields the same energy dependence as in figure 2 with 
curves 2 and 3 interchanged. This quasi-ergodic hypothesis is corroborated by figure 2, 
where it is the impact electron final energy (curve 1) that runs parallel to that of electron 
3, rather than the other atomic electron (curve 2). Therefore we may write, for some 
other initial configuration, an analogous set of equations: 



e-He double ionisation 1669 

From the first equations of equations (4a)  and (46) we conclude that, statistically, 

lfil= lfil = 1-1 dt  =constant. 
dE1 dE2 dE3 

This, however, still does not imply that it corresponds to a uniform energy 
distribution, unlike the hydrogenic case; for the latter to hold equations ( 5 )  must be 
valid in the entire possible range: OSE; S E ,  j =  1, 2, 3. To get a proper energy 
distribution a sample of the graphs of the type of figure 2 would be necessary for a 
number of different sets (6, E } ,  in contrast to the hydrogenic case (cf I). One can infer, 
however, some qualitative features of the actual distribution, without going into 
extensive computations. We see from figure 2 that neither of the electron energies 
come close to E. In order to do that curve 3 would have to move upwards, decreasing at 
the same time its slope, curve 1 following this decrease so as to remain parallel to curve 
3. (Actually, this sort of behaviour is found, at a fixed (6, E }  set, as the energy E 
increases.). A decrease of slope would mean, on the other hand, an increase of the 
probability of finding an electron within the corresponding energy interval, and 
consequently the overall balance would be shifted to the energies close to E. However, 
it can be shown that the statistical weight of the curves Ei( t )  =constants  E is smaller 
than those with E,(t) = E/2, for example. Let us consider two representative cases: 

The number of occurrences of the last inequality of (6a)  depends on the number of 
possible arrangements of El and E*, within the very small interval (0, E-E3), which 
itself will be relatively small, too. In contrast to this, in case (6b) this number would be 
considerably larger, for, say, E3 = SE, and consequently, the statistical weight of the 
latter, accordingly greater. With these two competing effects, i.e. the increase of 
Idt/dE31 and diminishing statistical significance of E3 < E points, a conjecture that the 
overall energy distribution remains uniform seems reasonable. 

As for the lower energy region (see figure 3), the situation is somewhat more 
complicated since no correlations (apart from the conservation law) appear among 
Ei(t). However, the same sort of analysis is applicable here, too. For instance, keeping 
the E3 curve fixed, the El curve may move its left-hand side towards E, while E:! curve 
would correspondingly approach the E3 line. Hence, we estimate that the final energy 
distribution may be uniform, just as was the case with hydrogenic targets. 

3.3. Angular distribution 

As the analytical calculations, based on Wannier’s theory, suggest (Klar and Schlecht 
1976, see also Rau 1976), configurational symmetry in the final state found in the 
double escape case, should be the principal ‘carrier’ of other multiple escapes, with the 
equilateral triangle configuration in case of double ionisation, tetrahedron for fourfold 
escape, etc. These symmetrical arrangements are to be compared with the planetary 
model of bound states (Bohr 1913) (plane case), where the exact angular (central) 
symmetry is assumed, too, but the energy distribution is a singular function (6 
distribution), in contrast to an ionisation channel, which possesses only configurational, 
but not the velocity, symmetry (uniform energy distribution). 
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We have examined angular configurations for a number of the ionisation intervals 
computed and found that these configurations fall into two distinct classes, depending 
on the energy region considered. In figure 4 we present the numerical results for the 
mutual angles between three escaping electrons from the ionisation interval from figure 
3, at E = 0.020 au. As can be seen the mutual angles are close to the completely 
symmetrical case (eii = 120"). However, one can notice a sort of dynamical symmetry, 
which appears axial rather than central: while the velocity u2 remains almost constant 
within the interval, u1 and u3 change noticeably in direction and considerably in 
magnitude (cf figure 5 ) .  

0 + c a. 

0 
E 
E 
L 
0 

3 

c 

- 
m 
a 

t ( a r b i t r a r y  un i ts )  

Figure 4. Angular momenta at E = 0.02 au; I ; ,  initial value of jth electron; O,, mutual angles 
of escaping electrons. 

The axial symmetry, in fact, appears to a fuller extent as one moves to higher 
energies. Namely, it turns out that the most significant mutual angles are 90" and 180", 
as can be infered from figure 5 ,  at E = 0.098 au, where 012 = 89" and 013 = 170" are 
calculated in the middle of the ionisation interval. Hence, one has a hydrogenic double 
escape, followed (or preceded) by a single escape perpendicularly to the double escape 
direction. This finding might be of interest for a possible experimental investigation of 
the double ionisation processes. Namely, at energies larger than 2 e V  above the 
threshold, it would be sufficient to detect (in coincidence) two escaping electrons, with 
their energy measured, in an experimental set-up similar to that from CvejanoviC and 
Read (1974). 

3.4. Angular momenta 

Since Fano's conjecture (1974) about an enhanced exchange of the electron angular 
momenta in the threshold vicinity, much attention has been paid to the behaviour of the 
final state momentum (see GrujiC 1979, and references therein). In view of the more 
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Figure 5. The same as in figure 4 at E = 0.098 au. 

complex system we are dealing with here, it is of interest to see if the electrons within 
and close to the ionisation intervals acquire large angular momenta, too, and how they 
behave as the energy of the system goes to zero. In figure 5 computed individual 
angular momenta, at E = 0.098 au, are shown and compared with their initial values 
(horizontal lines). As found before in the hydrogenic cases, the angular momenta are 
largely enhanced by the combined attractive force of the remaining ion and the mutual 
repulsion due to other electrons, as can be seen in figure 5 (cf figure 1 from GrujiC 
1979). Angular momenta become particularly large as the edges of an ionisation 
interval are approached. This effect is especially prominent at small energies, as is 
evident in figure 4 for E = 0.02 au. At the boundary where an electron bound state goes 
over the continuum, the many-body features appear crucial for the angular momenta 
exchange. In the case of the hydrogenic target it was the nucleus which ceases to play 
the role of a spectator and takes over a great amount of the momentum. In the present 
case motion of the nucleus has been suppressed, but the third electron, introduced into 
the system, takes over its role. (In the particular case shown in figure 4 it is electron 2; cf 
figure 1 from GrujiC 1979.) Note, also, the abrupt changes of the momenta as one 
enters the ionisation interval; they take different forms: a step in case of electron 1 (at 
the right-hand edge), pole-like behaviour for electron 2 (left-hand edge) and mixed 
features in other cases shown. From figure 4 we see that the step corresponds to 
‘recombination’ of the impact electron, with atomic electrons flying away (single 
ionisation via the exchange). It is interesting to note, comparing right-hand edge effects 
in figures 3 and 4, that a change of sign of the impact electron energy gives rise to a 
dramatic change of the angular momenta of the other two electrons, but not of their 
energies. The situation looks rather similar at the left-hand edge, with the roles of 
electrons 1 and 3 interchanged. This edge effect indicates a rather peculiar (classical) 
mechanism and deserves the attention of an analytical study. 

Another point of interest, raised by Fano’s (1974) considerations, concerns the 
energy dependence of the electron angular momenta. However, as it was the case with 
the energy distribution (see § 3.2), the situation is complicated by the presence of 
three-body correlations here. Thus it would not be very instructive to follow the change 
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of a single angular momentum, say of electron 1, as shown in figure 6. The magnitude of 
the momentum (taken from the middle of the corresponding intervals, where momenta 
acquire, approximately, stationary values) exhibits a monotonic decrease as for the 
hydrogenics, but no attempt has been made here to fit the numerical results to a power 
law. (Note that l l(E = 0.02) has a different sign from the rest; this ionisation interval 
was calculated at a slightly different 0 value, which might have affected numerical 
results to an unknown extent; see the discussion in the last section.) 

0 2 i, 6 a 
Energy (eV1 

Figure 6. Energy dependence of the angular momenta; note that the lowest energy 
momentum corresponds to a (slightly) different 6' value. li(f), initial (final) angular momen- 
tum of jth electron. 

As a more appropriate measure of the energy behaviour of the angular momenta, 
we have calculated the quantity 

which has been plotted in figure 6, as well. As can be seen, (+(E) follows closely Il(E). 
Hence the exchange effect does play an increased role as zero energy is approached in 
case of a three-electron system, in accordance with Fano's prediction for single 
ionisation. 

4. Concluding remarks and discussion 

An extension of the electron-hydrogen three-body problem to the e-He system is not a 
trivial task. Although the latter is a quasi-four-body system, one should bear in mind 
that, except for the angular momentum edge effect, discussed in the previous section, 
the e-H system is also a quasi-three-body problem. Further, though conceptually a 
straightforward extension of the e-H system, numerical difficulties met in the compu- 
tation reported here turned out to be considerably more serious and in some respects 
formidable. Since it seems to be an inherent feature for the non-hydrogenic case, these 
difficulties deserve particular considerations. We shall discuss two rather distinct 
energy regions: higher energy (2.0-6.0 eV) and lower energy (0-0.6 eV) intervals, 
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which we examined numerically. Although both sets of calculations were carried out 
with the same accuracy in the trajectory integrations, they differed in the accuracy of the 
input data, the first region using a single-precision mode (6 reliable significant figures), 
the other one 13 figures (double precision). The numerical error in both cases was 
below 1%. However, in the single-precision input data calculations the final results 
turned out not to be reproducible, to the extent that the final energy curves were shifted, 
and thus the corresponding ionisation interval, too. This translation in the ‘energy 
space’ affected computed lengths of the ionisation intervals to a much smaller extent, so 
that the irregular behaviour of the latter could not be attributed to the observed 
‘motion’ of the final data. 

This effect was particularly prominent in the lower energy region, so that we had to 
convert the entire code to the double-precision mode. The instability has been thereby 
considerably suppressed, though small shifts still persisted. On the other hand, as the 
structure of the final energy curves becomes progressively more complicated, pushing 
the ionisation intervals further towards zero energy turned out not to make much sense, 
as the computation at E = 0.017 au showed. To appreciate the numerical complexity of 
the problem in this region, let us quote that, when the error parameter EPSILN was 
changed from 0.1 to 0.2, the error in the total energy rose from lo-’ to lo4. However, 
this is not to be confused with the quasi-erratic behaviour of the trajectory due to (small) 
changes of the initial conditions (irreproducibility). The latter has, in fact, become the 
subject of an extensive study, both analytically and numerically, within the problem of 
the dynamical stability of the classical systems. There are, in fact, two aspects of the 
stability problem. One is related to small perturbations of the (conservative) classical 
systems (see Whiteman 1977, and references therein) and concerns, in our case, the 
stability of the classical helium model (see, e.g., Percival 1979a). This problem, on the 
other hand, is related (from the point of view of the numerical treatment of a particular 
classical dynamical system) to the instability due to a small displacement of the volume 
of the phase space for the initial conditions (Percival1979b), which is surely relevant to 
the problem of e-He collisions, as our computations have shown. The quasi-erratic 
behaviour in the case studied appears as a noticeable (and even substantial) displace- 
ment and distortion of the final phase-space volume when the volume for the initial 
parameters is slightly changed. In the higher energy region the latter is effected by the 
(random) change of the seventh figure of the values of the initial parameter whereas in 
the lower energy part even the fourteenth figure turned out to be of importance. 

According to the present results the e-He collision appears as a true many-body 
system, even within the restricted problem we consider-near-threshold Wannier’s 
phase space. It is, possibly, the most complex system which can be treated by the 
classical-trajectory method and, in some aspects as discussed, is even too complex. On 
the other hand, apart from both the numerical and analytical problems of stability, there 
remains the problem of the procedure for numerical derivation of the double ionisation 
threshold law uia Wannier’s theory. A further elaboration of Wannier’s approach for 
triple escape should at least clarify the difficulty we have met in the present work. 
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Abstract. We present quantum mechanical calculations of Stark broadening parameters for 
the Li I 2s 'S-2p *P line. Semiclassical calculations have also been performed and both have 
been compared with other available results. A detailed analysis of Stark broadening 
parameters as functions of the impact electron angular momentum quantum number and of 
the temperature is carried out. The influence of the polarisation potential and of the 
completeness of the set of energy levels on the Stark broadeningparameters is investigated. 
The low temperature behaviour of the half width is discussed too. 

1. Introduction 

In spite of the existence of very successful semiclassical treatments (e.g. Sahal-BrCchot 
1969a, b, Griem 1974) for electron collisional broadening parameters, it is interesting 
to perform sophisticated quantum mechanical calculations. Our purpose is in fact to 
provide a quantitative check of the different approximations which are made in the 
usual semiclassical perturbation treatments. We have chosen the case of a neutral 
atom. As a matter of fact, whereas the dominant angular momentum of the colliding 
electron varies between 3 and 15 for ion emitters because of the long range of the 
Coulomb field, for neutrals it lies typically between 1 and 5 (Bely et a1 1963). Therefore, 
short-range effects are more important and this will facilitate the discussion concerning 
this important aspect of the semiclassical treatment (cut off and strong-collisions terms). 
Moreover, the effect of the exchange should be more important for neutrals and this is 
typically a quantum process. We have chosen the resonance line of Li I (2s 'S-2p 'P) 
because the polarisability of Li is very large both in the fundamental and excited states 
and therefore the importance of the polarisation potential, which is also a short-range 
effect, will be easier to discuss. 

Thus we have computed the impact Stark width and shift of the Li I resonance line, 
both quantum mechanically and semiclassically. For the quantum calculation, we have 
used the K-matrix elements of Burke and Taylor (1969a, b). These are close-coupling 
calculations with exchange including only the 2s and 2p levels. By using the same 
atomic structure (wavefunctions of Weiss (1963)) and the same set of energy levels, we 
have performed the semiclassical calculations by means of the computer code of 
Sahal-Br6chot (1969a, b). In a second stage, we have included the 3s, 4s, 3d, 4d and 5d 

t Present address: Institute of Applied Physics, PO Box 24, 11001 Beograd, Yugoslavia. 
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levels in the semiclassical calculations in order to test the importance of these higher 
levels, and in particular their influence on the polarisation potential effect. We have 
also included this effect in the quantum calculation by introducing polarisation poten- 
tials in the coupled equations (Damburg and Karule 1967, Feautrier et a1 1971) and we 
have compared the results step by step. This is detailed in the following sections. 

2. Quantum and semiclassical methods 

On the basis of the Baranger (1958a, b, c) general quantum mechanical pressure 
broadening theory, Bely and Griem (1969) have derived an expression suitable for 
Stark broadening of isolated lines of non-hydrogenic atoms and ions, which takes into 
account the influence of different components within a multiplet. A similar formula, 
which neglects fine structure, has been developed by Barnes and Peach (1970). We 
adopted the last approach, since in the case of the Li I 2s ’S-2p 2P line fine-structure 
effects can be neglected. Let the initial atomic level i have quantum numbers Li, Si and 
final state f have quantum numbers Lf, Sf.  For an allowed transition in LS coupling, we 
shall write Si = Sf = S.  According to Barnes and Peach (1970), the half-half width w 
and shift d of an isolated non-hydrogenic line can be evaluated in terms of the scattering 
matrix elements Si and Sf in the following manner: 

x s; (Lfsir3LTsT, L ~ S I ~ L T S ’ ) )  (1) 

where the summation is taken over the total angular momenta LT and LT of the system 
(atom+ perturber) in the initial and final states of the transition, the total spin ST of the 
system and the perturber angular momenta 1 and I’ respectively before and after the 
collision. The coefficients in the curly brackets are 6- j  symbols, N is the electron 
density, f(u) is the velocity distribution function for electrons. For a Maxwellian 
distribution of velocity at temperature T 

Owing to the conservation of energy, Si is evaluated at total energy E~ +kmv2 and Sf 
evaluated at total energy Ef + i m v 2 ,  and Ef being the energy of the initial and final 
levels of the line. 

In the case of the 2s ’S-2p ’P Li I line, the formula (1) can be considerably simplified. 
We have Li = 1, Lf = 0 and 1 = I’ = LT so that expression (1) becomes 

w =id  = (rNfi2/m’) 1 $(2ST+ 1)3(2L?+ 1) 
L,TST1 
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where the following notation is used: 

Si(/, LT, ST) = Si(l:l$LTST, l$ltLTST) 

S f ( / ,  I ,  ST) = Sf(O$l$lST, O$1tIST). 

and 

We can sum over LT, obtaining the final formula 

w + i d = N l o  v f ( v ) d v m 1 ( 2 1 + 1 ) (  7T h2 1 (2ST+ 1) 
m v  I sT= 0 12(21+ 1) 

~ [ ( 2 1 + 3 ) ( 1 - S j ( I , l + l , S ~ ) S T ( l , I , S ~ ) )  

+ (21 - 1)(1- Si(1, 1 - 1, ST)$ (1,1, ST)) 

+ (21 + 1)(1- Si(1, I ,  ST)$ (1, I ,  ST))]) .  (4) 

For several open channels, the S matrix can be expressed in terms of the reactance K 
matrix in the usual manner 

S = (1 + iK) / ( l  -iK). (5  ) 

Below the 2p threshold, S reduces to S = exp(2ia). 
The connection with semiclassical theory can be made by replacing the summation 

over 1 by an integration over the impact parameter p of the perturbing classical particle, 
i.e. 

1 + pk with k = mu. (6) 

The equivalent semiclassical formula (e.g. Sahal-Brkchot 1969a) is 

w + i d = N J  vf(v)dv J 2 r p  d p ( l - S i i ( p , v ) S , ' ( p , v ) ) A ,  (7) 
0 0 

S is here the equivalent semiclassical S matrix. The angular average ( over the 
directions of the colliding electron is expressed by a summation over the magnetic 
quantum numbers of the radiating atom 

x (LfsMf I s- 1 LfSMi) .  

The formulae which enter the computer code of Sahal-Brkchot are as follows 
W m 

2w = N I o  u f ( v )  dv( 1 a i j ( v ) +  1 q j , ( v ) +  J 87~p dp sin's> (8) 
j # i  j'#f 0 

2 
s=Q;+Q, 

r m  r o o  
d = N J  v f ( v )  dv J 21rp dp sin 2qp. 

0 0 
(9)  
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The inelastic cross section q j ( u )  can be expressed by an integration over the impact 
parameter of the transition probability 

q j ( u )  = 

i = 2 p 2 p  

27rp dp Pij(p, U )  with Pii(p, U )  = S:,!p, U )  

f = 2 s 2 s  j ,  j '  = nl 2 ~ .  

loa 
The phaseshifts (pp and (pq due respectively to the polarisation potential (rP4) and to the 
quadrupolar potential (r-3) part are given in 8 3 of chapter 2 of Sahal-BrCchot (1969a). 

All the cut-off and symmetrisation procedures in the inelastic cross sections are 
described in § 1 of chapter 3 of Sahal-BrBchot (1969b). We only recall that the cut-offs 
R2,  R 3  in the elastic-collision contribution are chosen so that 

sin2 6(R2) = 4 
and thus 

iff 87rp dp sin2 S = 27rR: 

and 

loR3 27rp dp sin 2q, = 0 2(pp(R3) = 1 

(cf 8 2 of chapter 3 of Sahal-BrCchot 1969b). 
In order to exhibit the contributions to the line width and shift of a given 1, we have 

defined the equivalent semiclassical Stark broadening parameters ws' and d? in the 
following manner 

This procedure will allow us to check the validity of the semiclassical approximation by 
comparing step by step w? +ids' with ws' +id$. 

3. Results and discussion 

In the present paper, we are primarily concerned with the validity of the semiclassical 
approximation. If this is valid, formula (10) and the quantum treatment must give the 
same results. Thus the comparison of these results will give us a check of the 
semiclassical Approach. In the first two calculations (A and B) the 2s 2S and 2p 2P terms 
have been included either in a quantum approach (A) or in a semiclassical approxima- 
tion (B). Moreover, quantum calculations including the polarisation of 2S and 2P terms 
by means of coupled polarised orbitals (Feautrier et a1 1971) were made ( C )  and higher 
levels 3s, 4s, 3d, 4d and 5d have been added in the semiclassical calculation (D) in order 
to show the importance of the polarisation of the 2p 2P term. For this last result (D), it is 
important to notice that terms in de-excitation contribute to the polarisability of excited 
states as was proved theoretically by Damburg (1968). Indeed, in the quantum 
calculations, these terms do not have to be included in the polarisability because they 
are already taken into account in the close-coupling formalism. Malinovsky and Sahal 
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(1970) have shown the importance of these terms in the semiclassical calculation of the 
shift of some caesium and oxygen lines. 

The atomic data (Wiese eta1 1966) used are consistent in semiclassical and quantum 
calculations, in order to obtain a reliable comparison. The set of energy levels and the 
atomic data used are listed in table 1. For the quantum calculations, we used equation 
(3) with data from Burke and Taylor (1969b) for the phaseshifts and the K-matrix 
elements, and we have calculated data at three extra values of the energy. The 
close-coupling solutions of Burke and Taylor have been obtained using a two-state 
approximation, in which the levels 2s and 2p of Li have been explicitly included. As we 
are concerned with a line broadening problem, we have calculated the data for the 
decoupled channel corresponding to the 2p level: they were not calculated by Burke 
and Taylor who were only interested in the excitation collision problem. We have also 
calculated the data for higher 1 values (1 s 20) in the two-state close-coupling approxi- 
mation without exchange, using the Li wavefunction from Weiss (1963) and the code of 
Seaton and Wilson (1972). Also the K-matrix elements are calculated in the close- 
coupling approximation taking into account the total polarisation of the 2p state. The 
solutions of Burke and Taylor are calculated at only a few energies and we calculated 
the missing data at the same values of the energies. For the integration over the velocity 
distribution for several temperatures requiring a large number of values of the energy, 
we adopted a least-squares interpolation and extrapolation procedure which produces a 
loss of accuracy. 

Table 1. Atomic data. 

0 3.80 - 2s 
2p 'P 14904 4.75 27.5 

- 3s 's 27206 10 
4s 's 35012 21 
3d 'D 31283 10 
4d 'D 36623 21 
5d 'D 39095 34 

- 
- 
- 
- 

( b )  Transition i + j  Oscillator strength ( i  + j )  

2s 's + 2p 'P 0.753 
0.115 

2p 'P+ 4s 's 0.0125 
2p2P+3d2D 0.667 

2pZP+5d2D 0.0453 

2p 'P + 3s 2s 

2p 'P+ 4d 'D 0.122 

We have evaluated the contributions wl and dl of the various angular momenta 1 to 
the semiclassical half width w and shift d of the Li I 2s 2S-2p 2P, 6707 A line, as given by 
equation (10). Results for T = 2500,5000,lO 000 and 20 000 K are given in figures 1 
and 2. From both figures one can see that the importance of higher 1 values increases 
with temperature and that higher 1 values are more important for the shift, produced by 
weak elastic collisions, than for the width. Also, one can see that perturbing electrons 
with 1 = 1 are the most important for the line width at T < 20 000 K and for line shift at 
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i 

Figure 1. Relative contributions, W J W ,  of the 
various angular momenta 1 of the colliding electron 
for the semiclassical half half widths at different 
temperatures. The curves E, F, G and H refer to 
temperatures of 2500, 5000, 10 000 and 20 000 K 
respectively. 

i 

Figure 2. Relative contributions, d l /d ,  of the various 
angular momenta 1 of the colliding electron for the 
semiclassical shift at different temperatures. 
Otherwise the same notation as in figure 1. 

T < 5000 K. For higher temperatures electrons with 1 = 2 are more effective. This is in 
accordance with the conclusions of Bely et a l (1963) ,  that for neutrals typical 1 values for 
the incident electron are between 1 and 5 .  

w i / w  and X i = o  d i / d  for 
various temperatures. We can see that 80% of the width is given by 1 ~ 1  at low 
temperature (5000 K) whereas at high temperature 1 s 1 contribute to only 30% of the 
width. For the shift, the convergence is slower: even for T = SOOO", a summation up to 
1 = 10 is necessary to obtain 80% of the result. 

I Figures 3 and 4 show the convergence of the sums 

1 I I I 
0 4 8 

I 

I I 

0 4 a 
I 

Figure 3. Convergence of the sum Zi-0 w , / w  in the Figure 4. Convergence of the sum X i = o  dJd in the 
semiclassical approximation as a function of 1. The semiclassical approximation as a function of 1. 
curves E, F, G and H refer to temperatures of 2500, Otherwise the same notation as in figure 3. 
5000, 10 000 and 20 000 K respectively. 

In figures 5 and 6 (2s, 2p) close-coupling quantum mechanical calculations (curve A) 
of w and d ,  respectively, are presented, together with quantum mechanical calculations 
with total polarisation of the 2p state (curve C). As was expected, we can see that the 
effect of polarisation is important for low 1 values, especially for the shift, where the 
inclusion of this effect can even change the sign of d,. Semiclassical results which include 



Comparison between quantum and semiclassical calculations 2565 

I 1 ~ 1 0 ”  , r I I 

i 4 I 

Figure 5. Comparison between quantum mechanical 
and semiclassical half half width calculations for 
different l values. The broken lines (A and C) refer 
to quantum results and the full lines (B and D) to 
semiclassical results; curves A and B correspond to 
the inclusion of the 2s and 2p levels only, and full 
polarisation of the 2p and 2s levels is included in 
curves C and D. 

Figure 6. Same as in figure 5,  but for the shift. The 
vertical bars represent the estimated inaccuracies of 
the quantum calculations. 

2s and 2p states (curve B) and all perturbing levels (curve D), are also given in figures 5 
and 6. 

At  low temperatures the inelastic collisions are quite negligible. Therefore the 
inclusion of all perturbing levels in the semiclassical approximation is equivalent to a 
semiclassical inclusion of the total polarisation of the 2p state. Thus, one can see by 
comparing A and C and B and D respectively that the inclusion of the total polarisation 
of the 2p state has a more important influence on the semiclassical calculations than on 
the close-coupling calculations. Since there is roughly a factor of two between the 
quantum and semiclassical calculations, this is an indication that additional effects 
which cannot be taken into account by the semiclassical calculations are much more 
important. This remark is to be connected to that of the end of this section: at low 
temperatures the predominant contribution to the width is given by the quantum elastic 
2s-2s cross section. This cross section is then dominated by low-energy resonances in 
the S and P waves and this is typically a quantum effect. As a matter of fact one can see 
that the difference between quantum mechanical and semiclassical calculations is most 
prominent for the lowest 1 values, while with the increase of 1 the results converge as 
expected. We can also see that for line width calculations the most important partial 
contribution is for 1 = 1. When 1 increases, the relative accuracy of the quantum 
calculations decreases because the K matrix elements become smaller and smaller and 
thus the interpolation procedures diminish the accuiacy. Since the convergence of the 
contribution of various 1 is slower for the shift, the latter becomes very sensitive to the 
interpolation procedures. Because of this it is not possible to obtain reliable quantum 
mechanical results for the shift for angular momenta higher than 5 .  

If one takes into account the inaccuracies of the quantum calculations, one can see 
from figures 5 and 6 that the semiclassical and the close-coupling calculations converge 
together at around 1 = 3 for the width and 1 = 4 for the shift. 

We then investigated the influence of the cut-off on the semiclassical calculations 
(figures 7 and 8). At the chosen test temperature of 5000 K, the contribution of the 
inelastic collisions is quite weak and therefore the influence of a change in the 
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1 I I 

0’ ‘\ 

4 
I 

0 
1 

Figure 7. Influence of the change of the cut-off on 
the half half width. Curve C shows the quantum 
results (cf figure 5), curves D, D’, D” are the semi- 
classical results obtained for the cut-offs R2, R;  and 
Ri such that the corresponding phase shift S(R;)  = 
iS(R2) and S(R;) = 2 6 ( R J .  

Figure 8. Same as in figure 7, but for the shift. 

corresponding cut-off is negligible on the total half width. On the other hand, a change 
in the cut-off for the elastic-collision contribution (RZ for the width, R3 for the shift, cf 
preceding section) is only important for 1 = 0 , l  for the width and 1 = 0 , 1 , 2  for the shift. 
This is an interesting result because we have chosen a rather low temperature and a 
neutral atom in order to increase short-range and quantum close-coupling effects, and, 
in spite of that, our results show that the semiclassical perturbational treatment is valid 
for smaller 1 values than theoretically expected. 

The above analysis explains the features and the variations reported in table 2 
(width) and table 3 (shift). Firstly, one can recall that the MMM (model microfield 
method) calculation (Mazure and Nollez 1978) is, in the particular case of lithium, 
equivalent to a close-coupling dipolar semiclassical treatment because non-impact 
effects are negligible. The results of Bennet and Griem (1971) should be equivalent to 
our perturbational semiclassical treatment: the main differences come from the choice 
of the cut-offs and the symmetrisation procedure which is ignored and from the set of 
levels and atomic data. Comparison between lines 2, 3 and 6 shows that the coupling 
and short-range quantum effects decrease when the temperature increases as expected. 
The difference between the semiclassical and quantum calculations which attains a 

Table 2, Li I 2s 2S-2p 2P, A = 6707.8 8,: half half widths in 8, for Ne = 1 O I 6  cm-3 as a 
function of the temperature. The experiment of Pur2 eta1 (1977) would give W = 0.019 A, 
d = -0.0042 8, and W = 0.023 A, d = -0.0039 8, at 17 500 and 26 500 K respectively, for 
the same density. 

T (K) 2500 5000 10000 20000 

(1) A 0.022 0.017 0.014 0.015 
(2) B 0.015 0.016 0.018 0.020 
(3) c 0.021 0.017 0.015 0.015 
(4) D 0.010 0.011 0.012 0.016 
(5) Bennet and Griem (1971) - 0.0099 0.014 0.020 

(7) Mazure and Nollez all levels (1978) 0.0087 0.012 0.015 0.021 
(6) Mazure and Nollez (2s-2p) (1978) 0.012 0.014 0.016 - 
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Table 3. As in table 2, but for the shift; a positive shift is red. 

T ( K )  2500 5000 10 000 20 000 

(2) -0.016 -0.018 -0.021 -0.024 
(4) -0.0056 -0.0066 -0.0071 -0.0068 
( 5 )  -0.0043 -0.0044 -0.0042 
(6) -0.019 -0.020 -0.022 - 
(7) -0.0044 -0.0044 -0.0043 -0.0041 

factor two at 2500" is only 20% at lo4 K. Quantum calculations at 20 000 K are not 
presented because of the lack of accuracy due to the necessary interpolation procedures 
at high energies. The importance of the short-range polarisation effects for the width is 
exhibited by comparing lines (1)-(3) and (2)-(4). In our case of the lithium resonance 
line, owing to the polarisation effect, the width decreases and the shift becomes less 
blue: this is due to the fact that the inclusion of the polarisation of the 2p *P level by 
higher terms shifts this level to the red and in our case this effect has a large influence. 
We have preferred not to give the quantum results of the shift because of the 
inaccuracies in the matrix elements for high 1 values which are predominant. 

Concerning the variation of the width with temperature, we can see that the 
behaviour of the half width is qualitatively different in the quantum mechanical and 
semiclassical cases. In all semiclassical calculations, the half width increases with 
temperature, whereas the quantum mechanical results are a decreasing function of 
temperature. This difference is connected with the behaviour of the quantum elastic 
2s-2s cross section which gives the predominant contribution to the width at low 
temperatures. In fact, Burke and Taylor (1969a) have shown that the cross section 
peaks within 0.1 eV of the 2s threshold due to the presence of low-energy resonances in 
the S and P waves. As can be seen from table 4, the contribution wl s 1 of these two 
waves is predominant at low energies, wlSl  is a decreasing and wlal an increasing 
function of temperature. It is evident that w is a decreasing function for lower and 
increasing for higher temperatures with a turning point between 10 000 and 20 000 K. 
Semiclassical calculations cannot take resonances into account, therefore the elastic 
cross section does not peak at low energy and the width increases with temperature for 
all temperatures. The only existing experiment (Purik et a1 1978) has been performed 
at too high temperatures and does not allow a check of these quantum effects. 

Table 4. Comparison between quantum mechanical half half widths for I = 0 and I = 1, 
wlbl  (&and I>~,,W~,~(&, N,=1016cm-3. 

T (K) 2500 5000 10 000 20 000 

W l b l  (A) 0.016 95 0.011 83 0.008 03 0.005 87 
w1>1 (A) 0.004 75 0.005 07 0.006 37 0.009 53 

4. Conclusion 

The present results show that, for all the plasma conditions considered, the contribu- 
tions from the first 1 values are decisive for evaluating Stark broadening parameters and 
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for their temperature dependence. The importance of higher 1 values increases with 
temperature. Also, for the same plasma conditions, higher 1 values are more important 
for shift than for width. The temperature dependence for low temperatures is deter- 
mined by the elastic part of the total cross section of e-Li scattering, which, within the 
framework of the semiclassical approximation, can be less accurately calculated than 
the inelastic contribution, especially for low temperatures, where strong collisions are 
important. We have shown the different behaviour of the semiclassical and close- 
coupling calculations with temperature. This can be explained entirely by the 
importance of the quantum effects and especially of the resonances which are pre- 
dominant at low angular momenta. It would be interesting to perform experiments at a 
lower temperature in order to check these results. 
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Abstract. Numerical investigations of the positron-atom ionisational collisions near the 
threshold have been carried out within the classical trajectory method. It is found that 
for an infinitely heavy target the threshold law reads: I - whereas recent analytical 
calculations predict a value of 2.65 for the exponent. However, in the case of a hydrogen- 
atom target, the value 1.64 has been obtained, indicating that the resting target mass 
assumption, as employed in all previous analytical investigations of e*-A processes near 
the ionisation threshold, breaks down in the case of the positron-light-atom collisions. 

The energy distribution of the outgoing particles appears non-zero and uniform in 
larger parts of available energy regions: e+[E/2, E], e-[O, E/2], but turns out, surprisingly, 
to be zero around E/2. The calculated energy dependence of the mutual angle is consistent 
with the analytically predicted @+- - behaviour. 

1. Introduction 

Numerical investigations of near-threshold processes serve a twofold purpose: firstly, 
they check the internal consistency of the classical calculations, usually involving 
dynamical approximations and secondly, they supplement classical analytical studies 
with additional information, like some distribution functions, usually not uniquely 
determined by various analytical examinations. The present computational study of 
positron-atom ionisation near the threshold has been motivated by: (i) the general 
rise of interest in processes where positrons are participating, due to the recent 
improvement in the experimental facilities (see, e.g. Griffith 1979) and in theoretical 
advances in modifying the methods designed for e- + A  processes (e.g. Humberston 
1979), (ii) recent analytical derivations of the threshold law for positron-atom ionisa- 
tion, by Klar (1981), making use of his WKB theory, and by GrujiC (1982b) via a 
generalised classical method due to Vinkalns and Gailitis (1967). The law derived 
theoretically reads: I -E2'65 ,  where E is the.tota1 energy of the system. This differs 
considerably from e - + A  case, when the exponent attains the value of 1.127 (Wannier 
1953). 

Recently it has been suggested (Temkin 1982a) that ionisation by positrons need 
not follow a power threshold law similar to previous conjectures about electron impact 
ionisation (see Temkin 1982b, and references therein). In particular, a non-uniform 
energy distribution has been predicted within that approach. 

+ This work has been dedicated to Professor M J Seaton, on the occasion of his 60th birthday. 
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Both Klar's (semiclassical) and GrujiC's (classical) calculations were based on the 
same Wannier model for the near-zero double escape: outgoing particles move 
approximately along a common direction, not far away from the saddle point of the 
interaction potential surface, leaving the target ion at rest at the origin. Thus the 
model reduces the three-body problem to the quasi-two-body system: two light 
particles moving in the Coulomb potential of an (infinitely) heavy ion. This dynamical 
approximation had no effect in the case of an electron impact, due to the highly 
symmetrical configuration in the final ionisation state. On the other hand, as discussed 
by GrujiC (1982b, to be referred to as I), since e- and e+ move in the same direction 
while escaping from the remaining ion, the finite-ion-mass effect may be noticeable 
near the threshold. We have, therefore, carried out two sets of computations: set A, 
for e'-H collisions, and set B, for the e'-A system, where the target A is a hydrogen- 
like atom with the nucleus mass: M A  = 101'm,. As we shall see, the finiteness of the 
proton mass resulted in a striking difference in the threshold behaviour of the ionisation 
cross sections. 

In 0 2 some of the relevant analytical results and the numerical method are briefly 
given and the results of the present numerical calculations are then presented in § 3. 
The computed data are compared with the corresponding analytically derived results 
and discussed in the last section. 

2. Theoretical and computational preliminaries 

2.1. Wannier's model for the near-threshold ionisation 

Though explicitly designed for electron-atom (ion) collisions, Wannier's theory can 
be easily extended to cover positron-atom (ion) ionisation, as shown in I, where the 
approach due to Vinkalns and Gailitis (VG) was adopted. Here we point out some 
of the important features of the model. 

Because of the attractive e-+ec interaction, the positron pulls out the target 
electron and they can escape from the ion, moving in the same direction, by two 
possible ways: the electron remains between the ion and the positron (ionisation) all 
the time or forms a bound system with the positron (positronium). In the case of 
ionisation, double escape proceeds around the saddle point, defined by: e+- (mutual 
angle) = 0, r+/ r -  = 2.153 72, where r+, r- are the distances from the origin (where the 
ion is supposed to reside) of the positron and the electron, respectively. Further, the 
total angular momentum of the system is assumed to be zero (this is not a crucial 
approximation and can be easily relaxed). As the total energy E decreases, escaping 
trajectories which do not cluster tightly around the saddle point gradually disappear. 
As shown in I, a typical mutual angle e+- tends to zero as as the threshold is 
approached. Further, on the basis of the form of the (semiclassical) wavefunction for 
the escaping e* pair, Klar (1981) concluded that the energy distribution between the 
outgoing particles should be uniform, as was the case with ionisation by electrons 
(see DimitrijeviC and GrujiC 1979 and references therein). 

2.2. Numerical procedure 

Since it has been given in more details elsewhere (see, e.g. DimitrijeviC and GrujiC 
1979), we only outline the main features of the computer code used here and quote 
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the parameters adopted for the present computations. A modified, double-precision 
version of the original computer three-body code by Abrines et a1 (1966) has been 
employed for calculating classical trajectories of all charged particles-the nucleus, 
electron and positron. The motion has been confined to Oyz plane, for the sake of 
numerical accuracy. The Kepler orbit eccentricity was chosen to be 0.316 23 and the 
major axis was directed along the Oz axis. All computations have been carried out 
with the error parameters (see Abrines et a1 1966 for their definitions): E =0.05, 
y = 0.12 and S = 0.05, except in a part of the A-set computations (described in the 
next section), where a larger S value had to be adopted. 

Positron-atom collisions are notorious for numerical difficulties. This can be 
understood on the basis of an electron-positron attraction, so that they may come 
very close to each other during collision. Within the classical trajectory method it 
means that e* paths can be very complicated and a large numerical error can be 
accumulated; this actually turned out to be the case with trajectories in the ionisation 
intervals of the A-set computation. Computing time per orbit appeared to be con- 
sistently larger than for electron impacts and was typically a few minutes per collision. 
In A-set calculations the typical error in calculating the total energy was about lo%, 
whereas in B-set computations (see 8 3.2) it was considerably less than 1%. 

As was shown in I, the derivation of the threshold law for e++A can be reduced, 
as it was the case with e -+A,  to the variation of a single system parameter. As in 
previous numerical investigations of the near-threshold processes, we decided to vary 
the position of the atomic electron on its Kepler orbit, defined by the time parameter 
t (see, e.g. figure 1 in DimitrijeviC and GrujiC 1979). An ionisation interval is 
determined by the final energies: 0 <E+ < E, 0 <E- <E. Unlike e- + H collisions, a 
charge transfer is also possible, leading to positronium formation. As we shall see, 
this channel greatly influences the length of an ionisation interval. Another (unstable) 
system may be formed during the positron-hydrogen collision, namely autodetaching 
states of the e+-H (see CirujiC, 1982a), but this process is precluded here, since we 
shall deal with the continuum (E > 0) only. We note here only that in these autoionising 
states one also has: r+ / r -  = 2.153 72, so that an ionisation interval may be viewed as 
a continuation of the autoionisation metastable states. 

3. Results 

3.1. A-set calculations 

Here we investigate the process: e+ + H + p+ + e- + e+, at three total energies: E = 
0.026,0.036,0.046 (atomic units are used throughout). By varying t within the atomic 
ground state period (0, T ) ,  final energies of all three particles are computed. In figure 
1 a typical plot of e* final energies is given, for the energy E = 0.036 au. As can be 
seen in the figure, single-particle energy curves enter the first (left) ionisation interval 
with steep slopes, as t increases (the two curves meet at E+- = E/2). For larger t 
values, the electron attains too large a velocity and catches up with the outgoing 
positron (positronium interval). Since the particle energies are calculated in the 
laboratory reference system, instantaneous values are considerably scattered around 
the mean values, as can be seen in figure 1 (so much so that the positron finds itself 
occasionally in the negative energy region, as exemplified by the rightmost point). 
The charge exchange channel ends up within another (right) ionisation interval (much 
narrower than the left one), and finally direct scattering emerges again. 
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Figure 1. Positron (E,) and electron (E-) final energies for e + + H  collisions plotted 
against the initial time parameter at the total energy E = 0.036 au; 0: positron and 0: 
electron points. 

Both ionisation intervals are subsequently examined in more detail, so information 
on their length, energy distribution and mutual angle and angular momentum 
behaviour may be obtained. It turned out that the numerical error in large parts of the 
ionisation intervals was too large, so that we were forced to reduce the computing 
time (i.e. the number of steps) per orbit, by letting the orbit integration finish somewhat 
before a final state is definitely reached, by increasing the value of the S parameter. 
This mainly affected the final values for the electron, but still allowed us to determine 
lengths of the intervals quite accurately (checks for the points near the interval edges 
confirmed that the free states are reasonably well attained; see Abrines e l  a1 1966 
for the relevant criterion). In table 1 numerical values for the ionisation intervals are 
presented, together with least-square fits to the analytical function: uE”. The best fit 
has been obtained, for both interval sets, with A = 1.64. The fact that both sets yield 
the same exponent, together with the quality of the fits, as can be inferred from 
figure2, convinces us that A has been accurately computed. As another check, we 
computed the length of the left ionisational interval at E = 0.056 au, but with 6 = 0.05 
(final state definitely reached; at higher energies the number of steps is not excessively 
big). As can be seen in figure 2, the point lies close enough to the fitting curve. We 

Table 1. Ionisation intervals for e’+H collisions. The figures in brackets indicate the 
power of ten by which the corresponding value is to be multiplied. 

Left interval Right interval 

Energy (au) At,,, ( a 4  0.0823E1.64 At,,, ( a 4  0.0269E’.64 

2.6 (-2) 2.00 (-4) 2.07 (-4) 7.05 (-5) 6.766 (-5) 
3.6 (-2) 3.43 (-4) 3.53 (-4) 1.15 (-4) 1.154 (-4) 
4.6 (-2) 5.37 (-4) 5.276 (-4) 1.72 (-4) 1.724 (-4) 
5.6 (-2)+ 7.75 (-4) 7.315 (-4) 

~~~~~~ 

t The check point; left interval only. Final state fully achieved (see text). 
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Energy ( au I 

Figure 2. Numerical results for the lengths of the ionisation intervals and the best-fit 
curves: ai?*, for e f + H  collisions. 0: left interval; A: right interval. 

therefore conclude that the threshold law for positron-hydrogen ionisation reads 

I,,, - E 1.64. (1) 
This deviates remarkably from the analytically predicted behaviour, as quoted above. 

Because of insufficient accuracy in computing l+(l-) and O+-, no attempt has been 
made to estimate typical I+@) and 8+-(E) behaviour. The values obtained are, 
nevertheless, found to be consistent with theoretically predicted ones. Thus, I+, I- 
appear much larger than the corresponding initial values (angular momentum 
exchange), while e+- is sufficiently small to indicate a preferential common direction. 
As for the energy distribution, it could be inferred from the present results, but since 
the curves E+(t), E-(t) are computed'much more accurately in the B-set calculations, 
we shall present the derivation later on. 

3.2. B-set calcu lations 

By setting the mass of a hydrogen-like atom nucleus: Ma= 10''m, we investigate a 
model system: e+ + A + A+ + e+ + e-. which consists of the e* pair in the Coulomb field 
of the resting 2 = 1 au charge. Computations have been carried out at energies: 
E = 0.016, 0.026 and 0.036 au. For the last energy numerical results are given in 
figure 3, where the final energies E+,-, positron angular momentum I, and mutual 
angle 8,- are plotted against the initial time parameter t. Also, the mock angle: 
a =tan-' 2.153 72-tan-'(r+/r-) is shown. The last data measure departure from the 
saddle point in radial direction (see Wannier 1953). 

3.2.1. Energy distribution. This can be deduced from the plot of E+ and E- in figure 
3. As indicated in the upper right corner in the same figure, the distribution for e+ 
appears non-zero in the region: (El2 <E+ < E ,  ( s i  and zero otherwise. This rather 
surprising result demonstrates a marked difference between the motion of two escaping 
electrons and the e* pair. When r+/r- approaches asymptotically the value 1.179 80, 
the quasi-free e* pair configuration abruptly collapses into a bound state (positronium). 
The effect can be explained by the fact that both interacting particles are very light 
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Figure 3. Final energies E+, E-, mutual angle 0+_, positron angular momentum 1, and 
the mock angle LY =tan-' 2.153 72-tan-'(r+/r-), for the model hydrogen-like target: 
M A  = 10"m,. In the insert positron energy distribution is sketched. 

and when the positron starts slowing down, the following electron is speeded up at 
the same rate to form a bound state with the former. As a consequence, no free 
particles are expected to be detected within, approximately, one third of the total 
energy interval (0, E ) ,  a.round E/2.  

3.2.2. Threshold law. Computed lengths of the ionisation intervals are presented in 
table 2, together with the least-square fit values. The fitting gives a value of 2.49 for 
the exponent, which is to be compared with the analytically derived value of 2.65 .  

Table 2. Results for the model (set B) calculations, with MA= 10'omm,. The figures in 
brackets as in table 1. 

Energy (au) At,,, (au) 0.668E2.49 l+(a = 0) (au) 0++(a = 0) (rad) At(a  = O)/ht 

1.593 (-2) 2.3 (-5) 2.23 (-5) 12 0.175 0.58 
2.599 (-2) 7.75 (-5) 7.545 (-5) 3 0.227 0.57 
3.605 (-2) 1.695 (-4) 1.704 (-4) 4.1 0.148 0.59 
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The difference is fairly small, but in view of the rather small dispersion of the computed 
data, as evident from figure 4, one could expect even better agreement. From the 
present result we conclude that for a real atom A, the break-up process: e + + A +  
A+ + e+ + e- near the threshold has the following energy dependence of the cross section: 

where the analytical value for the upper limit of the exponent is adopted. 

Energy ( au 1 

Figure 4. Numerical results for the lengths of the left ionisation intervals for e + + A  
collisions, MA= 10"m,, with the best-fit curve: uE*. 

3.2.3. Angular momenta. These attain rather large values in the final channel, as 
seen in figure 3 (note that initially either of the particles can have an angular momentum 
less than one). It is interesting to note, also, that near the very edges of an ionisation 
interval, angular momenta increase enormously. This effect has been observed before 
(see, e.g. DimitrijeviC and Grujid 1981, and references therein). The present calcula- 
tions, however, reveal that this effect can arise solely due to the angular momentum 
exchange between the light, outgoing, particles, since in the present case the nucleus 
is only a spectator, apart of its Coulomb field. 

The present computations have not provided a reliable estimate of the threshold 
behaviour of the final individual angular momenta (cf GrujiC 1979 and references 
therein). 

3.2.4. Mutual angles. Computed saddle-line e+-(a = 0) values are shown in table 2. 
As can be seen from the table, the scatter of the computed data appears very large. 
Nevertheless, we have fitted the data to the analytical form 

(3) 1 /4 e+- = a E  

with a single adjustable parameter a. Computed results provide a = 0.46 and appear 
consistent with this theoretically predicted threshold behaviour (see ref I), but other 
exponents are admissible too. As for the angular distribution, it appears highly peaked 
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at a specific angle (close to the saddle-line value) within an ionisation interval, but 
this angle may vary from one interval to the other at the same E. Therefore, no effort 
has been made to calculate the distribution within an ionisation interval. 

4. Discussion and concluding remarks 

Since an experimental investigation of the near-threshold ionisation by positrons is 
still beyond our technical feasibility, a numerical study of the threshold phenomena 
seems at present indispensable. On the other hand, these computational examinations 
appear, as expected, much more involved and considerably less accurate than corres- 
ponding calculations for electron-atom collisions. However, while, apart from minor 
unexpected effects (see DimitrijeviC and GrujiC 1979), the numerical study tended to 
corroborate all the main analytical results for electron-atom (ion) collisions close to 
threshold, the present calculations have revealed two unexpected effects. Firstly, an 
abrupt cut-off in the energy distribution, giving rise to a hole around E/2,  and secondly, 
the breakdown of the infinite-mass assumption for an asymmetric final state, as 
encountered in the positron-atom collisions. One might conjecture that if the energy 
distribution cut-off were absent (see the corresponding broken line continuations of 
E+, E-  in figure 3) one would obtain a different threshold law. However, since E+, 
E- curves are not exactly straight lines, it is not possible to infer which threshold 
behaviour would arise by extrapolation of the present results. On the other hand, 
one could make use, not of an entire ionisation interval, but only of the parts from 
the left (right) edges of the left (right) intervals up to the a = 0 point. As shown in 
the last column of table 2, the length of this segment is proportional to the total 
computed length, indicating 'stability' of the saddle point. Hence, it appears that it 
is the finite mass which makes the threshold law deviate from the analytically predicted 
behaviour, rather than the observed collapse of the energy distribution. Finally, we 
note that more detailed information about the angle distribution could be obtained 
by a complete simulation of a real experiment by Monte-Carlo calculations (see e.g. 
Percival 1973), but this would require prohibitive computer time. 
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Abstract. The trajectory effect for a C,,-" ( n  = 2 ,3  and 4) potential is estimated and 
compared with the results obtained according to the approximate method of Vallee et al, 
based on the use of effective rectilinear trajectories. 

Within the semiclassical and the classical formalism for the calculation of neutral atom 
spectral line shapes within the impact approximation, the trajectory of the perturber 
is commonly represented by a straight line. At low temperatures the effect of back 
reaction of the neutral emitter on a perturbing particle may become noticeable and 
consequently deviations of the perturber motion from the uniform one should be taken 
into account (Roueff and Suzor 1974, 1975, VallCe et a1 1976, Berard and Lallemand 
1978, DimitrijeviC and GrujiC 1978, 1979). Here, the phaseshifts due to collisions 
with a perturbing particle moving in a *C,r-" ( n  = 2 , 3  and 4) potential ( -  is for an 
attractive and + for a repulsive potential) are evaluated. The results are compared 
with the phaseshifts calculated taking into consideration the average effect of the 
trajectory (VallCe et a1 1976) and their applicability in the adiabatic line broadening 
theories (see e.g. Lindholm 1945, Foley 1946, Allard and Kielkopf 1982 and references 
therein). 

Using polar coordinates, the motion of the perturbing particle is described by 
(Goldstein 1950): 

B = pv/ r2 

Here, M represents the reduced mass, v the relative velocity of the particles at infinity 
and p the impact parameter. The phaseshift is 

where r, is the largest of the positive roots of the denominator. If the potential V(r> 
is small compared with the kinetic energy E,, = Mv2/2, the term r2 V( r)/Eo in equation 
(2) can be neglected and hence the trajectory can be considered to be rectilinear. In 
such a case equation (2) becomes (see e.g. Lang 1974) 

0022-3700/84/090283 + 05$02.25 @ 1984 The Institute of Physics L283 
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Let us suppose that we retain the term rzV(r)/Eo, but attribute to it an average 
constant value during the collision (VallCe et a1 1976), in order to obtain an average 
effect of the real trajectory. This hypothesis (Vallie et a l  1976) means that we take 
an effective rectilinear trajectory with a new impact parameter 

where V(Ap)/2E0 is always very small compared with unity and the value of A is 
calculated from the average potential V(Ap) = ( 1 / ~ )  5 V(r)dt (for n = 2,3 ,4 ,  and 6 
the value of A is 0.564, 0.794, 0.893 and 0.973 respectively). Here, T is the average 
collision time. Within this approximation the phaseshift 7' is (VallCe et a1 1976): 

7 ' = 7 O[ 1 + ( 2 - n ) V( Ap ) / 2&]. ( 5 )  

In some cases integration in equation ( 2 )  may be performed easily. For the 
considered potential V ( r )  = f Cnr-" and for n = 2 (the linear Stark effect): 

The case n = 3 corresponds to the resonance broadening (also called self-broad- 
ening). This kind of interaction is usually present together with the van der Waals 
interaction ( n  = 6) but in special cases (e.g. discharge in helium at liquid nitrogen 
temperature, Damaschini and Vergks 1981) the resonance interaction is the principal 
line broadening mechanism. For the case n = 3 the solution of equation (2) can be 
obtained in the following form: 

7=7O b[a( b 2p2 - c)I1I2 [ K ( k ) + ( $ - l ) I I ( k z 7  k ) ]  (7) 

b(a - c) k 2  =- 
a ( b - c)' 

Here, K and II are the complete elliptic integrals of the first and-third kind, 
respectively (Gradshtein and Ryzhik 1965) and a = (2p/J3)  cos (4 /3 ) ;  
b = ( 2 p / J 3 ) c o s [ ( 4 + 4 r ) / 3 ] ;  c = ( 2 p / J 3 ) c o s [ ( 4 + 2 r ) / 3 ] ;  a >  b>carerootsof  the 
denominator in the integral in equation (2), and: 

Since the potential is attractive, if the impact parameter of the incoming electron is 
smaller than pc, the atoms 'fall' into each other. In such a case one must resort to a 
more realistic emitter-perturber potential which accounts for a number of short-range 
effects. 

Damaschini and Vergks (1981) have measured the resonance broadening of the 
He I 21P-21S7 A = 2.06 p m  line and have reported a considerable discrepancy between 
experiment and calculations using straight-line trajectories. The experiment was per- 
formed in helium at liquid nitrogen temperature ( T  = 77 K). For these conditions, pc 
(from equation (8)) is 896ao, the perturbative approach as well as the very concept 
of a classical trajectory becomes questionable and a more refined theory is needed. 
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For n = 4 (the quadratic Stark effect) the potential may be attractive or repulsive, 

For the attractive case one has: 
depending on the sign of the quadratic Stark constant C4 of the target. 

a, b = (p2 /2 ) {1  *[1-(1/b)]1’2} 

b = ( P /  PJ4 

k = b / a  

where E(  k )  is the complete elliptic integral of the second kind. 
For the repulsive case (DimitrijeviC and GrujiC 1979) 

16 
77 = 77’ - cja( E (  k )  K (  k)) 

Tr 2P 

As we can see, in the case of a repulsive potential the introduction of a non-uniform 
motion of the perturbing electron eliminates the problem of the minimum impact 
parameter, a crucial difficulty in the low-temperature region. We note that influence 
of the near-atom region (where the simple multipole form of the potential is not 
justified) is not of critical importance in such a case even at low temperatures. 

For n = 6 the integration in equation (2 )  is also straightforward but the solution is 
so cumbersome that numerical integration appears easier. 

As an example we consider here the He I (3lPo-2’S), A = 5017 A (multiplet 4) 
line, which has a large and negative quadratic Stark constant for the upper state of 
the transition: C4(31P) = -5.275 X lo4 au (DimitrijeviC and GrujiC 1979). In figure 1 
the e-He(3lP) scattering phaseshifts obtained from equations (3), ( 5 )  and ( 9 )  are 
presented. One can see that for p > p c  the approximate treatment of VallCe et al 
(1976) is in good agreement with the exact solution of equation (2), but differs 
considerably in the region p < pc, where the proposed approximation is not applicable. 
In the case considered the potential is repulsive due to the negative quadratic Stark 
constant, and the phaseshift (7) does not diverge for small impact parameters. 
Consequently, in the adiabatic impact theory of Stark broadening (see e.g. Allard and 
Kielkopf 1982) where the integration over p is needed in order to obtain the line 
width ( w )  and shift ( d ) ,  the large discrepancy between 7’ and 7 for p < pc may be a 
problem. 

In the case considered, the broadening of the lower level as well as the influence 
of the quadrupole interaction may be neglected (Dimitrijevid and GrujiC 1979). The 
half-half width and the shift of a line within the adiabatic impact approximation (e.g. 
Allard and Kielkopf 1982) are given by the following formula 

w - id = 27rNev [ 1 - exp(iv)]pdp (11) I 
with U meaning the mean electron velocity for a Maxwellian distribution (the use of 
U as a representative velocity instead of the average over the velocity distribution is 
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Figure 1. e-He(3'P) scattering phaseshift for plasma at T = 5000 K. 

justified at low temperatures, where the trajectory effect is most pronounced). For 
the He I (31P0-21S) line for T = 5000 K and electron density Ne = 10l6 ~ m - ~ ,  
DimitrijeviC and GrujiC (1979) have obtained for the half-half width: w = 0.400 A, 
using the exact solution of equation (2) (i.e. equation (9)) whereas the ordinary 
adiabatic theory calculations (Griem 1974) with straight-line perturber paths provide 
the value 0.367A7 and using the approximate solution ( 5 )  we obtain the value 
w = 0.206 A. The semiclassical method (Griem 1974) yields 0.378 A. If we compare 
the half-half widths obtained using the exact and the approximate solutions of equation 
(2) ( w  = 0.400 A and w = 0.206 8, respectively) we can see that the error introduced 
in our calculations by using an average velocity is negligible in comparison with the 
difference between results obtained. 

In the cases when integration over all values of impact parameter is needed the 
approximate solution ( 5 )  may be used only for p > pc. Finally we can conclude that 
in the region p < pc equation ( 5 )  is not applicable. This is especially important for the 
repulsive potential, since in such cases the contribution of the perturbers with p < pc 
is substantial. 
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Abstract. The influence of Debye shielding on the Stark lineshift to width ratio is demon- 
strated in the case of ion lines. The Coulomb cut-off potential, especially suitable for a 
non-ideal plasma and for higher densities, has been used. 

1. Introduction 

The Stark lineshift to width ratio obtained within the classical model is important for 
the modern Stark broadening theory (Griem 1974, Griem et a1 1962) as its constitutional 
part. Namely, within the GBKO (Griem et a1 1962) theory for Stark broadening of 
neutral atom lines, the classical theory of Lindholm (1945) and Foley (1946) is used 
as the adiabatic limit. The same is done in the case of singly-charged ion lines (Griem 
1974), where a numerical coefficient is introduced in the semiclassical theory in order 
to obtain at the adiabatic limit the same line shift ( d )  to width ( w )  ratio as within the 
classical model (Roberts and Davis 1967). 

Moreover, the adiabatic limit is important for the Stark broadening theory since 
strong collisions, which are roughly speaking adiabatic (Caby-Eyraud et a1 1975), are 
often of the same importance as weak collisions or even dominant. Also, in the 
semiclassical perturbation formalism of Sahal-BrCchot (1969a, b)  the elastic collision 
contribution is estimated using the adiabatic theory. Moreover, when the impact 
approximation for ion broadening is valid, an  adiabatic approach is commonly used. 

The classical adiabatic approach for Stark broadening of ion lines was developed 
by Roberts and Davis (1967) from the theory of Lindholm (1945) and Foley (1946), 
with the assumption that Debye screening is not important. However, for higher 
densities, as well as for lines originating from more excited atomic states, such an  
assumption is often not justified. The aim of this paper is to obtain the frequency shift 
and the ion line Stark shift to width ratio ( d /  w) within the classical model (assumed 
to be correct at the adiabatic limit (Griem 1974)), taking into account Debye screening 
and to investigate how this screening influences the d / w  ratio. 

2. Phaseshifts 

2.1. Coulomb cut-of potential 

In Stark broadening investigations, electrostatic screening in a plasma is often taken 
into account by an upper cut-off pman in the integral over impact parameter p (see 
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Griem 1974). In order to determine pmdx one must know the Debye radius rI, and, for 
the sake of simplicity, we will assume hereafter that pmdx = rD. We will describe the 
electron-ion interaction using the Coulomb cut-off potential, suitable especially in the 
case of a non-ideal plasma. Such a potential is continuous in the region 0 s  r < E, 
where r is the instantaneous electron distance: 

r S  r, 
r >  rc 

V(r) = 

where rc is the cut-off parameter playing the role of the radius of screening in this 
model (we will assume that r,= TI,). Electron scattering on the potential (1) was 
investigated by Suchy (1964) and Mihajlov et a1 (1987, 1989) in order to determine 
the electroconductivity of a non-ideal plasma. One possible application of such an  
approach is to obtain the correspondence between the electrical and the optical 
properties of such a plasma. Such a correspondence is obviously possible if (e.g. for 
the interpretation of measured data) one assumes that the same rc value determines 
the electroconductivity of the investigated plasma, as well as the broadening and shift 
of spectral lines. Moreover, Kraeft and Mihajlov (1983) demonstrated that for electron 
kinetic energies of l l r ,  or greater, electron scattering on the Coulomb cut-off potential 
(1) may be treated classically. 

2.2. Phaseshifts for binary collisions 

For a number of problems in atomic and plasma physics, especially for atomic collision 
and  lineshape investigations in the adiabatic limit the frequency phaseshift is often 
used (Peach 1981, DimitrijeviC 1989). This quantity is also important in impact theories 
of spectral lineshapes for the calculation of the elastic processes. Within quasistatic 
theories, frequency shift in the emitted radiation caused by each perturber may be 
used to obtain the distribution of frequencies in the line directly (Peach 1982). 

Using polar coordinates (6, r) and atomic units, the motion of the perturbing 
particle is described by (Goldstein 1950): 

4 = pv/ r' 

i = U( 1 -p7 / r '  -2  ~ ( r ) / u ' ) ' ' ~  

where v is the perturber velocity. Introducing the quantity po = ( C,/v)"3 (proportional 
to the Weiskopf radius pu (pO = const pu),  where C, is the quadratic Stark constant), 
z = l/p,u2 ( a  measure of the ratio of perturber potential energy to kinetic energy), 
k = p/po and  k,, = r,,/p,, the phaseshift induced during the collision becomes: 

d r  
1o r3(Rr'+2zp,r- k ' p i ) ' ' 2  

7 =2p: (4) 

where ro is the largest of the positive roots of the denominator and R = 1 -2z/ k , .  
The solution of equation (4) is: 
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For r ,  + a3 equation (5) becomes identical with the solution of Robert and Davis (1967): 

In the high-temperature limit ( U  +. oc, i.e. z + 0 and  po+ 0) equation (5) reduces to the 
Lindholm-Foley result for straight-line trajectories, 7 = 7:, while in the low-velocity 
limit: 

In figures 1-3 are plotted frequency shifts as a function of k for k I ,  = 2 ,  10, 100 and CO 

and for z = 0.01,O.l and  0.5, respectively. One can see that the differences are more 
pronounced for larger values of z ;  i.e. for higher plasma densities and/or  lower plasma 
temperatures. We can see also that collisions with electrons outside the Debye sphere 
d o  not produce a frequency shift, as expected (i.e. the function becomes zero for the 
corresponding k values). 

-1 0 1 2 3 
log k 

Figure 1. The phaseshift 7/17: as a function of k and k,, for z =0.01. 

-1 0 1 2 3 
log k 

Figure 2. Same as figure 1 but  for z =0.1. 
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-1 0 1 2 3 
l og  k 

Figure 3. Same as figure 1 but for z = 0.5. 

3. Lineshapes 

In the semiclassical approximation, half half width ( w )  and shift ( d )  can be expressed 
via elements of the scattering matrix S: 

where the angular average (AV) is to be performed over the directions of the colliding 
electron. 

In the classical adiabatic limit: 

[1 -S,, (P, 4S , ’ (P ,  V)1*\ = exP[-iT(P, V ) l .  (10) 
Moreover, for lower temperatures one can use the mean electron velocity v for 
Maxwellian distribution. 

The Stark width w and shift d can be expressed now as: 

If one expresses the integral over k as l:-jT,, and one makes a rough estimate of 
the second integral, one obtains in the high-temperature limit ( z  + 0; k, k ,  + CO; po + 0): 

a exp(ia/3)  a’ 
w + i d = 2 a N C v p i  

In figure 4 is represented the shift to width ratio ( d / w )  as a function of z for 
k,=2, 10,100 and CO. We can see that the d l w  ratio is now a function of k ,  and z 
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Figure 4. The  shift to width ratio ( d / w )  as a function of z and  k , :  curve A is for k ,  = 2, 
B for k ,  = 10, C for k ,  = 100 and  D for k ,  = E. 

and particularly at higher densities (small k,) and towards the adiabatic limit ( U  + 0, 
i.e. z -f CO) deviates considerably from the Y, = 00 case. 

4. Conclusions 

The influence of Debye shielding on the Stark lineshift to width ratio has been examined 
using the Coulomb cut-off potential suitable especially for a non-ideal plasma and for 
higher densities. The results obtained show that the d / w  ratio is a function of the 
Debye radius also and that towards the adiabatic limit deviates considerably from the 
low-density case. 

The analytical solution for the frequency phaseshift has also been obtained. The 
differences from the r ,  = CO case are more pronounced for smaller electron velocities, 
higher plasma densities and/or lower temperatures. 
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Abstract. Near-threshold collision-induced dissociation is simulated numerically for the 
process Xe + Xe, + 3Xe by carrying out detailed classical trajectory calculations. A static 
model of the target is chosen and the system is assumed to have zero total angular 
momentum. Then by varying a single parameter, the threshold law v- E'.6 for the cross 
section is derived, and this is consistent with analytical results obtained previously. We 
also consider the distributions of energy, mutual angles and individual angular momenta 
in the final channel. 

1. Introduction 

This paper is a sequel to the previous one (GrujiC and SimonoviC 1988, hereafter 
referred to as 111), where the method for treating break-up processes in Coulombic 
systems in the near-threshold region (see SimonoviC and GrujiC 1987), was extended 
to the general case of inverse-power law interaction potentials. For a system of three 
identical particles, it was found that in the cases where the classical model of Wannier 
(1953) holds, the exponent K in the threshold law 

cr- E" E+O ( 1 )  
where E is the total energy of the three-body system, is given by 

K = Re[ ( 2 k  - 4 +  ( k  + 2)(( 1 + 4A)'"+ [ 1 - 4A/( k + 1)]"2})/4k] 

k = l , 2 , 3  , . . . ,  3 k ( k + l )  2k'' 
A =  

2( 1 +&k)2 1 + 2k+' 
if the total interaction potential in the final state can be written as 

In equation (3), the position of particle i relative to particle j is specified by R, and 
Ck is a positive constant. For the case of the Van der Waals interaction, k = 6 ,  and 
equations ( 2 )  yield K = 1.693 as a universal result for processes of the type 

A + A2 + 3A. (4) 
However, as distinct from the purely Coulomb case where at least two particles repel 
each other, the Van der Waals interactions are all attractive, and hence it is possible 
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for any two of the three particles to form a bound state in the final channel. This 
makes the near-threshold problem two-dimensional and hence two parameters should 
be varied in order to derive the threshold law numerically. 

Numerical calculations complement analytical theory and serve to: (i)  check the 
internal consistency of the model used, and (ii) provide additional quantities that are 
often difficult or impossible to obtain analytically. Also by simulating a complete 
collision process one goes beyond the restriction of a final-state analysis, cf GrujiC 
(1983) and Read (1984). In this way one can test a number of assumptions inherent 
in the model of Wannier (1953), such as the unimportance of the short-range interaction 
for the actual threshold law, or the validity of the quasi-ergodic hypothesis. In this 
sense, numerical studies of collision-induced dissociation or equivalently triatomic 
photodissociation, correspond to ionisation of complex or non-hydrogenic atoms, 
rather than to the multiple ionisation of atoms that eventually leaves a bare nucleus. 
The dimensions of atomic systems determine the range of energy where a threshold 
law holds (cf Klar 1981), and sometimes means that the classical model cannot be 
applied (see 111). 

Collision-induced dissociation is a real three-body problem and from the numerical 
point of view corresponds to double ionisation (cf DimitrijeviC and GrujiC 1981), rather 
than to a double-escape process, where the remaining nucleus, a bare ion, plays the 
role of a spectator. As we shall see later, many of the advantages of the Wannier 
model (see for example, Vinkalns and Gailitis 1967), are severely diminished. Neverthe- 
less we are able to extract a number of relevant quantities without using a full statistical 
analysis (see for example, Wetmore and Olson 1986). 

In the next section we present the physical model used in the classical treatment 
of collision-induced dissociation and give some details of the numerical procedure. 
In sections 3 and 4 numerical results for the threshold law and for the distributions 
of energy, angular momenta and mutual angles are presented. Finally a brief discussion 
of the results is given in section 5. 

2. Model and numerical procedure 

Over fifty years ago, Hirschfelder et a1 (1936) published pioneering work on the 
dynamics of the H +  H2 system. Subsequently, Karplus et a1 (1965) integrated the 
classical equations of motion in order to study exchange reactions in collisions between 
H and H2,  but they did not study the energy region in which collision-induced 
dissociation could take place. A classical model for three bodies interacting through 
purely Coulombic forces was originally constructed by Abrines et a1 (1966). This 
model was subsequently modified in order to account for the internal structure of the 
interacting atomic subsystems by Peach et a1 (1985), that is deviations from pure 
Coulombic interactions were included. Here, the three-body classical model is adapted 
to describe collision-induced dissociation, and then some details are given of the 
numerical procedure used in deducing the near-threshold behaviour of the system. 

2.1. The model f o r  collision-induced dissociation 

The principal problem in applying the classical trajectory method to processes of 
molecular fragmentation is the construction of a classical model for a molecular system. 
Obviously it is very difficult, if not impossible, to construct a classical counterpart of 
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the chemical bonds that hold a molecular target together. We adopt a model for the 
two-body interaction which describes the medium-range interaction reasonably accur- 
ately and the tail of the potential, which is usually well known, with the best possible 
accuracy. If the actual threshold law for fragmentation does not depend noticeably 
on the short-range interactions, see section 3.2 in 111, the detailed form of the model 
potential in this region will prove to be unimportant. On the other hand, the interatomic 
potential should be described by as simple an analytical expression as possible, so as 
not to burden the numerical calculations with unnecessary computational effort. The 
model which satisfies both these requirements is the Lennard-Jones potential 

V (  R )  = E.[ ( 2)12 - 2( 2)6] 
where R is the interatomic separation and Ro and - E ~  give the position and value of 
the minimum in V ( R ) .  Equation ( 5 )  for V ( R )  contains the correct Van der Waals 
term, and in order to preserve the internal consistency of the model, we shall confine 
ourselves to those diatomic systems which have their bound states determined by a 
Lennard-Jones potential, rather than by a chemical binding force. This choice restricts 
us to inert-gas dimers. The total interaction between the three identical atoms A, say, 
is then given by 

V T ( R 1 2 ,  R 2 3 ,  R 3 1 ) =  V ( R 1 2 ) +  V ( R 2 3 ) +  V ( R 3 1 )  ( 6 )  

(26 = 2 ~ o R t .  (7) 

and this potential takes the form given in ( 3 )  for large internuclear separations, where 

The question as to whether V ( R )  supports a bound state or not (as is the case with 
models for He, for example) is of no importance here, at least as long as one is mainly 
concerned with the threshold behaviour. The model must provide reasonable initial 
conditions for the numerical integration of the classical equations of motion, but 
equations ( 2 )  and ( 3 )  indicate that the magnitude of C6 is not expected to influence 
the value of K in the threshold law. Of course for other quantities such as the distribution 
functions, we must have a reasonably realistic representation of the real interaction. 

2.2. The validity of the classical approximation 

If the energies E l ,  E, and E, of the atoms, A, in the final channel are calculated using 
the centre of mass 0 of the three bodies as the origin of the reference system, then 

E = E ,  + E,+ E, .  (8) 
In this reference frame, the energies of atoms that occupy two-body bound states may 
be positive, but if we use the centre of mass 0’ of the pair of atoms, A+A,  as the 
origin, the energy, E ,  of A + A  will be negative if a bound state of A2 has been formed 
as a final product of the reaction. The diatomic system A, can also have non-zero 
angular momentum 1 and so the effective potential for the system is defined by 

p = f m  ( 9 )  
1, 

2 p R 2  VerdR) = V ( R ) + -  

where m is the mass of atom A and p is the reduced mass of A*. 
The validity of the classical approximation can be examined by considering the 

configuration in which the three atoms are collinear. This is because such a configur- 
ation is expected to correspond to the minimum energy of the system, see section 2.1 
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in 111, and hence by decreasing the total energy E the system is forced to evolve along 
a straight line. If atom 1 is stationary at the centre of mass of the whole system, and 
atoms 2 and 3 are moving symmetrically outwards, each with an energy E / 2 ,  

RI3 = -Rl2= iR23 R (10) 
say. Following the analysis of section 2.2 in 111, atoms 2 and 3 are each subject to the 
interaction potential V 2 ( R )  defined by 

V 2 ( R )  = V ( R ) + i V ( 2 R )  (11) 
where V ( R )  is given by (5). If in addition atoms 2 and 3 each have angular momentum 
1 2 ,  the associated effective potential is given by 

In the region where the atoms are in close contact, the classical approximation breaks 
down, but it is possible to define a separation R = R,, that specifies the radius of the 
so-called ‘strong correlation zone’ and beyond which classical mechanics is valid. R,, 
can be estimated by requiring that 

i E  = 5VdRSC) (13) 
where 5 is to some extent arbitrary, but is assumed to be in the range 0.1 G { G  0.5. 
The range of validity of E is given by 

= II V2(R)Imax (14) 
where 1 V,( R)lmax is the maximum of the absolute value of V2( R )  in the classical region. 
Another criterion for the validity of the classical approximation is that the spread in 
the wavepacket corresponding to atom 2 or 3 is small, so that 

dX/dR<< 1 (15) 

A = h[2m(fE - V2cff (R))]-”2.  (16) 

where X is the reduced de Broglie wavelength defined by 

The application of these criteria to the case of A = Xe is considered in section 3. 

2.3. Numerical procedure 

The computer code of Abrines et a1 (1966) has been used for a great number of classical 
trajectory calculations where the interactions are Coulombic, see for example GrujiC 
(1986) and references therein. This code has now been modified to account for forces 
derived from the potential (5). The structure of the computer program has been 
described elsewhere and we just outline its main features here. 

The program solves Newton’s equations for the system (see equation ( 2 8 )  in 111), 
using the Runge-Kutta method and evaluates particle trajectories for given sets of 
initial conditions. The code uses a variable step length during execution and checks 
to see if a final state is achieved. For a fixed target energy, the energy of the incident 
particle is varied within the threshold region, and by varying an appropriate number 
of system parameters, the properties of the constituent fragments in the final channel 
are obtained. A special procedure identifies the final channels and then the required 
quantities, evaluated in the reference system with its origin at 0, are printed or plotted. 
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The code correctly identifies two-body bound states even if the atomic energies are 
positive and the quasi-bound states discussed in section 2.2 are classified as free states 
as physically they must be. 

A feature peculiar to near-threshold studies is the quasi-statistical character of the 
calculations, because of the high improbability of the fragmentation process (4) for 
small values of the total energy E. Consequently, the corresponding phase-space 
volumes are very small, and an ordinary statistical approach such as Monte Carlo 
would be very time consuming. Therefore a special strategy is adopted for evaluating 
the relevant quantities and is described in the next section. 

3. The process Xe + Xe, + 3Xe 

We first establish the adequacy of the classical model that depends crucially on the 
strength of the interaction specified by C,, and on the mass m of each atom. We then 
consider the actual quasi-statistical method used. Note that throughout the sections 
that follow, all quantities are expressed in atomic units. 

3.1. The classical approximation 

The Lennard-Jones potential (5) for Xe, and the associated effective potential Veff( R )  
in (9) are specified by 

m = 2.3935 x lo5 Eo = 3.75 x 1 0 - ~  Ro = 8.41 (17) 

see Radcig and Smirnov (1980). We choose 
throughout this section, and then condition (14) shows that the numerical value of 
determines the upper limit of the threshold region, i.e. 

in (13) and (14) to have the value 0.1 

o < E < 7.5 x 

In figure 1, Veff( R )  is illustrated for several different values of 1, the angular momentum 
of Xe,. The position and height of each maximum is listed in table 1. In table 2, the 
radius of the strong correlation zone, R,,, is given for different values of the energy 
and the position and value of the maximum in dA/dR are also listed for different 
values of 1 2 .  The asymptotic region where R > R,, can be seen to start at about R = 10 
which is a little larger than the equilibrium internuclear separation Ro. The maximum 
values of dA/dR occur in the asymptotic region, and the classical condition (15) is 
clearly satisfied except for low values of E and high values of 1 2 ,  where the classical 
approximation fails because of the high centrifugal barrier. 

3.2. The quasi-statistical method 

The initial configuration for the X e f  Xe, system is shown in figure 2. For the sake of 
computational simplicity we have chosen a static model of the Xe, target by assuming 
(i)  R23 = Ro see figure 2, and (ii) no rotation of the initial configuration of the target. 
Further, we assume (iii) zero impact parameter, which implies in combination with 
(i) and (ii) that the total angular momentum of the system, L = 0. The problem is thus 
reduced to one of motion in a plane, and the initial orientation 4 of the molecular 
axis with respect to the direction of velocity of the incident Xe atom is the single free 



1646 M S Dimitrijevic', P Grujic, G Peach and N Simonovic' 

0 10 20 30 40 50 60 70 80 
R l a u )  

Figure 1. The medium- and long-range parts of the effective potential for the Xe-Xe 
interaction; V,,,(R) is defined by equation (9). The factor by which V,,,(R) is multiplied 
is given in brackets for 1's 500. 

Table 1. Some characteristic quantities of the classical model for the effective potential 
V,,,(R) defined by equation (9). All quantities are in atomic units. 

l 2  50 500 5000 
Rmax 44.2 24.8 13.8 
VedRmax) 7.13 x 2.26 x 7.22 x 1 0 - ~  

Table 2. Some characteristic quantities of the classical model for the effective potential 
Vzef,(R) defined by equation (12). All quantities are in atomic units. 
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2 

Figure 2. A schematic representation of the initial configuration for the Xe+Xe, collision. 

parameter. The angle 4 is varied and atomic trajectories calculated until the atoms 
attain some final configuration. The possible final channels are 

E,>0,  E 2 ,  E 3 < 0  (direct scattering) (19a) 

E,  E 2 ( 3 )  < 0, E 3 ( 2 )  > 0 (exchange) (19b) 

El, E*,  E3>O (fragmentation) (19c) 

where E > 0. We plot the final-state quantities as functions of C$ and then derive a 
number of features of the near-threshold break-up process. 

The computations have been carried out using the Vax 11/750 at the Institute of 
Physics and the Cray X-MP/48 at the Rutherford-Appleton Laboratories. The posi- 
tions of break-up intervals are first located and then the structure is examined in more 
detail. In general, a single fragmentation interval is sufficient for the derivation of the 
threshold law, but the distribution functions cannot be usually inferred from an analysis 
of a single interval as will be seen in section 4. 

4. Numerical results 

Preliminary results of the calculations have already been reported by Dimitrijevii et a1 
(1988). Because of the symmetry of the initial configuration, it is sufficient to consider 
the interval O s  4 s 7r/2, see figure 2. In figure 3 we show individual final energies 
E l ,  E2 and E3 as functions of 4, for the total energy E = 2.466 x low5. Here we cover 
the range 0 9 4 9 r in order to demonstrate this symmetry and to indicate, via the 
symmetry of the figure with respect to the reflection in the 4 = 7r/2 axis, the overall 
accuracy of computations. The energies are defined with respect to the centre of mass 
0 of the whole system and the final-energy curves contain large oscillations due to 
induced rotational motion. This can be seen in the left-hand part of figure 3, where 
one of the bound atoms has positive energy, due to the collinearity of the motion and 
the motion of the two-body system to which it belongs. As the rotation speeds up, 
this oscillatory behaviour becomes prominent because both atoms in the molecule 
change their energies rapidly from positive to negative and vice versa. This spurious 
kinematic effect disappears when we consider the fragmentation process (19c). 

The next step is to locate a ‘well behaved’ fragmentation interval, to represent the 
break-up process. This means that we require the interval not only to be large enough, 
but also to preserve its global structure as the energy E decreases. In figure 4, two 
intervals A and B are shown that both satisfy the first condition, but only interval B 
turns out to meet our second requirement. As our calculations show, interval A splits 
up into a combination of metastable states and true dissociation intervals as E is 
decreased. In general, for a given energy an interval can be found that contains only 
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Figure 3. The final energies of the atoms relative to the centre of' mass of the whole system, 
0; note the symmetry with respect to 6 = n/2, see figure 2. 
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30 

Figure 4. The final energies of the atoms relative to the centre of mass of the whole system, 
0; note the fragmentation intervals A and B. 
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metastable states. Further, region (194  is normally situated between regions (19a) 
and (196). If both these intervals are large enough, then region (19c) is well behaved. 
If however, the neighbouring intervals are of the same type, either (19a) or (196), the 
study of process (19c) turns out to be very difficult, if not impossible. 

4.1. The fragmentation threshold law 

In table 3 the break-up intervals B are given for five energies. As can be seen they are 
very narrow, they shrink as E decreases and slowly change in position. In figure 5 
we plot ln(A4) against In E and the slope of the most probable straight-line fit gives 
K = 1.6 in equation (1). This is in good agreement with the result K = 1.693 derived 
analytically (see equation (70) in 111). 

One of the principal features of the quasi-statistical approach to near-threshold 
studies is the assumption that any fragmentation interval can be taken to be representa- 
tive of the relevant phase-space change with total energy. It is convenient to choose 

Table 3. Fragmentation intervals B in the threshold region. The angles 4 are quoted in 
degrees. 

Number E 4 A 4  

1 0.2462 X 34.873 -35.343 0.470 i 0.002 
2 0.1796 X 34.6785 - 34.9625 0.284*0.001 
3 0.1129 X 34.4915 -34.6285 0.137 * 0.001 
4 0.7956 x 34.400 38 - 34.476 88 0.0765 f 0.0003 
5 0.4622 x loM5 34.3073 - 34.3348 0.0275 * 0.0001 

-3 

-13 -12 -1 1 -10 
Ln E 

Figure 5. The most probable fit to the data obtained from interval B to obtain the power 
law given in equation (1). 
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a large break-up interval, for two reasons; firstly, they are easier to analyse and secondly, 
they should be statistically dominant. Nevertheless it is wise to examine at least one 
other interval to see if the assumption of ‘coherent scaling’ holds. Therefore we have 
also analysed intervals A and if we ignore the segments occupied by metastable states, 
the shrinking of the true dissociation interval can be followed in the same manner as 
for interval B in table 3. Below the energy E = 1.5 x the shrinking of interval A 
is monotonic and numerical values are given in table 4. 

Table 4. Fragmentation intervals A in the threshold region. The angles & are quoted in 
degrees. 

Number E 4 

1 0.1466 X 3 1.915 - 32.15 1 0.236+ 0.002 
2 0.1133 X 32.1955 -32.3335 0.138+0.001 

4 0.599 x lo-’ 32.5685 - 32.6165 0.048 f 0.001 
3 0.799 X lo-’ 32.438 75 -32.510 75 0.072 f 0.0005 

By fitting the numerical results from intervals A we obtain K = 1.8, and thus the 
values of K derived from intervals A and B are equally compatible with the analytic 
result. However, we have more confidence in the result derived from interval B because 
firstly, it is pure without any metastability admixture and secondly, it appears to be 
regular within the entire energy region examined so that a more reliable fit to the 
numerical data can be made. 

4.2. Distribution functions 

The distributions of various final-state quantities may depend crucially on the detailed 
structure of the short- and medium-range interaction potential and/or on the accuracy 
with which one follows the system’s evolution within the strong-interaction region. 
Only if the final-state results follow a unique and preferably simple pattern as is the 
case with the Coulombic interaction and its energy distribution (see for example, 
CvejanoviC and GrujiC 1975, GrujiC 1983) can this restricted quasi-statistical treatment 
work (see however CvejanoviC 1988). Otherwise a full statistical treatment is required 
in order to obtain the real distribution function. 

4.2.1. Energy distributions. In figure 6 we show the final energies of the individual 
atoms for E = 1.8 x The corresponding energy distribution as a function of 6 is 
given by the ratio of the final energy density to the initial phase-space density (cf 
Vinkalns and Gailitis 1967). In the inset we show distributions P ( E , )  and P ( E , )  
deduced from the graphs, and we see from figure 6 that P(  E3)  is very similar to P (  El). 
Clearly the distributions are not uniform, as distinct from the Coulomb case. Further, 
by comparing the patterm in intervals A and B in figure 4, it is obvious that these vary 
from one interval to another, and this precludes any reliable derivation of the actual 
distribution within this restricted quasi-statistical treatment. 

Nevertheless figure 6 shows some characteristics of the energy sharing in the final 
states. In contrast to the problem of ionisation by electrons where the heavy residual 
ion remains at rest and the outgoing electrons share the available energy equally, here 
the middle atom takes on some residual energy, and the other two particles move 
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Figure 6. The final energies of the atoms relative to the centre of mass of the whole system, 
0, for the fragmentation interval B.  The corresponding energy distributions P ( E , )  and 
P(  E,)  are shown in the inset. 

symmetrically on average, throughout the dissociation interval. Note that for a 
minimum distribution all three curves in figure 6 would have to be linear, with the 
same absolute value of slope. In the case of a linear leading trajectory, which ideally 
is expected here, a semi-uniform partition would require P (  E2)  = 6( E,) and curves for 
E ,  and E2 in figure 6 to be symmetrically crossing rectilinear lines. 

4.2.2. Mutual angle distributions. The distributions for the mutual angles Bi j ,  i # j = 
1,2 ,3  are shown in figure 7.  If the final configuration were truly collinear, the 
distributions P(Bv)  would be delta functions around angles 0 and T. The actual 
situation is indeed close to that in the middle of the break-up interval B. It is interesting 
to note that at the interval boundaries there is strict collinearity, and here the distribu- 
tions go to zero. This behaviour is almost identical to that found in the case of the 

'p loo:  80 

40/ 
I 

20 

0 
34.5 34 6 3 4 7  34 8 34.9 35.0 35.1 35.2 35.3 

4 ( d e g )  
Figure 7. The final configurations for interval B of the mutual angles 012, 
which are shown in the inset. 

and ea, 
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ionisation of hydrogen by electrons (GrujiC 1976). Judging from the rather flat character 
of the potential-energy surface, see figure 1 in 111, one may expect that the actual 
partition function is very broad. 

4.2.3. The angular momenta. In figure 8, typical final angular momenta of the particles 
are shown. The outer particles acquire large angular momenta, as does the middle 
atom close to the interval boundaries. Since at this energy particles cannot overcome 
the centrifugal barriers, see figure 1, they obviously gain these angular momenta only 
after reaching safe distances from the centre of mass. Near-threshold processes gen- 
erally are capable of producing states with large angular momenta that are either bound 
or in the continuum (see, for example, Read 1984), and the case of Van der Waals 
interactions is no exception. 

d ( d e g i  
Figure 8. Individual angular momenta in the final state for interval B, relative to the centre 
of mass of the whole system, 0. 

The appearance of large angular momenta in the final state and the agreement with 
the analytically derived threshold law confirms the validity of our assumption that the 
role of the centrifugal force need not be crucial in the case of a Van der Waals 
interaction (see the appendix of 111). At the same time, it justifies a posteriori the 
assumption that any reasonable choice of the total angular momentum should yield 
essentially the same threshold behaviour as that obtained for L = 0. The agreement 
between the value of K deduced from our numerical calculations and the analytic 
result obtained in 111, verifies that the short-range part of the Lennard-Jones potential 
(5) does not significantly affect the threshold law. 

5. Concluding remarks 

Our restricted quasi-statistical calculations have confirmed all the principal assumptions 
inherent in Wannier’s approach to near-threshold processes, but for an interaction 
potential that is short range by comparison with the Coulomb case. We consider this 
as another significant argument in favour of the Wannier model having wider validity 
than was previously thought. Of course, our results mainly lend support to the 
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self-consistency of the classical approach, and it remains to be seen whether experiments 
will support our conclusions. As far as we know, no measurements have been reported 
of collision-induced dissociation or of processes of an equivalent type for near-threshold 
regions. 

No simple pattern emerges for the distribution functions from our analysis of single 
fragmentation intervals, and so partition functions cannot be deduced. Obviously, one 
needs a reasonably extended statistical treatment, involving the variation of extra 
parameters. In our model of the process, vibrational and/or rotational degrees of 
freedom can be introduced and the whole procedure repeated for a number of total 
angular momenta. We plan to carry out such calculations in the near future. 
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AbStraEt. We show that for the study of recombination of ions and electrons in weakly 
ionized lowtemperature hydrogen plasmas, the processes H + H + + e + H + H * ( n )  and 
H:+e+H+H*(n) must both be considered Since their contributions arc comparable. A 
simple method for the calculation of the corresponding rate coefficients is presented. 

1. Introduction 

The parallel study of processes in plasma involving diatomic molecular ions and 
colliding atom-atomic-ion complexes has already been demonstrated to be useful for 
the study of electromagnetic radiation in a plasma (Mihajlov and DimitrijeviC 1986, 
1992). In addition to the interaction between diatomic molecular ions and colliding 
atom-atomic-ion complexes with radiation in a plasma, their interaction with free 
electrons is also important. In this paper we report on the latter study of the processes, 
i.e. 

A;+e+ A+A*jn j ( i a j  

A+A*(n) 
n ) + A  

A +  A+ + e+  [A*( 

where A denotes a neutral atom in the ground state, At and A: atomic and molecular 
ions, A*(n) an atom excited to the level with the principal quantum number n, and e 
denotes an eiectron. Processes ( i n  j and j i b j  are important recombination channeis 
in weakly ionized low-temperature plasmas. 

Ion-atom collision creates the quasimolecular complex At t A, whose electronic 
state can be well described as a superposition of the ground and first excited electronic 
state of molecular ion A:, during a certain period of time. This is known from the 
theory of resonant charge exchange caused by symmetrical ion-atom collisions. Con. 

dielectronic recombination. These processes are dielectronic processes, because both the 
free electron and the electronic shell of the atomic subsystem change their states (Bates 
and Dalgamo 1962, Smirnov 1981). Namely, the ion-atomic subsystem (A: in the ( la)  
case, or the collisional complex A+A+ in the ( l b j  case) is excited from the ground 
state to the first excited state, and the free electron is captured by one of the atomic 
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particles. The difference between processes ( la )  and ( l b )  is that in the ( l a )  case the 
ion-atom subsystem (A:) is in the ground state with the probability equal to one and 
in the (Ib) case the considered subsystem (A+A+) is in the ground state with the 
probability f. 

The process (Ib) was first considered by Mihajlov and LjepojeviC (1982). However, 
its contribution to the recombination has so far been neglected in the literature (see 
e.g. Flannery 1990 or Schneider et al 1991). The process ( lb)  should not be mixed up 
with the process of three-particle recombination A++B+e+  A*+ B where the third 
particle is a neutral atom B (Pitajevskij 1962). The latter process occurs at very large 
distances between At and B, so that A+ and B do not form a molecular complex and 
there is no energy exchange between the free electron and the electronic companent 
of the subsystem A++ B. 

Our first aim in this paper is to draw attention to the recombination channel (Ib), 
i.e. electron-ion recombination during the scattering of free electrons on collisional 
symmetrical ion-atom complexes. For partially ionized plasma, this channel always 
exists parallelly with the well known channel (lo),  i.e. with the channel of dissociative 
recombination. We will show that the contribution of the channel ( Ib)  is not only 
comparable with the contribution of channel (1  b) but even dominant within a wide 
range of electron densities and temperatures. Consequently, our objective is to find 
the ratio between the recombination rate coefficients for the channel ( l b )  and for 
channels ( l a )  and ( l b )  together. In order to do this we will present here a simple 
method for the calculation of the corresponding rate coefficients for the case n 2 4, n 
being the principal quantum number. The method is derived within the semiclassical 
approximation, using the resonant energy transfer model within the electronic com- 
ponents of the atomic system considered (Mihajlov and Janev 1981) and the results 

assuming that the following conditions are fulfilled. 

the temperature T,. 

with the temperature T.. 

ture T‘> T, . 

A A Mihajlov ei a/ 

‘iy Mihajiov pir,iif,je+,t @g$, E,s ia;e coe~,ficien;s ca!c.;!a:cd 

(i) The energy distribution function for the free atoms and ions is Maxwellian with 

(ii) The energy distribution of bound states of the molecular ion A: is Boltzmannian 

(iii) The energy distribution of the free electrons is Maxwellian with the tempera- 

The presented method will be applied to the hydrogen case. 

2. Theory and discussion 

Let R‘R.’’ be the number of recombinations per unit time in a unit volume, 

R‘R.’’= K!;;”NAN.NA+ (2) 

wherethe N denotenumber density. Ifwedenote byfa( E )  theelectronenergy distribution 
function, satisfying the normalization condition 

and the electron energy E is calculated in the A+ A+ complex centre of mass reference 
frame, k$”( Ta, S ) ~ ~ ( E ) E ’ / ’  de  will be the differential recombination rate coefficient 
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(i.e. recombination rate coefficient for electron energy interval E, E +de), depending 
only on E and the temperature T. of the ion-atom component. 

The recombination rate coefficient K ~ A ~ ’  for the processes ( l a )  and (Ib) is 
written as 

Kyib) = kyib)(T,, E )  f.(&)€’” de. (4) 

Equation (4) determines the recombination rate coefficient for any electron energy 
distribution function, but in this paper we limit ourselves to the case of Maxwellian 
distribution function f.(.z) with electron temperature T.. (We note that T. is not in a 
general case equal to the atom temperature T..) 

Now the problem is reduced to the determination of k$;b’(T,, E ) .  In order to 
determine k!;ib)( T., E)  we will concern ourselves for the moment with the processes 
inverse to the processes (1  a )  and (1  b), i.e. to  the ionization processes 

A+A*(n) + A:+e (sa)  

A + A*( n ) + A+ + A + e. ( 5 6 )  
Processes (Sa)  and (56) have been investigated in detail within the semiclassical 
approximation in Janev and Mihajlov (1980) and Mihajlov and Janev (1981). Let I$:b’ 
be the number of ionizations per unit time in a unit volume. In a fashion similar to 
equation (2), 

ry)= K { , ~ ~ ) N ~ N , . .  (6 )  

The corresponding ionization rate coefficient K!,2b’ may be expressed in terms of the 
differential ionization rate coefficient k!.2b’ (i.e. the ionization rate coefficient in the 
electron energy interval E, &+de)  as 

may be expressed as 

Kg”=\ k{:b’(T.,~)de. (7) 

In the case of LTE, i.e. for T. = T., the balance equation must be satisfied at the 
differential level, i.e. 

[k!?ib’(T., E)f.(E, T , ) E 1 ’ 2 N ~ N ~ N ~ + ] r . - - 7 . d E - [ k j , 2 b ) ( T ~ ,  E ) N A N A * ] T ~ = ~ ~ ~ ~ .  (8) 
Since kj,2b’ is determined in an analytical form (Mihajlov and Janev 1981). equation 
(8) gives us the possibility to obtain k?Ab’ in the form 

kgb’(T., ~ ) = ( u . d u $ , 2 ~ ’ / d ~ )  
where du!,2b’/de is the differential ionization cross section for the ( 5 0 )  and (5b) 
reactions, v. the initial relative atom-atom velocity in the input channels for the reaction 
given by equation ( 5 ) ,  and (. . .) denotes the averaging over the Maxwellian function 
with T =  T.. The expressions in square brackets are determined assuming LTE with 
T =  T. by the Boltzmann equation which relates NA.  and N A ,  and the Saha equation 
which relates N A + ,  NA and Ne.  Consequently, the expressions in square brackets are 
known functions of T.. We assume here that the plasma is weakly non-ideal in such 
degree that one can neglect the lowering of the ionization potential. In the opposite 
case, equation (9) will become the function of an additional parameter (density or 
pressure). 



5124 A A Mihajlov et a1 

Equation (9) is a consequence of the principle of thermodynamical balance and 
describes processes (la, b )  rather successfully. In the case of a symmetrical ion-atom 
system du!.2b'/de attains a simple analytical form determined in Mihajlov and Janev 
(1981). Using this simple analytical form, Saha and Boltzmann equations, Maxwellian 
functions and expressing incomplete gamma functions through the error function 
(Mihajlov and Dimitnjevii: 1986) it is simple to obtain K ~ A ~ '  in the form 

where 

CAT., T . ) = j p j [ ~ n ' ( k T . )  8a5I2 312 1 -1 exp(14/kTe) 

X"'(E, T,) = @ ( ~ ' / ~ ) - 2 a ~ ' / ~ ~ ' / *  exp(z) 
X ' b ' ( E ,  T,) = 1 - X(a'( E, T.) (11) 

Z=-Ui(R,) / (kTJ 
where @ is the error function (Abramowitz and Stegun 1972), and all quantities in 

E is determined from the equation 
,*n\ l . , ,  --- :- ,..--: :I^ -̂ :...--....-,--- ,I:-."..-- " ^̂ -.-..-A:-.. ̂P r;q"nLlulru (L",-,ll, a,= L.. LLLUIIIIG ULIILD. l l lc i  LLIICLLIYbITnL "IJL'lUCC I\r a> n LUIlbLlUll U1 

e =  WR,)-Ui(Re) (12) 
where it is assumed that the electron recombination occurs in the close vicinity of the 
resonant internuclear distance R,. Here E is the energy difference between the final 

ion-atom subsystem (molecular ion), U,(R.) is the energy of the initial state of A: 
(U,(R) <O) and E. the ionization energy of the atomic state A*(n). The quantity y in 
equation (1  1) is defined as 

Y=ldln E(R)/dRIR=R.. (13) 
Equation (13) may be successfully approximated as y =  yA(I -O(S/yAR)); y:/2= 
lA(au); S = (2/ yA) - 1;  where 1, is the ionization potential of A. For R, > R,, (R,, 
corresponds to the minimum of the molecular potential U,, y = yA = const ( y  = 1 for 
H and 1.345 for He). The square of the corresponding dipole matrix element is in 
equation (IO) approximated as -e2R:/4 (for details see appendix A in Mihajlov and 
Popovit (1981) and the corresponding discussion in Mihajlov and Dimitrijevii: (1992)). 
The maximal energy, E,,, in equation (10) corresponds to the maximal difference in 
equation (12). In the case of hydrogen, the R. corresponding to emax is equal to zero 
(in Mihajlov and Ljepojevii: (1982). the calculations were performed under the assump- 
tion that emax = m, since the corresponding analytical approximations for the expression 
under the integral were used). 

The total rate coefficient for process ( I ) ,  i.e. ( la )+( lb )  (we omit the subscript r 
for simplicity) 

K.(T., T,)=K'."'(T,,  T.)+K'R'(T., T.) (14) 

!r.p.!sive) and the initia! (a_!tractive) e!ectronic states with energies LIS and U; of the 

is given by the expression 
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The present method is correct when in the output channels for the reactions ( l a )  
and ( lb)  the interaction between the A*(n)+A and A++A- system terms may be 
neglected. In the hydrogen case, the electron affinity is ~ ( - - ) = 0 . 7 5 e V  (Massey 1976). 
Therefore, the proposed method is correct for n > 4 in this case. However, the n = 4 
case can be included since the interaction of the H*(n = 4 ) + H  and H++H- system 
terms occurs for R 3 10 au. In the case of n = 4 ,  this region is not of importance. 
Consequently we may conclude that the present method is valid for n a 4  in the 
hydrogen case. 

3. Results and conclusion 

As an example, we show the results of calculations for n = 4-10 for hydrogen. Now, 
U,, U> correspond to the Xi and X: electron states of H: and were taken from Bates 
e f  a1 (1953). Results for K.(T., T,) and K?’(T,, T.)/K.(T., T.) as functions of T. 
and T. are presented in tables 1 and 2. 

For n > 10 one may use the following approximation. On the basis of the analytical 
expression for E ( R )  (Greenland 1982) for large R 

(16) 

one can obtain the following approximate expressions for R,, suitable in our case for 
n>10  

(17) 

where c = 2.718. Moreover, for n > 10 one can use for U ,  the approximate expression 
(Hemng 1962): 

E ( R )  = 4R exp[ - ( R  + 1)1[1+ O( l /R)]  

R, = ln(4/ e& ) + In[ ln(4/ C E  )] 

where aH is the polarizability of hydrogen (aH = 4.5 au). 

with the following approximate expression 
Using the tabulated values for n = 10 one can calculate the K.( T., T.) for n > 10 

1000exp(3) K,,(T,,  Te)+6.104x 10-’4n-3y-lT;3’2 K.(T., TJ=T kT, 

We have checked the agreement between results obtained by using equations (19) 
and (15)  up to n = 100 and found that convergence is very good. For n = 1 1  maximal 
differences are of the order of several per cent and for higher n results are the same. 
In such a way, using tables I and 2 and the relations (16)-(19), one can obtain in a 
simple manner the required recombination coefficients for higher n. In tables 1 and 2 
the results are presented starting from T. = 1000 K, since for the process ( l a )  for lower 
T. the proposed method breaks down. At low T, the nucleus motion in the molecular 
ion A: cannot be treated classically with success. Namely, at low temperatures the A: 
ion is mostly in one of the lowest vibrational states, where the nucleus motion is 
quantum mechanical. However, in the case of the process of recombination on col- 
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Table 2. Relative participation ofprocess ( I n )  [K?’(T,,  T.)/K.(T,,  TJ] for n =4-IO for 
hydrogen as a function of atomic temperature T. and electron temperature T.. 

loo0 1500 2000 3000 4000 5000 6000 7000 8000 

N = 4  1000 
3 000 
5 000 
7000 

IO 000 
20 000 
30 000 
40 000 

N = 5  I000 
3 000 
5 000 
7 000 
IO 000 
20 000 
30 000 
40 000 

N = 6  1000 
3 000 
5 000 
7000 

IOOM) 
20 000 
30 000 
40 000 

N = 7  1000 
3 000 
5 000 
7 000 

10000 
20 000 
30 000 
40 000 

N = 8  1000 
3 000 
5000 
7 000 

IO 000 
20 000 
30 000 
40 000 

N = 9  1000 
3 000 
5 ono 
7 000 

10000 
20 ow 
30 000 
40 000 

0.981 
0.999 
1.00 
1.00 
1.00 
1.00 
1.00 
I .00 

0.921 
0.993 
1.00 
1.00 
I .00 
1 .00 
1.00 
!.SS 

0.831 
0.984 
I .00 
I .oo 
1.00 
1.00 
1.uu 
1.00 

0.740 
0.973 
1.00 
1.00 
1.00 
1 .00 
1 .00 
1.00 

0.660 
0.960 
1 .00 
1.00 
1.00 
1.00 
1.00 
1.00 

0.596 
0.947 
:.e8 
1.00 
1.00 
1.00 
1.00 
1.00 

. ̂^ 

0.960 
0.990 
0.998 
1.00 
1.00 
1.00 
1 .oo 

0.879 
0.935 
0.970 
0.990 
0.999 
1.00 
1.00 

0.707 
0.774 
0.828 
0.886 
0.963 
0.981 
0.987 

0.641 
0.689 
0.749 
0.861 
0.907 
0.928 

0.549 
0.589 
0.639 
0.749 
0.805 
0.836 

0.519 
0.560 
0.655 
0.709 
0.743 

0.471 
0.503 
0.583 
0.632 
0.663 

0.463 
0.529 
0.571 
0.599 

0.892 
0.975 
0.996 
0.999 
1.00 
1.00 
!.as 

0.761 
0.869 
0.941 
0.983 
0.999 
1.00 
!.CC 

0.576 
0.659 
0.736 
0.827 
0.948 
0.974 
0.084 

0.533 
0.588 
0.664 
0.817 
0.880 
o.?M 

0.460 
0.500 
0.555 
0.688 
0.759 
o.800 

0.445 
0.486 
0.592 
0.657 
0.597 

0.410 
0.441 
0.524 
0.578 
0.6!4 

0.410 
0.476 
0.521 
o x !  

0.815 
0.955 
0.993 
0.999 
1.00 
i.00 
1.00 

0.662 
0.801 
0.910 
0.975 
0.998 
6.999 
1.00 

0.495 
0.575 
0.661 
0.773 
0.933 
0.968 
0.980 

0.467 
0.520 
0.599 
0.777 
0.855 
0.892 

0.411 
0.446 
0.499 
0.639 
0.721 
0.768 

0.403 
0.440 
0.545 
0.614 
0.658 

0.377 
0.403 
0.482 
0.537 
0.575 

0.379 
0.439 
0.483 
0.514 

0.744 
0.934 
0.990 
0.999 
1 .00 
1.00 
1.00 

0.588 
0.742 
0.880 
0.967 
0.998 
0.999 
1.00 

0.444 
0.518 
0.604 
0.727 
0.919 
0.963 
0.977 

0.427 
0.474 
0.551 
0.743 
0.833 
0.875 

0.382 
0.412 
0.460 
0.600 
0.687 
0.740 

0.377 
0.409 
0.509 
0.579 
0.626 

0.355 
0.378 
0.451 
0.505 
0.543 

0.358 
0.412 
0.454 
0.485 

0.685 
0.914 
0.987 
0.999 
1.00 
1.00 
1.00 

0.534 
0.694 
0.852 
0.959 
0.997 
0.999 
1.00 

0.412 
0.478 
0.561 
0.689 
0.907 
0.957 
0.974 

0.400 
0.443 
0.515 
0.713 
0.812 
0.860 

0.363 
0.389 
0.432 
0.568 
0.659 
0.715 

0.359 
0.387 
0.480 
0.550 
0.598 

0.340 
0.360 
0.426 
0.479 
0.516 

0.342 
0.391 
0.431 
0.461 

0.496 
0.553 
0.827 
0.952 
0.997 
0.999 
1.00 

0.390 
0.&? 
0.528 
0.656 
0.894 
0.952 
0.971 

0.637 
0.894 
0.984 
0.999 
1.00 
1.00 
1.00 

0.381 
0.419 
0.487 
0.687 
0.793 
0.846 

O X 9  
0.371 
0.410 
0.541 
0.633 
0.692 

0.345 
0.370 
0.457 
0.525 
0.573 

0.328 
0.346 
0.407 
0.456 
0.494 

0.329 
0.374 
0.411 
0.440 
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1000 1500 2000 3000 4000 5000 6000 7000 8000 

N=lO I000 0.547 
3 000 0.934 
5000 1.00 
7000 1.00 

loo00 1.00 
20000 1.00 
30000 1.00 
40000 1.00 

0.599 0.467 0.374 
0.876 0.620 0.427 0.366 0.337 
0.982 0.804 0.501 0.401 0.357 0.333 0.317 
0.998 0.945 0.629 0.464 0.393 0.356 0.333 0.318 
1.00 0.997 0.883 0.663 0.518 0.438 0.390 0.359 
1.00 0.999 0.947 0.776 0.611 0.504 0.438 0.395 
1.00 1.00 0.968 0.833 0.611 0.552 0.414 0.422 

lisional ion-atom complexes ( l b ) ,  the derived expressions are valid down to room 
temperature. 

One can see that for our plasma conditions the process (1  b )  of recombination on 
collisional quasi-molecular complexes and the dissociative recombination process ( l a )  
are competitive. The method presented offers a possibility for the determination of 
their relative participation and for the calculation of the corresponding rate coefficients. 

The transition to the more complex symmetrical atomic systems of the type A+A+ 
may be done by replacing R:/4 in the preceding equations with the square of the 
modulus of the corresponding dipole matrix element and by introducing the corres- 
ponding E ( R ) .  
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Abstract We investigate cases of Coulombic systems near the break-up threshold for which the 
Wannier model holds, but not Wannier theory. Making use of the classical trajeclory method, we 
derive threshold laws for a model system of fractional charge (Z = a au) nucleus and eleclrons. 
and a red (though perhaps impractical) system of two beryllium nuclei and an antiproton. For 
the first system we find the threshold law af the form exp(-A/&), where E is the t a d  
energy, and for the second one a number of characteristic features above the classical lhreshold 
have been obwined. Finally we investigate numerically a realislic case of an electron and 
two beryllium nuclei and discuss some general features of the ionization probability above the 
classical threshold. 

1. Introduction 

We continue with investigations of three-body systems near the break-up thresholds. This 
paper is a sequel to the first one in the series (Simonovi6 and Cruji6 1987, hereafter referred 
to as I), where a general case of the near-threshold behaviour of the Coulombic systems 
with arbitrary masses and charges has been treated. We are interested in finding out the 
threshold law for the process when a charged particle impinges on a binary system itself 
consisting of two charged particles. As usual, one assumes the threshold law in the form 

a - EX E -+ +O (1) 

where U is the break-up cross section, E is the total energy of the system and K is the 
threshold law exponent to be found out. In the case of a symmetric system, when the two 
wing (outgoing) particles are identical, one has for the exponent (equation (38) of I) (atomic 
units are used throughout) 

where m3 (= mz)  and 93 (= 42) are the masses and charges of the wing particles 
respectively, with particle 1 (with a charge ql opposite in sign to the outer ones) staying in 
the middle. If m 3  < ml and q3 < -4 qt one recovers the standard Wannier result (Wannier 
1953). In particular, for 91 = 1 and q3 = -1, one has K = 1.12689, a well known value 
for the case of ionization of hydrogen by electrons. 

Looking at (2) as it stands, one observes two important points: (i) formally, the exponent 
assumes real values only outside the region: - %  5: q1/q2 < -&; (ii) approaching the right 
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border of this region from the right, the exponent tends to infinity. The latter case arises, 
for instance, in the process 

M S Dimitrijevii et a1 

Be4’ + Be” + Be4+ + e + Be4’. (3) 

Two questions impose themselves. however, in a situation like this. first, what would be 
the meaning of an infinite exponent in (l), and second whether this case belongs to the 
Wannier model of the near-threshold processes. As we shall see immediately, cases which 
lead to an unphysical value of K may still be described by the Wannier model. but not 
within Wannier theory (see, e.g. GrujiC 1986). 

In the next section we examine applicability of the Wannier theory to these non-standard 
situations and in the following sections we present our numerical calculations of the exponent 
K for the following cases: the model case of type (3), but with a different choice of masses 
and charges (equation (1 I ) ) ,  then the process (3) with e replaced by an antiproton, and 
finally the realistic case described by (3) is discussed. Motivation for this particular choice 
will be explained in the course of calculations. Finally, we present a brief discussion of the 
results obtained and of further possible extensions of the present approach. 

2. Wannier model of double escape 

The classical Wannier model has been discussed in a number of review articles (see, e.g. 
Read 1985, GrujiC 1986) and here we shall content ourselves with a brief sketch of the 
simplest case of (identical particle) double escape process. In this case the most important 
(classical) configuration appears to be the rectilinear one (collinear motion), with particles 
of charge of the same sign repelling each other and moving from that with opposite charge 
(central particle) to infinity, if the process is endothermal (total energy positive). For very 
small total energy E the double escape probability appears to be a subtle interplay of two 
competing interactions-an attraction towards the central body and mutual repulsion of the 
wing particles. The central construct of the model is the so-called leading trajectory, a 
straight line along which particles move at E = 0 (note that kinematically there is an 
innumerable number of trajectories realizing the same geometrical configurations). Strictly 
speaking, the leading trajectory is a unique point in the corresponding phase space (apart 
from a physically unimportant rotational degree of freedom), with 

Q(f) = --T3(t)  (4) 

which implies the same relation for derivatives with respect to time f (equal, antiparallel 
velocities). Now, if the net force acting on outgoing (wing) particles along the leading 
trajectory is attractive, Wannier theory is applicable. This is essentially a peturbative 
approach, which leads in the borderline case (see equation ( I  la )  in I, free motion case) 
to 

91/63 = -4 (5 )  

for motion along the Wannier ridge (4) 

ri(t) = r ( f )  = - - f + C  i = 2 , 3  (Y 
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with the usual choice C = 0. In the limit E + 0 and for C > 0 both wing particles would 
remain at rest all the time, the system being in  an unstable equilibrium (unstable fixed 
point, see, e.g., Percival and Richards 1985). For the non-zero velocity (E > 0) one has the 
so-called dynamic equilibrium (symmetrical configuration), with the total mutual screening 
of the constituent particle charges. Now the equation for small radial perturbations with 
respect to the leading configuration (4), (see, e.g. (39) in I) reads 

dZA KhA - 
dt2 t3 

and similarly for the transverse deviations 

_ = _  d26 Ks8 Ks = -?KA, I 
dt2 t3  

Note that KA is positive for E z 0 and that, unlike the standard Wannier case, equations 
(7a) and (8)  are not of Euler type and cannot be solved analytically. As a consequence, 
further analytical derivation of threshold law, as in Wannier (1953). is not possible and this 
justifies the term non-Wannier employed for the present calculations. On the other hand, all 
physical assumptions underlying Wannier’s derivations remain valid and the whole approach 
is based on the Wannier model. 

Let rF,(r) i = 1 ,2  (with t substituted by r according to (6)) be particular solutions of 
(7a). then one can write the geneal solutions as 

where Ci are arbitrary constants. However, unlike the standard Wannier case, since r 
depends explicitly on E ,  so do Fi. On the other hand, as the similarity transformations (e.g. 
(31) in I) leave the left-hand side of (9a, 6 )  intact, it follows that C, must be E-dependent. 
This precludes, consequently, a standard derivation of threshold law from an explicit form 
of Fi mnkalns  and Gailitis 1967). This need not be of crucial importance provided that 
one can infer from (9a, b) whether some of the terms appear divergent in  the limit r -P CO. 

The total number of diverging terms determines the dimensionality of the total phase-space 
subspace volume which shrinks as the energy goes to zero, what determines threshold law. 
In the standard Wannier case, it turns out that only one of the RHS terms diverges and thus 
a single C, determines near-threshold behaviour (single-parameter theory). In our case, in 
the absence of analytical solutions, only numerical calculations can provide an answer to 
the relevant dimensionality and yield the threshold law. 

3. Numerical calculations 

Generally speaking there are two approaches to deriving doubleescape threshold laws: (i) 
by simulating full-time-scale collisions, varying a proper number of initial parameters, by 
solving corresponding classical equations, as has been done in a number of investigations up 
to now; and (ii) by examining numerically the system evolution in the final configuration 
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(the so-called half-collision method, cf Read (1985)). (We note in passing that with a 
couple of exceptions all analytical approaches belong to half-collision class of study of 
near-threshold behaviour.) The latter approach would correspond to solving numerically 
equations (7) and (8). instead of e.g. Newton equations (see, e.g. (10) in I). But whichever 
approach is adopted. the problem concerning the number of parameters to be varied remains. 

An investigation of the small-energy behaviour of a system by the classical trajectory 
method can be very involved, as the case with process (3) shows. First, because of the 
extremely slow motion of the impinging paticle (or, alternatively, very fast motion of the 
target electron) a very large number of integration steps is needed. Further, owing to the 
enormous difference in the masses of the electron and the Be nuclei, the ionization interval 
is expected to be extremely small indeed, which requires a proportionally large number of 
trajectories to run, in  order to find out the ionization region. But besides these practical 
difficulties, there is another conceptual one, which makes a proper numerical full-collision 
study intractable, if both colliding systems are charged with the same sign. 

One of central assumptions of near-threshold studies, not only within the Wannier model, 
is the notion of compound state, which the colliding particles form temporarily, before. the 
final-state fragments emerge. For this to happen, the colliding particles must approach each 
other closely enough for the so-called quasiergodic hypothesis to hold (Wannier 1953). 
Consider now two charged atomic particles, like those in (3). in the initial channel. Beside 
the direct collisions, when the target electron remains bound to the same nucleus two other 
processes may occur. One is charge exchange, when the target loses its electron to the 
scattered impinging ion, and the other is ionization, with the free electron in the final state. 
The latter process can proceed via two different final configurations, In one case all three 
particles move in the final state in noticeably different directions (direct ionization). The 
second type of fragmentation evolves essentially along the common straight line, what is 
called capture into the continuum. In either case if ionization is to happen the particles 
should approach each other at least within a distance R F  = yQ, where y is of order unity 
and & is the diameter (or the major axis) of the target Kepler orbit. If target constituent 
charges are 21 and Z2 and the projectile charge is 23, one has for the impinging energy 
Eimp PUj,,, with ionization potential Vi,, = &2:/2, and f i  is the reduced mass 

M S DinzifrijeviC e f  U! 

( 1 0 4  

If the target is neutral (2, = -Zz), dominant interaction is of the monopoledipole type 
(e.g. GrujiC 1973) Vfip = DR122,/2R:, and (loa) goes into 

( 1 Ob) 

where D is the classical mean dipole moment of the target. We note in passing that quantum 
mechanically it is a polarization potential which counts and since it is always attractive, 
no RE" appears. For reaction (3) one has the RHS of (10~) near the threshold (@ U5 1) 
equal approximately 10. Consequently, only at relatively high impact energies (p > IO) 
can reaction (3) proceed classically, what moves the process away from the threshold. 
Quantum mechanically, of course, one has an underbarrier penetration and ionization does 
start at the true threshold, though with a reduced probability due to the tunnelling effect. 

Within the full-collision approach we employ the usual numerical procedure for 
detecting ionization volume intervals (e.g. DimitrijeviC et al 1990), by varying the initial 
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l 
Figure 1. Initial canfiguration (schematic) for the half-collision calculadons 

- z " r o - ~ ~ , . ,  , , , , , , I__; 
-10.' -5.10.' 0 5x10" 

6 X  

Figure 2. Ionization regions for lhe half-collision computations (two p"dmeter variations, 
collinear case. see text): (0) Z = I ,  Wunier case: (b) Z = k. 

orientation of the target binary system, with the constituentE moving around each other along 
Keplerian orbits. Then the particle final energies are evaluated by numerically integrating 
Newton equations and regions where all three particles fly away with positive energies are 
determined. Repeating the procedure for a number of total energies E and finding the 
corresponding break-up regions one obtains the threshold law by fitting numerical results 
to an analytical expression. 

In order to get insight into the physical side of the problem, we have chosen to treat a 
model case of type (3) first, more precisely with fractional charges of the nuclei, and then 
we move to more realistic, but numerically more involved cases. 

3.1. Model-system calculations 

We treat the process (ma = ca) 

e- + [At'/4 + e-] -f e- -I- A+'/4 + e-. (11) 
Computations have been carried out first within the half-collision arrangement, that is by 
following only the evolution of the RHS of ( I  I ) ,  solving the corresponding Newton equations 

with obvious notation. 
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3.1.1. Half-collision approach. We start with the collinear final-state configuration (8, = k, 
see figure I), with electrons symmetrically spaced with respect to the positive heavy ion at 
the origin. In order to test the reliability of the approach, we first carry out computations 
for the charge of the central ion Z = 1 OVannier case). Two sets of computations have 
been done: (a) by varying small velocity deviations from the symmetrical ones, with fixed 
symmetrical initial positions; (b) by varying both positions and velocities simultaneously. 
In case (a) the best-lit calculations, for four different energies 0.01 < E < 0.1 provide 
K = 1.1254, which compares well with the analytically derived value, according to (2), 
1.1269. The set (b) computations were carried out for the same four total energies. In figure 
2(a) we show the corresponding phase-space double-escape regions for three different total 
energies. The fit to the form ( I )  yields the exponent value 1.1214. 

It should be noted here that a two-parameter half-collision treatment does not 
imply two-dimensionality of the Wannier theory. In fact, a one-parameter full-collision 
approach implies many-parameter half-collision treatments, for it is an initial configuration 
for a complete Scattering process which defines (physical) parameters of the problem 
Nevertheless, it is a comfortable assurance that the final-state approaches yield the same 
threshold law for different numbers of varied parameters (cf Read 1984). 

M S DimitrijeviC et a1 

Table 1. Half-collision calculated velacity intervals Su and the best-fit values for lhree analytical 
expressions for reaction (11) (xo = O . l ) . ( x ~  - yy stands for x.x  IOVY). 

E 6” 14335E8.z’1 1.8797 x 10-3e-a~5M5/E 6.8307e-4,’465/fi 

0.050 2.465 - 08 2.634 - 08 =~ 2.350 - 08 2.469 - 08 
0.075 8.778 - 07 7.457 - 07 I.O1?6 - 06 8.742 - 08 
0.100 7.311-06 8.030-06 6.6467 - 06 7.330 - 06 
RMS 2.436 - 07 6.6467 - 06 6.3375 - 09 

Now we proceed with non-Wannier parameters Z = f. Corresponding areas for case 
(b) are shown in figure 2(b). I n  table 1 numerical data for the single parameter variations 
(case (a)) are shown, with 6u velocity doubleescape intervals. Numerical results are then 
fitted to the additional two (beside that in ( I ) )  analytical forms : (i) Aexp(-hjE); (ii) 
Aexp(-A/fi). Corresponding best-fit values are shown in table I ,  also, together with 
RMS values. Evidently, form (ii) appears the best choice. 

These computations have been carried out with the electron initial positions xo = 0.1. In 
order to check the independence of the final results from the choice of initial distance from 
the origin, we have repeated computations with three different choices of xg, and compared 
with the form (ii). In table 2 we show one set of the results for xg = 1, for an extended 
range of total energy. 

Note that different initial positions dictate different minimum values for E. These 
results are in accordance with an important property of Coulombic systems, similarity 
transformations [scaling raws) (e.g Wannier 1953). as can be checked by direct inspection. 

r + B r  E - r E j B  u + v / f i  B > O  (13) 

which in our case reads 
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Table 2. Half-collision calculated numeriwl results and the &-fit values. for xg = 1. for 
reaction ( 1 1 ) .  ( ~ . ~ - - y y s t a n d ~ f o r x . x I O - ~ Y ) .  

E 6Zi 1.817exp(- 1.364/*) 
2.5 - 03 2.325 - 12 2.530 - 12 
3.5-03 1.710-10 1.734-10 
5.0 - 03 7.791 - 09 7.544 - 09 
7.5 - 03 2.776 - 07 2.602 - 07 
1.0 - 02 2.312 - 06 2.148 - 06 
1.5-02 2.817-05 2.626-05 
2 5  - 02 3.383 - 04 3.235 - 04 
3.5 - 02 1.253 - 03 1.230 - 03 
5.0 - 02 3.986 - 03 4.050 - 03 
7.5-02 1.168-02 1.241-02 
1.0 - 01 2.204 - 02 2.419 - 02 
RMS 2.0873 - 04 

Hence, one has for the threshold law for the case at hand the following general formula 

(15) ~ - e - A / a  

According to our numerical findings one can ascribe a numerical value to the scale- 
independent constant h = 1.364 in (15). 

The Wannier model predicts not only collinear final double-escape configurations, but 
also final state trajectories which cluster around the collinear ones, withim a pencil of a 
small aperture. We have repeated computations for the final electron positions and velocities 
making a mutual angle 812 = 170" instead of 180". Computations corroborate formula (15) 
again, but with a somewhat worse fit than i n  the strictly collinear case. A plot of outgoing 
particle trajectories shows an oscillatory (around a collinear line) angular motion, just as in 
the case of the Wannier system (cf e.g. Vinkalns and Gailitis 1967). 

- 0 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
0 90 180 210 3 

3 ldegl 
1 

Figure 3. Ionization regions (squares) for the full-collision calculations for reaction (11). at 
E = 0.01 ai! 
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3.1.2. Full-collision frealmenf. This approach is more in the spirit of real experiments. 
We employed the standard three-body computer code used previously for three-body 
classical trajectory calculations (see, e.g. GrujiC 1973), but this time the accuracy has been 
considerably improved by implementing the regulurizution, as described by Aarseth and 
&e (1974, see also Richter and Wintgen 1990). An initial configuration consists of a 
charged particle impinging on the two-body Keplerian system (see, e.g. figure 2 in GrujiC 
1973). With a fixed (ground state) target energy and total system angular momentum (L = 0, 
plane case), we choose to vary two parameters: (i) the orbit eccentricity; (ii) orientation 
of the orbit (0) .  We chose, in fact, to vary the eccentricity via the semiclassical angular 
momentum quantum number e.  defined by 

M S Dimitrijevif et a1 

where n is the bound system principal quantum number. Thus by varying e within the 
interval (-;, 4). eccentricities from 0 to 1 are covered. In figure 3 we show results for 
process (1  I )  for the total energy E = au. 

The total number of trajectories was 3723, with double-escape events numbering 89. 
For other total energies similar figures are obtained. However, it turns out that the width 
of an ionization ..rip varies considerably faster than its height. This implies that a good 
representative of the total area change, as the energy E varies, would be the width variation 
at a particular e value. Thus the problem is again reduced to a single-parameter variation. 
We choose the simplest case possible-the circular orbit ( e  = -$). We note that in the 
limit e = -; the initial definition of I9 becomes meaningless. In fact ~9 now determines the 
electron position on the circular Keplerian orbit, which we designate by the corresponding 
time variable r and vary within the total period T. The initial distance of the impinging 
electron was 300 no, with zero total angular momentum ( L  = 0). In table 3 we give 
numerical values of the ionization intervals for the first ten total energies. Before discussing 
these results, a few remarks concerning some characteristic features of the calculation are 
in order. First, the final results depend rather crucially on the numerical accuracy. We kept 
the total energy (one of two integration integrals) accurate up to four significant figures. 
Less accurate integrations tend to change noticeably both the positions and lengths of the 
ionization intervals. Further, numerical integrations confirmed that the ionization intervals 
disappear below some energy E = Eo. In our case Eo c 2.4 x It should be 
emphasized that this disappearence means an absence of the electron exchange, rather than 
a zero value of the ionization interval (which might otherwise have something to do with 
the numerical accuracy achieved). This latter feature led us to carry out fitting procedure 
by a somewhat different analytical function compared with that in (15), with E replaced 
by E - EO. As shown in table 3 our best-fit value was EO = 2.175 x lo-’. This should 
be compared with the potential-barrier threshold, which according to the estimate ( loa )  is 
expected to be around 8 x IO-’ au. 

Inclusion of the next point at E = 4 x IO-) (not shown in table 3) resulted in much 
worse fit, with RMS larger for two orders of magnitude, while not changing the value of 
Eo and negligibly changing the fit with the first IO points. As can be seen from table 3 
the fit to the analytical formula appears excellent. We also tried unsuccessfully a fit to the 
Wannier expression (I) .  A fit with Eo = 0 failed, with K assuming a value of several tens 
and the A value went beyond the range of our K. A non-zero EO value improved the fit, 
but it remained far worse than that quoted in table 3 for the exponential form. We conclude 
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Table 3. Full-collision calculated values for the ionization intervals AV. .k = 0.330698. 
A = 1.87567 x IO', for reaction (11) ( X J  - yy stands for x.x IO-YY). 

E CSIP)"", . ,-*/J=T 

0.24000 - 02 0.50000 - 06 0.49943 - 06 
0.25000 - 02 0.20000 - 04 0.20255 - 04 
0.26000 - 02 0.20700 - 03 0.20256 - 03 
0.27500-02 0.19100-02 0 19221 -02 
0.28500-02 0.55340-02 0.55617-02 
0.300 00 - 02 0.187 70 - 01 0.187 47 - 01 
0.31000-02 0.35531 -01  0.35559-01 
0.32500- 02 0,780 I O -  01 0.781 23 - 01 
0.33500-02 0.1211Ot00 0.12115toO 
0.35000-02 0.21317tOO 0.21262tOO 
RMS 5.655-05 ' 

.t the full-collision a!mroach is comDatible with the .. If-collision treatment. 
Incidentally, a semiqualitative analysis of the full-collision results reveals that the most 
appropriate value for xo in the half-collision arrangement would be (xo)  = 17 an. 

As for the non-zero EO value, we have tried to implement the same correction to the 
half-collision results, but with no improvement. Evidently, there exists a barrier between the 
initial configurations in the full- and half-collision arrangements, which lifts up the reaction 
threshold, as discussed above. 

3.2. Real system collisions 

A real system is much more difficult to deal with, since here the wing particles are heavy and 
collision processes evolve slowly in time. In the case of the half-collision arrangement the 
total energy is distributed over all three particle and the small-energy numerical calculations 
appear less straightforward than with the electrons. If the full collisions are simulated, 
computing time per orbit becomes very large and smaller statistics can be afforded. We 
start with a more realistic, though still somewhat artificial, true threebody system. 

0 I Q "  Z x l O *  3x10* 4x10' 5 nL 
E l O U l  

Figure 4. Bre3k-up interval functions for reaction (17). for two values of the total angular 
momentum L. 
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3.2.1. Beryllium antiprotonic ion. We examine numerically the process 

M S Dimitrijevif et a/ 

Be4+ + [Bef+ f p-] --f Be4+ + p- + Be4*. (17) 

This reaction appears much more convenient for a numerical analysis because of the large 
antiproton mass, which considerably increases the ionization probability at small energies. 
We have carried out computations for L = 0 total angular momentum, employing the 
same procedure as above. The classical breakup threshold appears somewhere immediately 
below Ei, F= 31 892 au ( E  18670 au), as compared with the ionization potential 
U,, = 13222.04 au. In figure 4 results are shown for the energy interval (0, 50000). We 
started computations from the E = 20000 au point, following an ionization interval, moving 
to smaller and larger energies. One notices the sharp rise of the ionization probability as the 
(classical) threshold is approached from above. We have been unable to detect any point left 
from the first one in figure 4, where the curve presumably sharply drops to zero. In order 
to check if the observed behaviour is peculiar to the L = 0 configuration, we have repeated 
computations for L = 12 and the results are also shown in figure 4. This choice of angular 
momentum yields the impact parameter of the order of the target equivalent orbit diameter. 
As can be seen from figure 4 the break-up process starts somewhat earlier (immediately 
below E = 13 870 au and the ionization intervals appear smaller, compared with L = 0 
data. Otherwise the general behaviour turns out much the same. 

15 

Figure 5. Final-state mutual-angle functions for L =0, E = 19001.2 au, for reaction (17). 

In figure 5 we plot the final state mutual angles of the outgoing particles, in the CMS, 
for L = 0 partial configuration. As can be seen from figure 5, heavy particles Be4+ move 
approximately along a straight line through the centre of mass, whereas the antiproton 
changes its final direction from following the parent nucleus (823 % 0"). through the escape 
along a perpendicular direction, around the middle of the breakup interval (&i % 90°, 
i = 1.2). and finally starts trailing the impact particle (8, 180O-capture to the 
continuum). Though we have not carried out a full-scale collision simulations (such as 
the Monte Carlo method, e.g. Olson 1986). which would provide data for various final- 
state distributions, one can infer from data like those in figure 5 a number of characteristic 
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features of a real distribution. We notice in figure 5 that the (mutual) angle distribution, 
defined as 

where c is a normalization constant and r is the system parameter varied in the case at hand 
(e.g. DimitrijeviC and GrujiC 1979), appears uniform in the central region and at the wings, 
with distribution function assuming somewhat larger value at the latter part of the break-up 
interval. This feature suggests that the perpendicular escape should be less probable than 
those by trailing the nuclei. 

In a series of papers Ovchinnikov and Solov’ev (l988), Ovchinnikov (1990) and Pieksma 
and Ovchinnikov (1991) carried out detailed analyses of an ionization mechanism of a bare 
nucleus collision on a single-electron target. Though their model does not cover our singular 
( Z I  = Z2 = 4) system, it seems instructive to compare our numerical results with their study. 
According to these analyses one can define two sets of intermediate states via which an 
ionization process evolves quantum mechanically. One series (so-called S-series) promotes 
the electron by means of the centrifugal barrier around the closely separated nuclei, and 
should be absent for s-states. Classically, this series is associated with unstable electron 
trajectories on the top of the centrifugal barrier and the electron moves asymptotically 
along the internuclear axis. The other, so-called T-series, promotes the electron escape 
starting from the middle between the receding nuclei (saddle-point electrons). Their 
classical trajectories end asymptotically perpendicular to the internuclear axis. Pieksma 
and Ovchinnikov (1991) conclude that the saddle-point mechanism contributes significantly 
to the ionization probability, in the energy region studied (5-20 keV mu-’) for p + H 
collisions. Our numerical results suggest that the saddle-point mechanism appears prominent 
in process (17), too, though its contribution might be somewhat smaller than in the case of 
single-electron Wannier systems. 

The analysis of the final-state evolution can help also in understanding the rather 
peculiar behaviour of the break-up interval in figure 4. At energies not too close to the 
(classical) break-up threshold ionization appears as a intermediate process between direct and 
exchange (antiproton capture) collisions. Right above the threshold, however, the exchange 
is surpressed. The impact particle does not approach the target sufficently close and the 
lighter target constituent cannot reach the potential barrier top, but presumably starts moving 
back towards the parent nucleus. It is this turning point which enhances the length of an 
ionization interval, as evident from the steep rise of the latter in figure 4. Also, this effect 
should be more prominent at head-on collisions (small L). when radial motion is dominant, 
as also illustrated in figure 4. At even smaller energy the velocity of the target nucleus is 
insufficient to run away and the returning antiproton catches it up and recapture takes place. 
This explains the abrupt drop of the ionization probability to zero, immediately before the 
left parts of the curves in figure 4. Because of this uncertain position of the threshold we 
have not plotted zero-valued ionization intervals in the same figure. 

Since the threshold positions as well as the magnitudes of different partial configuration 
intervals differ, it is not possible to infer from our computations an exact position of the 
classical break-up threshold. On the other hand, it would be reasonable to expect that 
the overall ionization probability should be small below the impact energy Eimp ir. 31 OOO 
(c 840 keV), since i n  this region ionization takes place exclusively via the tunnelling 
effect through the Coulomb barrier in the initial channel. Only after this barrier has been 
surmounted can a (quasi)compound state be formed and a break-up initiated in the final 
channel. 



5728 

3.2.2. BeryIlium ion. Reaction (3 )  describes a fmly two-centre problem. For Z c 4 
calculations, both numerical (Olson 1983, 1986) and analytical (Ovchinnikov 1990, Pieksma 
and Ovchinnikov 1991) have been carried out. Standard Wannier-type calculations yield 
(Simonovit and GrujiC 1987) a power threshold law of (I), whereas calculations for H +p- 
type collisions, within the WKB approximation provide ionization probability small-energy 
behaviour in the form 
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where 22.3 are the charges of the wing (heavy) particles, p their reduced mass and p’, y’ are 
numerical constants. Ovchinnikov’s analysis is essentially a first-order perturbation theory 
with respect to the small parameter l / p ,  where p is the atomic reduced mass. Exponent CY 
coincides approximately with threshold exponent K in (I). For (p+e+p) system 01 = 69.975 
(69.735 according to (2)) , as compared to (e+p+e) system, with K = 1.127. Because of the 
large numerical value of the threshold exponent for the two-centre problem, the logarithmic 
term in (19) changes radically small-energy behaviour of the fragmentation process. Thus 
in the case of (p + e + p) system, for which one has the threshold region approximately 
(0,0.05), according to (19) 

.% 5.9063 x 10” 
P(0.02) 

what makes (19) practically a Heaviside-like (unit) function. Besides, it appears 
inappropriate for the singular case: Zz = Z3 -+ 4 when one has co 0, CY -+ 00, 
A -+ 0, as in standard Wannier theory. 

As in the beryllium-antiprotonic case, numerical analysis of the final-state system 
evolution, via the half-collision approach, appears inconvenient. We have thus carried 
out computations by simulating the full-collision process, for L = 0. According to (1%) 
the process should start at Ej,, = 12 au. Our computations reveal the beginning of the 
exchange reaction at E X 75.3 au, which corroborates the analytical estimate. However, the 
lengths of the corresponding ionization intervals turn out to be extremely small, different 
from the analogous antiprotonic case. In the region 80 c E < 200 au these lengths 
turned out beyond the double-precision accuracy of our Pc, that is AslT c These 
findings indicate that the saddle-point configuration is so unstable that the probability of 
a promotion into the continuum is practically zero. The electron moves so fast that the 
heavy wing particles cannot run away and (re)capture takes place quickly. An eventual 
triple-escape configuration evolves presumably with the electron moving perpendicular to 
the internuclear axis, but we have been unable to ‘get into’ an ionization interval, and could 
only locate its position. 

This effect appears more general than the singular system studied here. We have repeated 
computations for HeZ’ -b Het collisions (L = 0), for which ( IOU)  suggests Ed. EJ 3 au. 
Computations at E = 30 au detect intervals smaller than T. Evidently, ionization 
probabilities for nuclear charges greater than 1 turn out negligible in every respect, even 
above the classical barrier. 
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4. Concluding remarks 

An extension of the simple Wannier process, like electron impact ionization of a neutral 
or charged target, to heavy ion collisions is not a trivial task, neither analytically nor 
numerically. Analytically, difficulties appear both within the classical and quantum 
mechanical approaches, though of formally diferent nature. The singular case of complete 
screening in the final state on the leading trajectoly (or equivalently in the final channel 
in the (semi)quantum mechanical theory) poses additional complications. Our attempts 
to resolves these difficulties by a detailed numerical analysis (without involving massive 
computations) have been only partially successful. The model systems designed to separate 
formal singular features of these non-Wannier processes from undesirable properties of real 
physical systems, have enabled us to estimate an exponential near-threshold behaviour, as 
opposed to the simple power law for the standard Wannier processes. It is interesting to 
note that the same kind of the exponential function appears as a factor of the near-threshold 
behaviour of the break-up processes with two charged and one neutral particle in the final 
channel (Hart et ai 1957). (Note, however, the minus sign in front of the exponent ‘4’ 
is missing in the corresponding equation (28u), se e.g. GrujiC and Koledin 1993.) This 
sort of exponential law also appears muchalike the far-from-threshold behaviour of the 
(partial) probability function for ionization by heavy ions, within the semiclasical theory 
(e.g. Solov’ev 1989). 

As for experimental evidence, no measurements for the singular systems have been 
reported up to now. Even for standard cases, such as H+ + H collisions, experiments 
have k e n  carried out in the keV region only (e.g. Shah et a1 1987). The same holds for 
theoretical investigations, such as those by coupled-states quantum mechanical calculations 
due to Fritsch and Lin (1983) (see, e.g. Pieksma and Ovchinnikov 1991 and references 
therein). Our numerical computations have shown that the low-energy ionization probability 
must be extemely small, even above the classical threshold. This means that the standard 
classical Monte Carlo calculations would be quite inefficient in this energy region and thus 
inappropriate for studying near-threshold behaviour for charged particle collisions. 

One way to circumvent theoretical difficulties in the non-Wannier case mentioned above 
would be an ab initio quantum mechanical, or semiclassical approach, with singularity in 
the leading final-state configuration accounted for from the very begining. Since this case 
appears the only one not covered by the analytical theory up to now, it should be worth 
trying this sort of calculation. 

Finally, in response to a referee’s suggestion, we comment on the role of correlations 
in the fragmentation near the threshold. As mentioned above, if the wing particles are of 
the same charge, radial correlations govern double escape, via the threshold exponent K in 
equation (2). For the singular (‘resonant’) charge ratio 41/43 = -$ the type of correlations 
change, causing a new kind of near-threshold behaviour. For 41/43 > -i another sort 
of correlation should set in and this would surely bring about yet another threshold law. 
Similarly for the angular correlations. Although for the particular distribution of the (signs 
of) charges at hand the fragmentation probability does not depend on these correlations, 
the angular distribution and its spread do, via the corresponding parameter KS. In the 
general case this exponent depends on charges and masses (see equation (30) in SimonoviC 
and GrujiC (1987), where KS is designated as q). In the simple Wannier case of two 
escaping electrons and residual ion charge Z, there is a borderline charge value Z = at 
which K$ changes from real (Z > s) to complex values (Z < $). This change indicates the 
presence of different types of angular correlations, which causes different distribution-spread 
behaviour--equation (36) in SimonoviC and GrujiC (1987) @ut note that Kt in equation 
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(36) should read G). Since radial and transversal strengths of forces differ greatly, the 
corresponding borderline values of charge ratios may differ considerably too, as is the case 
with the above Wannier system (by a factor of nine). 
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Abstract
On the basis of the experimentally determined 26 prominent neutral neon
(Ne I) line shapes (in the 3s–3p, 3s–3p′, 3s′–3p′, 3s′–3p and 3p–3d transitions)
we have obtained electron (We) and ion (Wi) contributions to the total
Stark width (Wt). Stark widths are also calculated using the semiclassical
perturbation formalism for electrons and protons as perturbers up to 50 000 K
electron temperatures. We made comparison of our measured and calculated
We data and compared both of them with available experimental and theoretical
We values.

1. Introduction

In thermal plasmas at local thermodynamic equilibrium (LTE), and for temperatures of about
1–2 eV (an electron density of about 1 × 1023 m−3), the dominant pressure broadening
mechanism is caused by collision processes with electrons and ions. Stark broadening in
plasmas is important not only for theoretical understanding, but also for experimental methods,
e.g. as a diagnostic tool. Plasma broadened and shifted spectral line profiles have been used
for a number of years as a basis of an important non-interfering plasma diagnostic technique.
Numerous theoretical and experimental efforts have been made to provide reliable data for
such applications. This technique becomes, in some cases, the most sensitive and sometimes
the only possible plasma diagnostic tool.

Classical emission laboratory plasmas spectroscopy has been mainly applied to optically
thin plasma where absorption of the emitted radiation is negligible. Investigation of line
profiles of atomic neon in medium dense plasmas, at about 1 × 1023 m−3, is of particular
interest for verifying predictions of theoretical approximations. Since neon is a constituent of
laboratory plasmas the Ne I spectral line shapes represent important sources of information
about the physical conditions in the place of birth of the radiation.

0953-4075/04/132713+12$30.00 © 2004 IOP Publishing Ltd Printed in the UK 2713
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Stark broadening of spectral lines is the dominant pressure broadening mechanism
also in some astrophysical objects such as chemically peculiar A-type stars and white
dwarf atmospheres. Moreover, even for cooler stars such as Solar-type ones, the Stark
broadening data are needed also for the analysis and modelling of subphotospheric layers [1].
Consequently knowledge of the Stark broadening parameters of spectral lines is of interest
for diagnostic, modelling and consideration of astrophysical, laboratory and technological
plasmas. Particularly, from such data, it is possible to obtain the basic plasma parameters,
such as the electron temperature and electron density.

In order to underline the astrophysical importance of neon data one should say that neon
is the most abundant element in the universe after hydrogen, helium, oxygen and carbon, and it
is for example [2] one of the products of hydrogen and helium burning in the orderly evolution
of stellar interiors.

Stark broadening of neutral neon (Ne I) spectral lines has been studied experimentally
several times [3–16]. The most complete existing calculation is in [17]. Also in [18]
calculations have been performed for the Ne I 650.7 nm (3s–3p) spectral line using five
different theoretical approaches. Results [18] are presented graphically and it is not easy to
use them for detailed comparison. In [19] the quasistatic Stark broadening constant C4 was
calculated and some theoretical estimates exist also in [10].

Due to large uncertainties of the theoretically determined Stark broadening parameters
(e.g. ±30% for the semiclassical method as estimated in [17]), the mutual agreement of
experimental values independently obtained in various laboratories permits us to single out
some lines as particularly reliable and suitable for diagnostic purposes.

Since the dependence of Stark broadening parameters on temperature is still not known
with a large accuracy, it is of interest also to have experimental results in a wide temperature
range.

Our experimental W
exp
e and W

exp
i values, presented here for 26 Ne I lines, are separated

from the measured total Stark width using the line deconvolution procedure described in
[20–22] which has already been applied for some He I [23–25], Ar I [26] and Kr I [27] lines.
We note as well that in [28, 29] static (A) and dynamic (D) ion parameters, respectively, have
been determined for a number of the Ne I lines considered here.

Using the semiclassical perturbation formalism (SCPF) (updated several times) [30–35],
we have calculated WTw

e values for 25 Ne I lines and also the WTw
i values, generated by protons

which are the main component in the astrophysical plasmas. Our values are compared with
available experimental and theoretical data.

The basic plasma parameters, i.e. electron temperature (T D) and electron density (ND),
have been obtained by using the line deconvolution procedure directly from the Ne I line
profiles and also measured (T exp and N exp) using independent, well-known, experimental
diagnostical techniques. Excellent agreement was found among the two sets of the obtained
parameters (T D and T exp; and ND and N exp). Such a method is applicable for optically
thin plasmas. For optically thick plasmas, the situation is more complicated due to weak
asymmetry of the spectral line profile caused by self-absorption [17, 36].

2. Experiment and deconvolution procedure

A modified version of the linear low pressure pulsed arc [37–40] has been used as a
plasma source. A pulsed discharge was driven in a pyrex tube of 5 mm inner diameter
and effective plasma length of 7.2 cm (figure 1 in [38]). The working gas was neon (99.9%
purity) at 133 Pa filling pressure in flowing regime. A capacitor of 14 µF was charged up to
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Figure 1. The recorded Ne I 640.225 nm line profile (o) with its fitting K function (dotted line) in
the 25th µs after the beginning of the discharge at U = 1.5 kV bank voltage and P = 133 Pa gas
pressure. This figure is an extension of figure 3.4.2 in [21]. Wt,We and Wi denote measured total,
electron and ion Stark widths. WD is the Doppler width determined at a measured T and N. Wins
is the instrumental width.

1.5 kV (experiment a) and 2.5 kV (experiment b), respectively. The complete experimental
procedure with the set-up system used is described in [40]. Recorded Ne I spectral line profile
with deconvolution fitting function, as an example, is shown in figure 1.

The absence of self-absorption was checked using the method described in [41]. The
electron temperature (T exp) was determined from the Boltzmann plot of the relative intensities
of 14 Ne II spectral lines (331.98 nm, 336.06 nm, 337.18 nm, 341.48 nm, 341.69 nm,
341.77 nm, 350.36 nm, 356.83 nm, 366.41 nm, 369.42 nm, 429.04 nm, 439.19 nm, 440.93
nm and 441.32 nm) within energy interval of 7.1 eV for corresponding upper levels, with
an estimated error of ±6%, assuming the existence of LTE, according to the criterion from
[36]. All necessary atomic data were taken from [42–44]. The electron temperature decays
are presented in figure 2. The electron density (N exp) decay was measured using a well-
known single laser interferometry technique [45] for the 632.8 nm He–Ne laser wavelength
with an estimated error of ±7%. The electron density decays are presented also in figure 2.
The T D and ND values obtained by deconvolution procedure [20] are also presented in
figure 2. The experimental W

exp
e , W

exp
i and W

exp
t values are obtained using the deconvolution

procedure.
The total line Stark FWHM (full-width at a half intensity maximum, Wt) is a function of

We and Wi i.e.

Wt = f (We,Wi), (1)

where We and Wi are the electron and ion contributions, respectively. For a non-
hydrogenic, isolated neutral atom line the ion broadening is not negligible and the line
profiles are described by an asymmetric K function (see equation (3) and [20, 26]). The
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(a)

(b)

Figure 2. Electron temperature (T ) and density (N) decays. Full lines represent measured data
using independent experimental techniques. Dashed lines represent plasma parameters obtained
using our line deconvolution procedure in different plasmas ((a) for 1.5 kV bank energy, (b) for
2.5 kV bank energy). Error bars represent estimated accuracies of the measurements (±6% and
±7% for T and N, respectively) and deconvolutions (±12%).

total Stark width with dynamic ion contribution
(
W

dyn
t

)
and with static ion contribution

(W st
t ;W st

t = W
dyn
t for D = 1) [17, 46, 47] may be calculated from the equation:

W
dyn
t ≈ We[1 + 1.75AD(1 − 0.75R)], (2)

where R is the ratio of the mean ion separation to the Debye length. A is the quasi-static ion
broadening parameter (see equation (224) in [17]) and D is a coefficient of the ion-dynamic
contribution [26].

When D = 1 the influence of the ion-dynamical effect is negligible and the line shape is
treated using the quasi-static ion approximation. From equations in [20, 26] it is possible to
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obtain the plasma parameters (N and T ) and the line broadening characteristics (Wt,We, Wi, A

and D). One can see that the ion contribution, expressed in terms of the A and D parameters,
directly determines the ion width (Wi) component in the total Stark width (equations (1)
and (2)).

K(λ) = Ko + Kmax

∫ ∞

−∞
exp(−t2) ·




∫ ∞

0

HR(β)

1 +
(
2

λ−λo− WG
2
√

ln 2
t

We
− αβ2

)2
dβ


 dt. (3)

Here WG is the Gaussian FWHM width given by (4) (i.e equation (2.3) in [20]).

WG = 2

√
2 ln 2kT

m

λo

c
. (4)

Where T is the emitter equivalent kinetic temperature, m is its mass, and k and c are the
Boltzmann constant and velocity of light, respectively.

All other details about the asymmetric K function (3) and the complete numerical
procedure for deconvolution of recorded spectral lines are described in earlier publications
[20–22, 26, 29].

3. Method of calculation

A description of the semiclassical perturbation formalism used here is given in
[30–35, 48]. For electrons hyperbolic paths due to the attractive Coulomb force were used,
while for perturbing ions the paths are different since the force is repulsive. The expected
accuracy of the semiclassical perturbation approach is ±30%.

Within the semiclassical perturbation formalism, we have calculated electron- and proton-
impact line widths for 25 spectral lines of neutral neon. Energy levels have been taken from
[49]. Oscillator strengths have been calculated by using the method of Bates and Damgaard
[50, 51]. For higher levels, the method described in [52] has been used. The results obtained
for Stark widths (FWHM) of 25 spectral lines of neutral neon are shown in table 2, for perturber
density of 1022 m−3 and temperatures T = 2500–50 000 K.

For each value given in table 2, the collision volume (V ) multiplied by the perturber
density (N) is much less than 1 and the impact approximation is valid [17, 30–35, 48]. When
the impact approximation is not valid, the ion broadening contribution may be estimated by
using the quasi-static approach ([17] or [53]).

In the region where neither of these two approximations is valid, a unified type theory
should be used. For example, in [46], simple analytical formulae for such a case are given.
The accuracy of the results obtained decreases when broadening by ion interactions becomes
important.

4. Results and discussion

Our experimentally obtained W
exp
t ,W

exp
e and W

exp
i data are shown in table 1 together with the

ratios W
exp
e

/
WG

e and W
exp
e

/
WTw

e where G and Tw denote theoretical values from [17] and this
work (see table 2), respectively.

Calculated Stark FWHM values (WTw) generated by electrons and protons for 25 Ne I lines
in the 3s–3p, 3s–3p′, 3s′–3p′, 3s′–3p and 3p–4d transitions using semiclassical perturbation
formalism are presented in table 2.

The measured N exp and T exp decays are presented in figure 2 together with the averaged
(within 26 Ne I lines) ND and T D values obtained using the line profile deconvolution procedure
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Table 1. Measured total Stark FWHM (W exp
t in pm within ±12% accuracy), electron and ion

(Ne+, Ne2+, . . . ) Stark widths (W exp
e and W

exp
i in pm within ±12% accuracy) at measured electron

temperatures T exp (in 103 K) and electron densities Nexp (in 1022 m−3). The indices G and Tw
denote theoretical data taken from [17] and this work (see table 2), respectively at a given T exp and
N exp.

Transition Multiplet λ (nm) T exp N exp W
exp
t W

exp
e W

exp
i W

exp
e /WG

e W
exp
e /W

Tw
e

3s–3p [3/2]0
2–[1/2]1 703.241 3.30 6.7 44 39 5 0.86 1.10

3.65 8.8 56 50 6 0.81 1.03
[3/2]0

1–[1/2]1 724.517 3.30 6.7 46 43 3 0.87 1.14
3.65 8.8 61 52 9 0.77 1.00

[3/2]0
1–[1/2]0 607.434 3.30 6.7 34 31 3 0.88

3.65 8.8 44 40 4 0.84
[3/2]0

2–[3/2]2 614.306 3.30 6.7 37 32 5 0.97
3.65 8.8 47 41 6 0.91

[3/2]0
2–[3/2]1 621.728 3.30 6.7 43 39 4 1.16

3.65 8.8 53 48 5 1.04
[3/2]0

1–[3/2]2 630.479 3.30 6.7 37 32 5 0.92
3.65 8.8 51 44 7 0.93

[3/2]0
1–[3/2]1 638.299 3.30 6.7 30 27 3 0.76

3.65 8.8 40 34 6 0.70
[3/2]0

2–[5/2]3 640.225 3.30 6.7 36 31 5 0.72 0.92
3.65 8.8 45 38 7 0.65 0.83

[3/2]0
2–[5/2]2 633.443 3.30 6.7 35 30 5 0.91

3.65 8.8 41 34 7 0.75
[3/2]0

1–[5/2]2 650.653 3.30 6.7 36 33 3 0.74 0.95
3.65 8.8 45 41 4 0.67 0.86

3s–3p′ [3/2]0
2–[1/2]1 588.190 3.30 6.7 29 25 4 0.83

3.65 8.8 37 31 6 0.75
[3/2]0

1–[1/2]1 603.000 3.30 6.7 37 32 5 1.01
3.65 8.8 48 41 7 0.94

[3/2]0
2–[3/2]2 594.483 3.30 6.7 32 27 5 0.72 0.90

3.65 8.8 43 37 6 0.73 0.90
[3/2]0

2–[3/2]0
1 597.553 3.30 6.7 40 36 4 1.18

3.65 8.8 50 44 6 1.05
[3/2]0

1–[3/2]2 609.616 3.30 6.7 30 28 2 0.70 0.88
3.65 8.8 39 35 4 0.64 0.81

[3/2]0
1–[3/2]1 612.846 3.30 6.7 26 22 4 0.69

3.65 8.8 36 30 6 0.68

3s′–3p′ [1/2]0
1–[1/2]1 659.895 3.30 6.7 36 31 5 0.81

3.65 8.8 50 43 7 0.82
[1/2]0

1–[1/2]0 585.249 3.30 6.7 42 35 7 0.88
3.65 8.8 54 45 9 0.84

[1/2]0
0–[1/2]1 616.359 3.30 6.7 32 28 4 0.85

3.65 8.8 44 38 6 0.84
[1/2]0

1–[3/2]2 667.828 3.30 6.7 41 37 4 0.73 0.97
3.65 8.8 55 50 5 0.73 0.96

[1/2]0
1–[3/2]1 671.704 3.30 6.7 39 36 3 0.93

3.65 8.8 50 46 4 0.87
[1/2]0

0–[3/2]1 626.650 3.30 6.7 35 31 4 0.74 0.92
3.65 8.8 46 41 5 0.72 0.89

[1/2]0
0–[3/2]1 653.288 3.30 6.7 36 30 6 0.65 0.82

3.65 8.8 44 37 7 0.59 0.74
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Table 1. (Continued.)

Transition Multiplet λ (nm) T exp N exp W
exp
t W

exp
e W

exp
i W

exp
e /WG

e W
exp
e /W

Tw
e

3s′–3p [1/2]0
1–[3/2]2 692.947 3.30 6.7 38 35 3 0.62 0.84

3.65 8.8 50 45 5 0.59 0.79
[1/2]0

1–[5/2]1 717.394 3.30 6.7 42 39 3 0.92
3.65 8.8 53 49 4 0.85

3p–4d [3/2]2–[5/2]0
3 597.463 3.30 6.7 42 36 6

3.65 8.8 53 45 8

Figure 3. Ratios of the experimental W
exp
e and theoretical WTh

e electron Stark widths versus
electron temperature (T ) for the Ne I lines in the 3s–3p transition (see also table 1). Empty and
filled symbols are related to the Griem’s (1974) (G) theoretical values and ones calculated by us
(Tw) taken from table 2. ◦, our experimental results and those of other authors: �, [6]; ��, [7]; �,
[11]; ♦, [12] and �, [16].
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Table 2. Our calculated Ne I Stark FWHM (WTw in pm) for electrons (a) and protons (b) as
perturbers for various temperatures (T ) at 1022 m−3 perturber density.

T (×103 K)

λ (nm) 2.5 5.0 10.0 20.0 30.0 50.0

703.241 a 2.89 2.93 3.23 4.18 5.05 6.34
3s[3/2]0

2–3p[1/2]1 b 1.58 1.59 1.59 1.59 1.59 1.59
724.517 a 3.04 3.09 3.43 4.47 5.41 6.80
3s[3/2]0

1–3p[1/2]1 b 1.68 1.68 1.68 1.68 1.69 1.69
607.434 a 2.76 2.95 3.30 4.21 5.05 6.36
3s[3/2]0

1–3p[1/2]0 b 1.53 1.54 1.55 1.56 1.57 1.59
614.306 a 2.60 2.74 3.06 3.93 4.76 6.03
3s[3/2]0

2–3p[3/2]2 b 1.47 1.48 1.48 1.49 1.50 1.51
621.728 a 2.59 2.71 3.03 3.93 4.78 6.06
3s[3/2]0

2–3p[3/2]1 b 1.47 1.48 1.49 1.49 1.50 1.51
630.479 a 2.70 2.84 3.19 4.15 5.06 6.42
3s[3/2]0

1–3p[3/2]2 b 1.55 1.55 1.56 1.57 1.57 1.58
638.299 a 2.68 2.81 3.17 4.16 5.08 6.45
3s[3/2]0

1–3p[3/2]1 b 1.55 1.56 1.57 1.57 1.58 1.58
640.225 a 2.57 2.67 3.01 3.95 4.84 6.15
3s[3/2]0

2–3p[5/2] b 1.49 1.50 1.50 1.51 1.51 1.51
633.443 a 2.57 2.68 3.01 3.94 4.81 6.11
3s[3/2]0

2–3p[5/2] b 1.49 1.49 1.50 1.50 1.50 1.51
650.653 a 2.67 2.78 3.16 4.18 5.13 6.51
3s[3/2]0

1–3p[5/2] b 1.57 1.57 1.58 1.58 1.58 1.59
588.190 a 2.39 2.50 2.78 3.59 4.35 5.51
3s[3/2]0

2–3p′[1/2]1 b 1.34 1.34 1.35 1.36 1.36 1.37
603.000 a 2.47 2.58 2.91 3.78 4.61 5.85
3s[3/2]0

1–3p′[1/2]1 b 1.40 1.41 1.42 1.42 1.43 1.43
594.483 a 2.37 2.47 2.77 3.59 4.37 5.53
3s[3/2]0

2–3p′[3/2]2 b 1.34 1.35 1.35 1.36 1.36 1.37
597.553 a 2.37 2.46 2.76 3.59 4.37 5.55
3s[3/2]0

2–3p′[3/2]1 b 1.34 1.35 1.35 1.36 1.36 1.37
609.616 a 2.46 2.56 2.89 3.79 4.63 5.88
3s[3/2]0

1–3p′[3/2]2 b 1.41 1.42 1.42 1.42 1.43 1.43
612.846 a 2.46 2.55 2.88 3.79 4.64 5.89
3s[3/2]0

1–3p′[3/2]1 b 1.41 1.42 1.42 1.43 1.43 1.43
659.895 a 3.17 3.36 3.70 4.63 5.49 6.83
3s′[1/2]0

1–3p′[1/2]1 b 1.69 1.70 1.71 1.73 1.74 1.75
585.249 a 3.36 3.75 4.21 5.07 5.75 6.85
3s′[1/2]0

1–3p′[1/2]0 b 1.65 1.68 1.71 1.75 1.77 1.81
616.359 a 2.84 3.02 3.29 4.04 4.72 5.84
3s′[1/2]0

0–3p′[1/2]1 b 1.48 1.49 1.50 1.52 1.53 1.54
667.828 a 2.92 3.04 3.45 4.56 5.59 7.10
3s′[1/2]0

2–3p′[3/2]2 b 1.69 1.70 1.70 1.71 1.71 1.72
671.704 a 2.92 3.03 3.45 4.57 5.61 7.12
3s′[1/2]0

1–3p′[3/2]1 b 1.70 1.70 1.71 1.71 1.71 1.72
626.650 a 2.64 2.74 3.05 3.92 4.77 6.04
3s′[1/2]0

0–3p′[3/2]1 b 1.48 1.49 1.49 1.50 1.50 1.51
653.288 a 3.03 3.20 3.51 4.40 5.22 6.50
3s′[1/2]0

0–3p′[3/2]1 b 1.62 1.63 1.64 1.66 1.66 1.68
692.947 a 3.22 3.39 3.83 5.02 6.14 7.80
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Table 2. (Continued.)

T (×103 K)

λ (nm) 2.5 5.0 10.0 20.0 30.0 50.0

3s′[1/2]0
1–3p[3/2]2 b 1.87 1.87 1.88 1.89 1.90 1.91

717.394 a 3.47 3.64 4.00 5.06 6.04 7.56
3s′[1/2]0

1–3p[5/2]1 b 1.89 1.90 1.91 1.92 1.94 1.95

Figure 4. Same as in figure 3 but for the Ne I lines in the 3s–3p′ and 3s′–3p′ transitions. In addition:
+, for the ratios of experimental data from [15] related to the Griem’s (1974) (G) theoretical values;
and ×, for their ratios related to our calculated (Tw) values.

for Ne I lines. One can conclude that the agreement between N exp and ND values is excellent
(within 3% on average) in the two plasmas investigated. This fact confirms homogeneity of
the investigated plasma in the linear part of our light source (see figure 1 in [38]). In the case
of the electron temperature the situation is similar. The agreement between the two sets of the
electron temperature decays (T exp and T D) is also excellent (within 2% on average).
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Figure 5. Same as in figure 3 but for the Ne I lines in the 3s′–3p′ and 3s′–3p transitions.

In order to make the comparison between the measured
(
W

exp
e

)
and calculated

(
WTh

e

)
electron width values easier, the dependence of the ratio W

exp
e

/
WTh

e on the electron
temperature is presented graphically in figures 3–5. Experimental W

exp
e data are related

to the Griem’s (1974) (G) and our calculated (Tw) values taken from table 2.
We have found that the widths generated by protons show weak dependence on the

electron temperature and are about three times smaller than the widths generated by electrons
(see table 2) at T = 30 000 K.

All our measured W
exp
e values lie below Griem’s (1974) WG

e values at about 29%
(averaged through 10 lines). The greatest disagreement between them was found for the
case of the 653.288 nm and 692.947 nm Ne I lines. Most of the W

exp
e values of the other

authors lie also below Griem’s data (see figures 3–5).
All calculated WTw

e values (see table 2), generated by electrons, are smaller than WG
e

values at about 20%, but these are also higher than our measured ones. Within estimated
experimental accuracy of ±12% our W

exp
e values agree with our calculated ones

(
WTw

e

)
for

the ten Ne I lines and all obtained ratios of our experimental and theoretical values are within
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1.0 ± 0.3 interval which is less than combined experimental (±12%) and theoretical (±30%)
error.

We have found that the electron contribution
(
W

exp
e

)
to the total Stark widths is about

82%. At our plasma parameters the neon ions (Ne II, Ne III, . . . ) contribute about 18%
(on average) to the total Stark widths.

The W
exp
e values from [11] (∇ in figures 3–5) obtained at 10 000 K electron temperature

are about 2.5 times higher from other experimental data. This is, probably, caused by unreliable
measured electron density. We have excluded these values from all comparisons. Our W

exp
e

and WTw
e values are within ±20% on average in agreement with recently published [16] data

for 19 Ne I lines.
Very good agreement was found among all existing W

exp
e and WTw

e values for the 626.650,
671.704, 717.394, 703.241, 724.517, 633.443, 588.190, 609.616 and 616.359 nm Ne I spectral
lines in a wide range of electron temperatures.

5. Conclusion

It has been found that the electron contribution to the total Stark widths is about 82% and the
neon ions contribute 18% (on average) to the total Stark widths. Generally, our measured and
calculated electron Stark widths are smaller than those presented in [17] by about 20% on
average.

In the electron temperature range between 10 000 K and 40 000 K very good agreement
has been found among all existing W

exp
e and our WTw

e values for the 626.650, 671.704, 717.394,
703.241, 724.517, 633.443, 588.190, 609.616 and 616.359 nm Ne I spectral lines.
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AСТРОНОМИЈА И САЗВЕЖЂА У 
ХОМЕРОВОЈ ИЛИЈАДИ И ОДИСЕЈИ

АП СТРАКТ: Или ја да и Оди се ја су, осим нај ви шег ста ту са сто же ра 
свет ске ли те ра ту ре, и бо гат из вор ин фор ма ци ја о на уч ном и тех но ло шком 
зна њу ста рих Гр ка у пре хо мер ска и хо мер ска вре ме на. Две Хо ме ро ве 
еп ске пе сме, ко је по ти чу из 8. ве ка пре н.е., укљу чу ју, in ter alia, бо гат ство 
астро ном ских еле ме на та, те нам пру жа ју по дат ке о Зе мљи, не бу, зве зда
ма и сазвежђимa, као што су Ur sa Ma jor, Boö tes, Ори он, Си ри јус, Пле ја де 
и Хи ја де. Та ко ђе нам ну де пред ста ву о мно го обра зо ва ни јем Хо ме ру, ко ји 
од ра жа ва ко змо ло шке по гле де сво га до ба. Мо дел Уни вер зу ма ко ји опи су је 
је не пре ки дан али има три ни воа: до њи, ко ји од го ва ра под зем ном све ту, 
сред њи Зе мљи и гор њи не бу. У ра ду су раз мо тре ни ко змо ло шки мо дел и 
астро ном ски еле мен ти у Или ја ди и Оди се ји.

КЉУЧ НЕ РЕ ЧИ: исто ри ја астро но ми је, Хо мер, ан тич ка ко змо ло ги ја.

УВОД

Или ја да и Oдисеја не ма ју са мо из у зе тан ли те рар ни зна чај, не го 
су та ко ђе и бо гат из вор по да та ка о исто ри ји и на уч ним, тех но ло
шким и астро ном ским зна њи ма ста рих Гр ка у пре хо мер ска и хо
мерска вре ме на. Ова два еп ска де ла, на ста ла у 8. ве ку пре н.е., укљу
чу ју дра го це не ин фор ма ци је о Зе мљи, не бу, зве зда ма и са зве жђи ма, 
као што су Ur sa Ma jor, Boö tes (Βοώτης), Oрион, Си ри јус, Пле ја де и 
Хи ја де, и да ју мо гућ ност да се ши ре са гле да ју оп шти ји ко змо ло шки 
по гле ди то га до ба.

Ве ли ки број ауто ра је раз ма трао раз ли чи те астро ном ске аспек
те, чи ње ни це и алу зи је у Или ја ди и Oдисеји, као на при мер Wal ker 
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(1872), Schoch (1926a, b, c), Ne u ge ba u er (1929), Lo ri mer (1951), Dicks 
(1970), Trypa nis (1975), Gen dler (1984), Lo vi (1989), Ge nuth (1992), 
Kon stan to po u los (1998), Wo od и Wo od (1999), Flan ders (2007), Ba i
ko u zis и Mag na sco (2008), Min kel (2008), Var vo glis (2009). Све то све
до чи о не пре кид ном ин те ре со ва њу за ову при влач ну те му, па је наш 
циљ да ана ли зи ра мо астро ном ске по дат ке и алу зи је у Хо ме ро вим 
епо ви ма, да би смо бо ље са гле да ли мо дел Уни вер зу ма, чи ји су еле
мен ти та мо да ти, ко змо ло шки мо дел ко ји ће по тра ја ти ми ле ни јум 
по сле Тро јан ског ра та. На при мер Д. Р. Дикс ка же: „На осно ву Хо
ме ро вих епо ва не мо же мо да об ли ку је мо ја сну иде ју о об ли ку и по
ло жа ју Зе мље у од но су на не бе са и под зем ни свет“ (Dicks 1970, стр. 
10). Же ли мо да раз мо три мо да ли не ка иде ја о то ме ипак мо же да 
се об ли ку је и да, на осно ву од го ва ра ју ћих па са жа и астро ном ских 
по да та ка из Или ја де и Oдисеје, утвр ди мо ко ја су са зве жђа и не бе
ске по ја ве би ли по зна ти у то до ба ста рим Гр ци ма, као и да ана ли зи
ра мо име на зве зда и са зве жђа, од ко јих су не ка да нас пот пу но иста 
као и у хо мер ска вре ме на.

ПО ЛО ЖАЈ ОКЕ А НА, ЗЕ МЉЕ И НЕ БА У ХО МЕР СКОМ  
УНИ ВЕР ЗУ МУ

Oкеан и Зе мља

Сма тра се да су ста ра уче ња Ор фе ја осно ва пр ве ми стич не 
грч ке ре ли ги је, са пе сма ма и хим на ма ве ли ке ле по те. Го то во сви 
ста ри грч ки му дра ци и пи сци цр пе ли су ин спи ра ци ју из те ма у 
Ор фич ким хим на ма, и та ко су би ли под њи хо вим ути ца јем при фор
му ли са њу сво јих је дин стве них те о ри ја и уче ња. 

Осим Ор фич ких хим ни, Хо ме ро ви епо ви су бо гат из вор исто
риј ских и тех но ло шких чи ње ни ца. За и ста, астро ном ко ји де таљ но 
про у ча ва опи се у Или ја ди и Oдисеји от кри ће ри зни цу астро ном
ских ин фор ма ци ја. Сма тра се да је Хо мер жи вео у гво зде ном до бу 
(пе ри од ко ји се гру бо про те же од 1200. до 550. пре н.е.), а ње го ва 
при ча се од и гра ва на кра ју брон за ног до ба (око 12. ве ка пре н.е.).

Ка ко пи ше Емил Ми ро:
Или ја да и Оди се ја са др же еле мен те ста ре Ми кен ске ци ви ли за

ци је; у осно ви, оне се од но се на до га ђа је из 12. ве ка пре н.е., жи во те 
њи хо вих ју на ка (дру штве не, по ли тич ке, еко ном ске и по ро дич не), 
њи хо ве за ко не и оби ча је... ... Све то од ра жа ва на чин жи во та, о ко ме 
све до чи пе сник ко ји је ство рио еп (Mi re a ux 1959, стр. 9).

Две еп ске по е ме су до би ле ко нач ни об лик у јон ским гра до ви
ма Ана до ли је у 9. или 8. ве ку пре н.е.; пр во Или ја да а ка сни је Oди-
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сеја (Trypa nis 1975, стр. 92). По е ме опи су ју кул ту ру, ре ли ги о зна 
ве ро ва ња, оп ште зна ње и на ви ке грч ког ста нов ни штва то ком овог 
пе ри о да. Та ко ђе опи су ју ко змо ло шки мо дел ко ји ће пре о вла да ва ти 
сле де ћи ми ле ни јум.

Зе мља хо мер ског Уни вер зу ма би ла је кру жни, ра ван диск окру
жен огром ном ре ком, Оке а ном – мо дел ко ји се пр ви пут по ја вио у 
Ор фич кој хим ни X. ПА НУ, Ка ђе ње раз ли чи тим ми ри си ма, стих 
15: „Ста ри Оке а не, та ко ђе ду бо ко по шту ју тво ју вр хов ну на ред бу, 
ко јом теч не ру ке окру жу ју чвр сту зе мљу“.

Ова мит ска „ре ка“ раз ли ку је се од мо ра: то је не што што де
фи ни ше гра ни це зе маљ ског све та. Пре све га, Оке ан је пр во бит ни 
и ори ги нал ни ства ра лач ки еле мент, по ла зна тач ка свих ства ри: 
„Мо гу да успа вам то ко ве и, ако хо ће те, ре ку Оке ан, ко ја је би ла по
че так све га“. (Или ја да, XIV 245–246). Oкеан је му шки пре дак бо го
ва, чи ја је су пру га, то ком Ства ра ња, би ла Те тија: „Ићи ћу до кра је ва 
Зе мље да на ђем оца свих бо го ва, Оке ан и мај ку Те тију“ (Или ја да, 
XIV 200) [Сви ко ри шће ни ен гле ски пре во ди су из Lo eb Clas si cal 
Li brary из да ња, ако ни је дру га чи је речено]. 

Ова мит ска „ре ка“ не ма из вор ни ушће, она је „ап со ро ос“ 
(ἀψόρροος), тј. кру жно се кре ће. Њен ток се вра ћа, где је и по чео, у 
не пре кид ном и веч ном кре та њу. Од Оке а на, по ме ну тог 33 пу та у 
Хо ме ро вим де ли ма (19 пу та у Или ја ди и 14 у Oдисеји), на ста ле су 
све дру ге во де на Зе мљи: мо ра, ре ке и је зе ра. То се по ми ње у Или
ја ди: „Све моћ ни Оке ан, ду бо ког то ка, од ко га су сва мо ра, ре ке, 
из во ри и сва ки ду бо ки кладенац“ (Или ја да, XXI 195–197).

У Оди се ји, Оке ан се опи су је као ужа сан и за стра шу јући: „...за то 
што има ду бо ке то ко ве и ве ли ке ре ке ко је ни ко не мо же пре ћи без 
бр зог бро да“ (Оди се ја, xi 160). Ипак, ни је дат ко нач ни опис тач ног 
об ли ка или ве ли чи не Оке а на, са мо смо са зна ли да је од во де. 

Д. Р. Дикс пи ше: „На осно ву Хо ме ро вих епо ва не мо же мо да 
об ли ку је мо ја сну иде ју о об ли ку и по ло жа ју Зе мље у од но су на не
бе са и под зем ни свет“ (Dicks 1970, стр. 10). Ма да је то исти на, мо же 
се ре ћи да је у хо мер ском ко змо ло шком мо де лу Зе мља из ме ђу не ба 
и под зем ног све та. Ње на тач на струк ту ра и об лик ни су по зна ти, 
са мо прет по ста вља мо да је то кру жни диск по што је окру жен цир
ку лар ним во де ним Оке а ном. У Или ја ди (VI II 13–16) је да то су прот
но ви ђе ње Тар та ра („ду бо ког ме ста“ ис под не ба, Зе мље и мо ра), ка да 
Зевс пре ти бо го ви ма да ће их та мо по сла ти: „или ћу га ба ци ти до ле 
соп стве ним ру ка ма, у мрак Тар та ра, да ле ко у ду би не све та, ко ји има 
че лич не ка пи је и ба кар ни под, под Ха дом да ле ко као што је не бо 
од Зе мље“ (Или ја да, VI II 13–16).

Па ра лел но, Хо мер за ми шља Хад у ду би на ма Зе мље: „и ако 
идеш на крај Зе мље и мо ра, где Ја пет и Хро нос бо ра ве, и ве тро ви 
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не ду ва ју на њих, осве тља ва их сун че ва све тлост а ду бо ки Тар тар 
окру жу је са свих стра на“ (Или ја да, VI II 480). Мо же се за кљу чи ти да 
Хо мер сма тра да a) Хад је ис под Зе мље, окру жен Тар та ром, б) Зе
мља је цен тар Уни вер зу ма и жи во та, и в) Зе мља по др жа ва зве зда но 
не бо (Oдисеја, ix 534).

Небо

Не бо, са сјај ним зве зда ма, пред ста вље но је као по лус фер на ку
по ла, ко ја тач но по кри ва рав ну Зе мљу (Oдисеја, xi 17). То јест, Ко змос 
оног вре ме на био је за ми шљен као не бе ски свод пре ко Зе мљи ног 
ди ска ко ји пли ва на во ди. Та да се сма тра ло, ка ко је са оп ште но у 

Сли ка 1: Хо ме ров Уни вер зум. У Уни вер зу му хо мер ских вре ме на, мо гу се ви
де ти пла ни не ко је се уз ди жу са по вр ши не ве ли ког ди ска Зе мље и Оке ан ко ји се 
ши ри око њих, а цен тром до ми ни ра пла ни на Олимп, ко ја се ди же до не бе са. 

На нај ви шем вр ху је све ви де ћи Зевс на пре сто лу, ко ји над гле да ка ко бе смрт не 
бо го ве та ко и смрт не љу де, и с вре ме на на вре ме их на гра ђу је или ка жња ва. 

Из ван Олим па ши ре се не бе са, ко ја др же Атла со ви сту бо ви. На не бу су Ме сец, 
зве зде и са зве жђа (али не пре ма Хо ме ру): Hydra, Cor vus, Cra ter, Can cer, Leo, 
Ge mi ni, Ta u rus, као и отво ре но зве зда но ја то Пле ја де (ци ти ра но у Cot sa kis 

1976, стр. 18).
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Оди се ји, да не бо, на сло ње но на сту бо ве, но си Зе мља, а њих, ко ји 
одр жа ва ју цео свет у рав но те жи, др жи и чу ва ми то ло шки Атлас: 
„Ћер ка Атла са, ко ји по зна је ду би ну сва ког мо ра и сам ди же ви со ке 
сту бо ве ко ји де ле Зе мљу и Не бо на дво је“ (Oдисеја, l 53–54).

За ста ре Гр ке, не бо је би ло ку по ла на чи ње на од чвр стог ма те
ри ја ла, гво жђа или ба кра, ко ју су при др жа ва ли ви со ки сту бо ви или, 
по друк чи јем ви ђе њу, не ки џин. Хо мер ком би ну је ова два по гле да 
та ко што Атлас при др жа ва сту бо ве. Хе си од у Tеогонији (517e) пи ше 
да је Зевс дао ову ду жност Атла су.

За Хо ме ра не бо је на пра вље но од ба кра, ка ко је опи са но у Или
ја ди: „Ахај ци, до те ме на бе ли од пра ши не, ко ју су ко њи сво јим сто
па ма ди за ли до ба кар ног не ба“ (V 504).

Или дру ги па саж: „Бо ри ли су се он де и гво зде на бу ка гр ме ла 
је кроз ва здух до ба кар ног не ба” (XVII 424–425). У дру гим де ло
ви ма хо ме р ских де ла, не бо се та ко ђе на зи ва „по ли хал кис“, тј. „од 
мно го ба кра“ (Или ја да, V 504; Oд. III 2; Или ја да, II 458, XVI 364, 
XIX 351). У Oдисеји (xv 329 и xvii 565) по ми ње се и гво зде но не бо, 
али се не зна да ли је оно упо тре бље но као ме та фо ра или у не ком 
дру гом кон тек сту.

За кљу чу је мо да кле да је код ста рих Гр ка пред ста ва о не бу би ла 
да је оно не што чвр сто и не до сти жно. Ње го ва не за ми сли ва уда ље
ност че сто је ко ри шће на у по ре ђе њи ма да до ча ра огром ност. На 
при мер, сла ва Не сто ро вог злат ног шти та до се же не бе са: „и та да 
ће мо узе ти Не сто ров штит, чи ја сла ва до се же зве зде“ (Или ја да, VI II 
192–193). Слич но, Пе не ло пина слава та ко ђе до пи ре до ши ро ког не ба 
(Oд. xix 108).

Про стор из ме ђу не ба и Зе мље на по чет ку је био ис пу њен гу
стим ва зду хом: „до ва зду ха су се про те за ле ње го ве огром не гра не“ 
(Или ја да, XIV 288). 

Пре ко овог сло ја и у прав цу не ба био је чи сти и про зир ни „етар“, 
лак ши од ва зду ха. Етар је есен ци јал но „ви ши ва здух“, кроз ко ји 
се мо же ви де ти не бо: „и до зве зда, ко је тре пе ре у етру без ве тра, 
оча ра ва ју ћи око све тлог Ме се ца – сва ки врх, сва ка иви ца, сва ка 
стра на је ви дљи ва, као про стра ни етер отво рен не бом, ко ји чи ни 
ви дљи вим све зве зде на ра дост па сти ра“ (Или ја да, VI II 554–559).

Из над етра, на вр хо ви ма Олим па ко ји до пи ру до не ба, бо ра ве 
бо го ви: „и при нео је мно го жр та ва бо го ви ма ко ји сто лу ју на не бе
си ма“ (Oд. i 68–69), и: „Без ми шље ња бо го ва ко ји бо ра ве на не бу ..., 
али са да је по пут бо го ва ко ји ужи ва ју не бе са“ (Oд. vi 242–245). Бо
го ви се опи су ју као „олим пиј ски“ или „не бе ски“, за то што се чи ни 
да нај ви ши врх Олим па до ди ру је не бо: „Наш отац, син Хро на, пр ви 
од не бе сни ка“ (Oд. i 46). Ко нач но, по ми ње се да је из над етра „по
ли хал кис“ не бо (Или ја да, II 458, XVI 364, XIX 351).
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Сва ка ко, не тре ба прет по ста ви ти да је хо ме рско не бо пу ста ме
тал на ку по ла; оно је, ка ко Хо мер пе ва, пу но жи во та, жи во та зве зда 
и са зве жђа. Та ко су ста ри Гр ци не бо на зи ва ли „пу ним зве здама“ 
(’асте ро ис’, ἀστερόεις) (Или ја да, VI 108, XV 371), и укра ше но зве зда ма 
(Oд. ix 535), што је при род но за љу де ко ји жи ве у зе мљи са ма лим 
про цен том облачних но ћи. Не бе ским сво дом пу ту је Хе ли ос, бог 
Сун ца, та ко да се опи су је при де вом „ура но дро мос“ (по не бу пу ту
ју ћи): „Страдали су због свога дрског злочинства, гре шни ци, је ли су 
говеда Хе ли о са пу ту ју ћег по не бу (Хипериона), ко ји им је одузео 
дан за повратак дому“ (Oд. i 7–9). То је са мо јед но од 119 по ми ња ња 
Сун ца у хо ме р ским епо ви ма: 42 пу та у Или ја ди и 77 у Oдисеји. Као 
бог, Хе ли ос се ја вља 34 пу та (8 у Или ја ди и 26 у Oдисеји). То је у 
ве ли кој су прот но сти са Ме се цом (Се ле не) ко ји се у Или ја ди (VI II 
554, XVII 367, XVI II 484) по ми ње са мо три а у Oдисеји (iii 46 и ix 
144) два пу та. Још јед ном, Ме сец се по ми ње у Или ја ди (XIX 374) 
под сво јим ар ха ич ним име ном „ме не“. Мо гу ће об ја шње ње рет ког 
по ми ња ња Ме се ца је да се глав ни до га ђа ји у Или ја ди, тј. бит ке, од и
гра ва ју то ком да на. У Oдисеји пак ме сец је обич но са кри вен иза 
обла ка: „Јер би ла је гу ста та ма на о ко ло и ме сец, са кри вен у обла
ци ма, ни је си јао на не бу“ (Oд. ix 144).

Пре не го што пре ђе мо на раз ма тра ње зве зда и са зве жђа код 
Хо ме ра, за ни мљи во је да се пред ста ве не ки ме те о ро ло шки и кли
ма то ло шки еле мен ти ка ко се ја вља ју у Или ја ди и Oдисеји. Ва зду
хом из ме ђу не ба и Зе мље про ла зе ве тро ви и обла ци, по мо ћу ко јих 
све мо гу ћи Зевс по кри ва не бо, ша ље ки шу на Зе мљу и ба ца му ње 
и гро мо ве (Или ја да, XVI 364–365, XII 25–26; Oд. 303, xxi ii 330).

Ка ко се по ми ње у Пе ва њу V Или ја де, ка пи је не ба и Олим па на
чи ње не су од гу стих обла ка. Њи хо ви чу ва ри су Хо ре (Ча со ви), бо
ги ње го ди шњих до ба, ко је по де ша ва ју вре мен ске усло ве: „и Хе ра 
сил но би чем те ра ко ње; пред њи ма се уз гр мља ви ну отва ра ка пи ја 
не ба, ко ју Хо ре, чу ва ри огром ног не ба и Олим па, за пре ча ва ју обла
ци ма или их укла ња ју“ (Или ја да, V 749–751).

ЗВЕЗДЕ И САЗВЕЖЂА У ИЛИЈАДИ И ОДИСЕЈИ

Са да ће мо бли же ис пи та ти сва Хо ме ро ва по ми ња ња са зве жђа, 
зве зда и пла не те Ве не ре.

У Или ја ди, Хо мер по ми ње „је се њу“ зве зду: „Та да Ати на да де 
сна гу и хра брост Ди о ме ду, та ко да би у грч ком мно штву био из ван
ред но хва љен и сву да си јао сла вом. Са ње го вог шле ма и шти та ви
део се пла мен, ко ји је без од мо ра иси ја вао све тлост, по пут је се ње 
зве зде, што се ку па у Оке а ну и си ја пу ном све тло шћу“ (Или ја да, 
V 1–5).



35

„Је се ња зве зда“ је у ства ри Си ри јус, нај сјај ни ја зве зда на ноћ
ном не бу. На ге о граф ској ши ри ни Грч ке, сва ке го ди не се по ја вљу је 
кра јем ју ла или по чет ком ав гу ста. О то ме пи ше и Ри чард Х. Ален: 

Хо мер је у Или ја ди на го ве стио Си ри јус као Ὀπωρινός, Је се њу 
зве зду; али од го ва ра ју ћа се зо на су по след њи да ни ју ла, цео ав густ и 
део сеп тем бра – ка сни ји део ле та. Гр ци ни су има ли тач ну реч за на шу 
„је сен“ до 5. ве ка пре н.е., ка да се по ја ви ла у спи си ма при пи са ним 
Хи по кра ту. Лорд Дер би је пре вео овај чуве ни па саж: Же сто ка све
тлост си ну ла је он де, као је се ња зве зда, ко ја нај сјај ни је сија ка да се 
на но во ди же са свог оке ан ског ку па ња (Al len 1963, стр. 120).

Ма да се не мо же твр ди ти са си гур но шћу, хо мер ски чо век је 
по и мао Зе мљу као ра ван кру жни диск окру жен Оке а ном, сма трао 
је да се Сун це, Ме сец и ве ћи на зве зда из ди жу из Оке а на и по но во 
за ла зе у ње га. Иде ја о сфер ној Зе мљи по ја ви ла се мно го ка сни је, 
са пи та го реј ским фи ло со фи ма (5. век пре н.е.).

У Или ја ди се по ми ње да су по на ред би Ахи ле је ве мај ке Те ти
де, на ње го вом шти ту, ко ји је на чи нио бог Хе фест (Вул кан), би ла 
на сли ка на са зве жђа: „И пр во је на пра вио мо ћан и ве ли ки штит, 
ве шти ном и тро стру ки круг око ло. Овај штит је на пра вљен са пет 
пре во ја а на ње му је на цр тао раз ли чи те сли ке сво јим му дрим зна
њем: Зе мљу, не бо, мо ре је на цр тао, не у мор но сун це, пун ме сец, 
звезде ко је са свих стра на кру ни шу не бо, сна гу Ори о на, Хи ја де, 

Сли ка 2: Хо мер ски Уни вер зум пре ма Фло ренс и Ке не ту Ву ду чи ји су астро
ном ски еле мен ти на сли ка ни на Ахи ле је вом шти ту. Из вор: Flo ren ce & Ken neth 
Wo od (1999). Ho mer’s Sec ret Ili ad: The Epic of the Night Ski es De co ded. Lon don: 

John Mur ray, Al be mar le Stre et, стр. 199.
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Пле ја де, Ме две да, ко ји та ко ђе зо ву Ко ла, што стал но се окре ће на 
истом ме сту, гле да ју ћи Ори она, је ди ног ко ји се не ку па у Оке а ну“ 
(Или ја да, XVI II 478–488).

Хи ја де и Пле ја де, ко је су у ства ри два отво ре на ја та, ста ри Гр ци 
су зва ли „са зве жђа“ – да нас су оба укљу че на у са зве жђе Би ка. Ње га 
Хо мер не по ми ње, ма да го во ри о су сед ном Ори о ну, са на гла ше ним 
ис ка зом „Ори о но ва сна га“. То је упра во на чин ка ко Ори о на по ми
ње Хе си од (Works and Days, 598, 615, 619). Оба ауто ра упу ћу ју на 
„сна гу“ са зве жђа, алу ди ра ју ћи на ње гов при ви дан сјај. 

Хо мер за вр ша ва са зве зда ма, цир кум по лар ним са зве жђем Ur sa 
Ma jor, ко је за и ста „гле да“ на Ори он. Ur sa Ma jor се не ку па у Оке а ну, 
тј. ни ка да не „до ди ру је“ мо ре, по што га по ло жај бли зу се вер ног 
не бе ског по ла др жи да ље од хо ри зон та док се Зе мља окре ће.

Хи ја де и Пле ја де се по ми њу за јед но са дру гим зве зда ним фор
ма ци ја ма, као што су и са ма „са зве жђа“, ка ко у Или ја ди та ко и у 
Oдисеји (272–277). У пр вом епу Пле ја де су по ме ну те са мо јед ном, 
за јед но са Хи ја да ма (у гор њем па са жу, XVI II 485), и јед ном у Oди
сеји (272).

За и ста, у Oдисеји се по ми њу све ви ше на ве де не зве зде и са зве
жђа: „Та да је ра до сни Оди сеј по ста вио је дра, и се де ћи за кр мом, 
ве што је кр ма нио; сан му ни је за тва рао очи док је гле дао Пле ја де, 
Па сти ра, ко ји ка сни у за ла же њу, и Ме две да, ко ји мно ги зо ву и Ко ла, 
што се окре ће увек на истом ме сту и гле да на Лов ца, је ди ни ко ји 
се не ку па у та ла си ма Оке а на јер му је Ка лип со ка за ла да увек ту 
зве зду др жи са ле ве стра не док пло ви“ (Oд. 270–277).

Ка ко Р. Х. Ален (1963, стр. 96) пи ше:

Хо мер је са зве жђе Boö tes ка рак те ри сао као ‘οψέ δύων’, са зна че њем 
ка сни у за ла же њу, ми сао и из раз ко ји су по стали оби чни због че стог 
по на вља ња. Арат је то ко ри стио: „И ка да је за мо рен пре ко да на, за
др жа ва се ви ше од по ла но ћи“.

Хо мер ка же да са зве жђе Boö tes „ка сни у за ла же њу“, од но сно 
спо ро за ла зи, а Арат да се „раз вла чи ви ше од по ла но ћи“, по што је 
ве о ма ду гач ко, ре ла тив но уско и ду гом стра ном је ори јен ти са но у 
прав цу се вер–југ на не бе ској сфе ри. За то Boö tes из ла зи „сво јом 
ду гом стра ном“, од јед ном це ло, а за ла зи го то во вер ти кал но (по ла
зе ћи, за не бо Ати не, од до њег де сног угла и по ста ју ћи све вер ти кал
ни је); пр во за ла зе но ге, па струк и на кра ју гор њи део те ла, та ко да 
му тре ба крат ко вре ме да иза ђе, а ве о ма ду го да за ђе.

Тре ба на по ме ну ти да се у овим сти хо ви ма, пр ви и је ди ни пут у 
епо ви ма, по ми ње коришћење са зве жђа за ори јен та ци ју на мо ру. Ка
лип со са ве ту је Оди се ју да, ка ко би за др жао пра ви курс, мо ра увек 
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да др жи са ле ве стра не Ме две да (Ur sa Ma jor). Сва ка ко, то зна чи да 
ако му је са ле ва се вер но са зве жђе, пло ви ка ис то ку. Та ко је Хо мер 
по ста вио Ка лип си но остр во Оги ги ју за пад но од це ле Грч ке, по што 
је и са ма Ита ка, за ко ју је био ве зан, би ла на за па ду ове зе мље.

Будући да је Хо мер сма трао да је Зе мља ра ван кру жни диск, 
окру жен Оке а ном, био је си гу ран да Сун це, Ме сец и зве зде из ла зе 
из Оке а на и за ла зе у ње га; са мо Ur sa Ma jor не за ла зи за ста ре на
ро де ко ји су жи ве ли на се вер ним оба ла ма Ме ди те ра на. У грч кој 
ми то ло ги ји, Зевс се за љу био у ним фу Ка ли сто. Хе ра, ње го ва же на, 
пре тво ри ла је због љу бо мо ре ним фу у ме две да. Зевс је ка сни је по
ста вио за јед но са си ном Аре а сом на не бо и они чи не са зве жђе Ur sa 
Ma jor. Ари сто тел по ми ње да је ме двед је ди на жи во ти ња ко ја због 
де бе лог кр зна мо же не у стра ши во да лу та ле де ним се вер ним по
лар ним обла сти ма. Цир кум по лар ни ка рак тер са зве жђа Ur sa Ma jor 
је у на ше вре ме са мо де ли ми чан: док у про то и сто риј ска вре ме на, 
ка да је Alp ha Dra co nis (Tубан) би ла ‘по лар на зве зда’, ни јед на од се
дам нај сјај ни јих зве зда у сазвежђу Ur sa Ma jor ни је за ла зи ла. Да нас, 
услед пре це си је Зе мљи не осе, Ал ка ид (Eta Ur sae Μa jo ris, по след ња 
зве зда у ре пу) оста је ис под се вер ног хо ри зон та Ати не, Ита ке и цен
трал не Грч ке уоп ште, при бли жно три са та. Са мо у се вер ној Грч кој 
и на ме сти ма са ге о граф ском ши ри ном ве ћом од φ = 40,1° су све нај
сјај ни је зве зде овог са зве жђа цир кум по лар не. Aлен (1963, стр. 419) 
са оп шта ва о ово ме на сле де ћи на чин: „Сер Џорџ Кор ну ол Лу ис пи ше 
– за Хо ме ров пра вац Арк то са, је дин стве не зве зде ко ја се ни ка да не 
ку па у та ла си ма оке а на (услед пре це си је та да је би ла мно го бли же 
по лу не го са да)“. Раз ли ка у де кли на ци ји Ал ка и да (η UMa) у хо мер
ска вре ме на и да нас је ви ше од 15 сте пе ни, та ко да је у ан ти ци цео 
Ur sa Ma jor био цир кум по ла ран чак и на нај ју жни јем кра јич ку Грч ке.

Хомер пак не помиње Великог медведа експлицитно, тако да 
модерни коментатор може да претпостави да је у ствари мислио на 
Малог медведа, Ursa Minor, или на комбинацију оба. То је најве
роватније означавало Великог медведа, пошто има много сјајније 
звезде, много је веће и импресивније сазвежђе, а Малог медведа је 
(према традицији) код Грка увео Талес из Милета у 6. веку пре н.е., 
дакле два века после Хомера. Ursa Minor је још увек, како се види 
из Грчке, потпуно циркумполарно сазвежђе.

 Последње сазвежђе поменуто у пасажу из Одисеје је Орион, 
Ловац. Његова појава на ноћном небу сваке године се подударала 
са почетком најкишнијег и најолујнијег дела године, па је Орион 
називан „олујни“ и деструктивни. Хесиод и Аристотел помињу да 
је излазак Ориона упозорење за морнаре да долазе олује (Hesiod, 
Works and Days 598, 615, 619 и Arist. Meteor. 2.5.4).
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У Певању XXII Илијаде, помињу се Орион и Сиријус. Најсјај
нија звезда Сиријус наводи се као Орионов пас; данас је познат као 
најзначајнија звезда сазвежђа Великог пса (Canis Major), Alpha Canis 
Majoris. Хомер представља Сиријус као злослутан знак на небу, 
пошто је сваког лета повезан са такозваним „пасјим врућинама“:

као звезда која нам долази у јесен, натсијавајући све 
своје другове на јесењем небу – зову је Орионов пас, и,
премда је најсјајнија од свих звезда, не предсказује добро
доносећи много грознице нама, јадним смртницима

[The Iliad, trans. by E. V. Rieu, Penguin Books,
New York 1950 (Ch. 22, v. 25–31)].

„Пасје врућине“ и „пасји дани“

У антици, хелијакални излазак Сиријуса повезан је са изузетно 
топлим периодом године, „κυνικά καύματα“ („пасја врелина“). То, у 
медитеранском крају, одговара касном јулу, августу и раном септем
бру. Римљани су такође за ове дане знали као за „dies caniculariae“, 
најтоплије доба целе године, повезано са сазвежђем Великог пса, 
и Ловчевим (Орионовим) псом, Сиријусом. Стари Грци су претпо
стављали да вишак топлоте потиче од додавања Сиријусовог зра
чења Сунчевом.

У фолклору старе Грчке, народ је летње дане после хелијакал
ног изласка Сиријуса називао „пасје врућине“ без повезивања са 
Пасјом звездом или сазвежђем, већ са псима уопште, мислећи да су 
само пси толико луди да иду напоље када је толико топло. Ово ве
ровање је истрајало кроз векове и може се наћи у модерном грчком 
фолклору у веровању да су за време врелих јулских и августовских 
дана, нарочито између 24. јула и 6. августа, псећи уједи посебно 
заразни (Theodossiou, Danezis 1991, стр. 115).

Према старом миту, становници острва Кеа умирали су од 
глади услед суше коју је око 1600. пре н.е. донела пасја врућина. 
Тада је бог Аполон дао пророчанство да се позове Птија Аристеј, 
божји син, да им помогне. Пошто је дошао на Кеу, Аристеј је извео 
ритуале очишћења и жртвовања Зевсу Икмејском, господару киша 
и неба, и Аполону. Оба бога су слушали њихове молбе и послали 
су Етезијске ветрове, северне ветрове који четрдесет дана дувају 
преко целог Егејског мора средином лета, тако да људи могу да 
преживе неподношљиву врелину. После тога, народ Кее, подстак
нут Аристејем, принео је жртве сазвежђу Canis Major и Сиријусу; 
да би памтили његово доброчинство, славили су Аристеја као „Ари
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стеја Аполона“ и стављали његову главу на једну страну новца, а 
на другу Сиријуса са круном са зрацима.

Бивши професор и академик са Националног техничког уни
верзитета у Атини Перикле С. Теохарес пише: „Овај мит алудира на 
однос Сиријуса са Земљом. Жртве су приношене Зевсу Мејлихију, 
богу времена, сунца и кише, и Сиријусу, који ствара пасје врућине 
на Земљи; сматрали су да за велику летњу топлоту није одговорно 
само Сунце, него такође и Сиријус када дође после Сунца. То је 
вероватно било веровање градитеља арголидских пирамида, који 
су оријентисали њихове улазне ходнике према азимуту Сири јуса“ 
(Theochares, 1995).

У старој поезији Сиријус се помиње као звезда са посебно нега
тивним утицајем, што је очигледно из Хомерових стихова „не пред
сказује добро... нама јадним смртницима“ (Илијада, ΧXII 25–31). 
Пошто су запазили да људи постају троми током пасјих дана, 
учврстили су веровање да Сиријус има успоравајуће деловање на 
људске активности. Зато чак и Хипократ саопштава о лошем утица
ју ове звезде на људе. Хипократ је у делима Epidemics и Aphorisms 
писао доста о утицају моћи ове звезде на време и по следичне фи
зичке ефекте на људе (Allen 1963, стр. 126).

Планета Венера

Венера се помиње и у Илијади и у Oдисеји. У Певању XXII 
(стих 317) Илијаде, Хомер помиње Хесперос, Вечерњу звезду, а у 
XXIII (стих 226) Eoсфорос (Lucifer на латинском), Јутарњу звезду, 
која доноси светлост зоре. У оба случаја у ствари се помиње Вене
ра, мада их Хомер вероватно сматра за две посебне звезде: „И као 
што међу звездама излази сјајна вечерња звезда, најлепша међу 
звездама на небу, тако је сијало копље, бачено његовом десном ру
ком према божанском Хектору са злобном намером, гледајући да 
нађе непокривени део његовог меког тела“ (Илијада, XXII 317–321). 
Слично у другом пасажу: „Када Луцифер најављује светлост и злат
ни Eoс (Зора) излази из морских дубина, огањ бледи и пламенови 
се заустављају“ (Илијада, XXIII 226–228).

Пасаж у Хомеровој Oдисеји опет нас доводи мору: „Како је из
ронила блистава звезда, која долази да прва најави светло Зоре ро
ђене из ноћи, брод се пенећи од среће приближавао острву“ (Oд. 
xiii 98–100). Значи да је Одисеј досегао Итаку пре зоре, у време када 
се појављује Венера, најсјајнија звезда која „долази“ пре зоре.
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Солстицији

У Oдисеји се такође јасно помињу солстицији као „окретања 
Сунца“: „Они једно острво зову Сирија – ако сте икада чули за њега 
– где је Сунце више него у Ортигији, када се окреће“ (Oд. xv 403–
404).

Други стари аутори о звездама, сазвежђима и Сиријусу

Хомерови епови су несумњиво утицали на друге старогрчке 
песнике и ауторе у помињању звезда и сазвежђа на небу. Највише 
је присутна најсјајнија звезда, Сиријус.

Захваљујући сјајној привидној величини (1.46), Сиријус је 
имао посебно место у митологији, легендама и традицији већине 
народа на Земљи. Само његово име на грчком значи „блештави“, 
„пламени“ или „горећи“, успламтео; ово име је веома старо, пошто 
је присутно у орфичкој традицији: „када је три дана за редом из гу
била светлост пламена звезда“ (Argonautics, 121–122, Petrides, 2005), 
као и код Хомера (Илијада, XXII 25–32 и Od. 4).

У приближно истом времену са Хомером, или мало касније, 
Хесиод у свом делу Послови и дани помиње неколико сазвежђа 
која су сељацима потребна да би пазили на свој свакодневни рад, 
а три пута наводи и солстиције. На пример, Хесиод сугерише да 
жетва треба да почне када Плејаде изађу (хелијакални излазак), а 
сетва када су при заласку. Хесиод говори о свим звездама и са
звежђима које помиње Хомер, са посебним нагласком на Сиријусу. 
Заиста, Сиријус помиње у три различита пасажа. У првом даје са
вете брату Персу о берби грожђа: „A када Орион и Сиријус досегну 
средину неба и рујнопрстаста зора гледа Арктура, тада, Персе, обе
ри све грожђе и донеси га кући“ (Послови и дани 609), док у друга 
два говори о пасјој врућини: „Тада звезда Сиријус напредује сваког 
дана мало више изнад глава смртника и узима већи део ноћи“ (ibid., 
417). „Јер Сиријус суши главу и колена и тело је суво од топлоте“ 
(ibid., 587).

Друго Хесиодово дело Хераклов штит, у извесном степену је 
имитација Ахилејевог штита, како је описан у Илијади (XVIII 468– 
817). У овом делу, такође, Хесиод два пута помиње сјајну звезду Си
ријус: „Њихове душе силазе у Хад да би биле прекривене земљом, 
док су њихове кости, када је кожу око њих истопио пламени Си
ријус, иструнуле у црној зе мљи“ (Shield of Hercules, 151). И: „Када 
бучни, плавокрили цврчак, седе ћи лети на зеленој грани, почне да 
пева људима, а његова храна и пиће је мека роса, и током целог дана, 
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почевши у зору, пушта свој глас по најстрашнијој топлоти, када 
Сиријус сагорева тело, почи њу да се јављају младице на просу по
сејаном у лето“ (ibid., 391).

Песник трагичар Есхил (525–456. BC) у трагедији Aгамемнон 
такође помиње пса Сиријуса (стих 967).

Aполоније са Родоса (3. век пре н.е.) пише у делу Аргонаути-
ка, великом епу који преобликује у поетску форму митску експеди
цију Аргонаута из Тесалије у Колхиду на Црном мору. Aполоније 
такође помиње Сиријус у вези са неподношљивом летњом врућином: 
„Када минојско острво са неба загреје Сиријус и за дуго време њего
ви становници не могу наћи никакав спас од тога...“ (Argo nautics, 
Песма III, стих 517). И касније: „Опет се појавио као Сири јус, који 
се уздиже на висине са руба Океана“ (Песма III, стих 956).

Tеогнис (570–480. пре н.е.), значајни песник елегичар из Мега
ре, написао је неколко гозбених песама, изузетних по достојанству 
и поштовању богова. Чак даје правила за пијење вина, додајући оба
вештења за период око изласка Сиријуса: „Неразумни су они људи, 
и глупи, који не пију вина ни када Пасја звезда почиње...“ (Wender, 
1984, Theognis, 1039–1040).

Eратостен (276–194. пре н.е.) користи реч ’сириос’ као придев, 
пишући на пример: „Такве звезде астрономи зову сириос због тре
перавог кретања њихове светлости“.

Грчки епски песник из 5. века Ноно, из египатског града Пано
полиса, пише у својој Дионисијака о пасјим врелинама Сиријуса: 
„Послао је супротни удар ветра да пресече врелу Сиријусову гро
зницу“ (Dionysiaka, 275).

У византијском периоду, принцеза Ана Комнина у својој Алек
сијади Aлексијасу пише: „премда је било лето и Сунце је прошло 
кроз Рака и било је пред уласком у Лава – сезона у којој, како кажу, 
излази звезда Пас“ (Aлексијада I, Књига 3, ΧII.4).

ОПИС ПОТПУНОГ ПОМРАЧЕЊА СУНЦА У ОДИСЕЈИ

У Певању XX Oдисеје налази се следећи пасаж: „Улаз и цело 
двориште испуњени су сенима мртвих, које се крећу у мраку. Сунце 
је нестало са неба и свугде је била слаба видљивост“ (XX 356–357).

Овај пасаж вероватно описује астрономску појаву, и можда је 
најстарији опис потпуног помрачења Сунца на Западу. Како је то 
релативно ретка астрономска појава за дато место, и јавља се у про
секу једном у 360 година, ако је област ограничена, може се одре
дити вероватан датум овог помрачења (Varvoglis, 2009).
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Мада се помрачења Сунца и Месеца не помињу директно у хо
мерским текстовима, претходни стихови су мотивисали два астро
нома, Константина Бајкузиса (Constantino Baikouzis) из Лабораторије 
за математичку физику на Рокфелеровом универзитету у Њујорку, 
и Марчела Мањаска (Marcelo Magnasco) са Proyecto Observatorio, 
Secretaría de Extensión, Observatorio Astronómico de La Plata, да 
покушају да тачно одреде датум када се Одисеј вратио на Итаку. 
Прет поставили су (2008) да Хомер у Oдисеји XX 356–357 говори о 
потпуном помрачењу Сунца које се догодило на дан истребљења 
Пенелопиних просаца.

Наговештај предвидљивој природи оваквог догађаја је дат: Про
рочанство Теоклимена је упозорило просце да ће: „Сунце бити из
брисано са неба, и несрећна тама ће испунити свет када се до ма ћин 
врати и крв ће бити нађена у њиховим тањирима“ (Oд. XX 350–355).

Ово навођење Бајкузис и Мањаско су упоређивали са другим 
помињањима древних помрачења Сунца у старим текстовима и 
нашли су извесне сличности. У хомерским текстовима, постоје још 
четири астрономске ознаке у вези са Одисејевим повратком на 
Итаку.

Прва је Месечева фаза; Хомер помиње више пута да је било 
време младог месеца, тако да је први услов за потпуно помрачење 
Сунца, према Бајкузису и Мањаску (2008) задовољен.

Друга се односи на Венеру, која је шест дана пре покоља про
саца била видљива високо на небу: „Како је изронила блистава 
звезда, која долази да прва најави светло Зоре рођене из ноћи, брод 
се пенећи од среће приближавао острву“ (Oд. xiii 98–100).

Трећа ознака је о звездама и сазвежђима, које је Одисеј видео 
када је напустио Калипсино острво, 29 дана пре разматраног дога
ђаја: после заласка Сунца виделе су се Плејаде и сазвежђе Boötes. 

Четврта се односи на бога Хермеса (Mеркур) који је „стигао“ 
на острво Огигију 34 дана пре помрачења. Према Бајкузису и Ма
њаску (2008) то се односи на планету Меркур, која је била у запад
ној елонгацији када се види на истоку пре свитања а „стигла“ је у 
тренутку свог хелијактичког изласка, односно када је први пут 
по стала видљива, што се догодило 13. марта 1178. године пре н.е. 
Када је у западној елонгацији, Меркур се види ниско на небу пре 
изласка Сунца и има ретроградно кретање близу источног руба 
своје привидне путање, што се дешава једном сваких 116 дана. 

Харис Варвоглис (2009), професор астрономије на Универзи
тету у Солуну, примећује да, ако претпоставимо да се последњи 
пасаж односи на планету Меркур, то се заједно са три остале астро
номске ознаке поклапа једном у 2000 година. Пошто је, на основу 
археолошких ископавања Троје, познато да је разорена око 1190. 
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пре н.е., јасно је да, ако се у деценијама пре или после ове године 
догодила таква астрономска коинциденција, то би била независна 
потврда године разарања Троје (Varvoglis 2009, стр. 3).

Бајкузис и Мањаско, знајући вероватну годину разарања Тро је 
и комбинујући поменуте астрономске информације које даје Хомер, 
размотрили су 1684 млада месеца између 1250. и 1125. пре н.е. и, 
користећи планетаријумски софтвер, истражили су астрономску 
прошлост области Јонског мора. Открили су да се потпуно помра
чење догодило 1178. пре н.е. и да је било видљиво са Итаке. После 
прецизнијих прорачуна добили су да би по Јулијанском календару 
дан истребљена просаца био 16. април 1178. пре н.е. Ако је то тачно, 
и ако су Одисејева лутања трајала заиста десет година, како саоп
штава Хомер, освајање и разарање Троје догодило се 1188. пре н.е.

Бајкузис и Мањаско кажу да њихово истраживање не може без 
сваке сумње потврдити време Одисејевог повратка на Итаку, али 
свакако показује да је Хомер знао за извесне астрономске појаве 
које су се догодиле вековима пре његовог доба. Ако су у праву и 
ако је Хомер стварно „везао“ овај датум за астрономски догађај 
који се може проверити, онда то може помоћи историчарима да са 
великом прецизношћу одреде време пада Троје.

Могући контрааргумент овом ставу је да би Хомеру, који је 
живео у 8. веку пре н.е., било тешко да опише астрономску појаву 
која се догодила пре више од четири столећа. Такође, мада изгледа 
да речи Теоклимена описују помрачење Сунца, песник вероватно 
жели да дâ општу слику, везујући га за мрачну судбину Пенелопи
них просаца. Или је можда Хомер спевао овај пасаж на основу по
мрачења које је сам доживео, и повезао то са општом ситуацијом у 
вези са масовним убиством. Џ. Р. Mинкел пише у часопису Scientific 
American: „Истраживачи кажу да се позивањем на планете и са
звежђа у Одисеји, описује помрачење Сунца које се догодило 1178. 
пре н.е., скоро три века пре него што се сматра да је Хомер саздао 
причу. Ако је то тачно, налаз би указивао да је древни песник изне
нађујуће детаљно познавао астрономију... Грчки учени људи Плу
тарх и Хераклит истичу идеју да је Теоклименов говор поетски 
опис помрачења. Они наводе помињања у причи да је дан проро
чанства био млад месец, што би било тачно за једно помрачење. У 
двадесетим, истраживачи су спекулисали да је Хомер могао има
ти на уму стварно помрачење, после прорачуна да је потпуно по
мрачење (када Месец потпуно заклања Сунце) било видљиво 16. 
априла 1178. пре н.е. изнад Јонских острва, где се догађаји из Хоме
рове поеме смештају. Ипак, идеја није заживела, пошто су се први 
грчки астрономски записи појавили вековима после тога“ (Minkel 
2008).
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Напомињемо да се неодређено помињање „неких истражива
ча“ из двадесетих година у горњем пасажу у ствари односи на Шоха 
(Schoch, 1926a, b, c), који је први одредио 16. април 1178. пре н.е. 
као датум потпуног помрачења Сунца, повезаног са Теоклиме но
вим речима, као и на Нојгебауера (Neugebauer, 1929). 

ЗАКЉУЧЦИ

Хомеров козмолошки модел, који бележи погледе његовог вре
мена, или можда чак и старије, преживео је у Јонији вековима после 
његове смрти. 

Стварајући највероватније у 8. веку пре н.е., Хомер предста
вља Земљу као диск са свих страна окружен воденим Океаном. Зве
здано небо је чврста купола која се мора придржавати да не би 
пала, док испод Земље постоји подземни свет Хад, који је исто то
лико далеко од Земље као и небо. 

У Хомеровим еповима не помињу се све планете познате у 
антици, али постоји убедљива чињеница да су њихове особине и 
повезаност са променом изгледа неба са проласком времена биле 
широко познате после великог броја емпиријских посматрања. 

Може се рећи, као закључак, да хомерски извори показују да 
су поједина сазвежђа и небеске појаве били познати старим Грцима 
тога времена. Известан број звезда је био именован и биле су тако 
познате да су коришћене за поређења у односу на богове и људе. 
Занимљива је чињеница да постоје звезде и сазвежђа које Хомер 
помиње под потпуно истим именима као што су данашња.

У Илијади, први пут се нека звезда помиње у Певању 5 (5), где 
је Сиријус представљен као јесења звезда; изгледа природно да је 
прва поменута звезда најсјајнија на ноћном небу. Богатији астро
номски садржај је у опису Ахилејевог штита (XVIII 478–488). Хо
мер каже да су на њему били насликани Орион, Хијаде, Плејаде и 
Медвед или Кола, „која се окрећу увек на истом месту, гледајући 
на Орион“ и никада не додирујући Океан. То је изгледа јасна назна
ка да је ово сазвежђе циркумполарно и увек видљиво са географских 
ширина где се епска прича одиграва. То Медведа чини погодном, 
лако видљивом помоћи за оријентацију, тако да би његово укљу
чивање у популарну поему било практично и корисно за заједни
цу. Када идемо према крају Илијаде, Хомер опет помиње Сиријус, 
називајући га Орионов пас (XXII 29).

У Oдисеји се помињу циркумполарне звезде и уобичајена са
звежђа (V 279–287); овога пута, додато је и Βοώτης.
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Тако Хомер помиње укупно три сазвежђа (циркумполарно 
Ursa Major, Oрион и Boötes), два отворена звездана јата тада позна
та као сазвежђа (Плејаде и Хијаде), индиректно и најсјајнију зве зду 
Сиријус (као јесењу звезду, Орионовог пса и „лошу звезду“ која љу
дима доноси пасје врућине) и планету Венеру као звезду са старим 
грчким именима за Вечерњу и Јутарњу звезду.

Математичар Константин Мавроматис (Konstantinos Mavrom
matis, 2000) претпоставља да је „звезда“ која се без имена помиње 
у Одисеји („Јер му је казала да увек ту звезду држи са леве стране 
док плови“, (Oд., 276) вероватно поларна звезда тога доба. Астро
ном Харитон Томбулидис (Chariton Tomboulidis, 2008) помиње да 
се у Илијади IV богиња Атина пореди са „блештавом“ звездом: 
„Са врхова Олимпа она је јурнула као звезда коју су Хроновићи ба
цили људима као знак... ...сјајна звезда и безбројни блескови што 
су бачени“ (IV 75–78).

Вероватно Хомер овде алудира на падајућу звезду или метеор; 
такве „звезде“ требало би много чешће да се виде на веома тамном 
небу старе Грчке.

У Oдисеји такође се веома јасно помињу солстицији (xv 403–
404) и један вероватни опис треперења звезда (xii 318).

Коначно, мада помрачења Сунца и Месеца нису експлицитно 
помињана у хомерским еповима, било је сугерисано (Baikouzis и 
Magnasco, 2008) да у Одисеји (XX 356–357) Хомер алудира на пот
пуно помрачење Сунца, одакле се чак може извући датум Одисеје
вог повратка на Итаку. Ту треба бити опрезан да се не би помешале 
поетичке метафоре са стварним астрономским догађајем, по што је 
Хомер живео четири века после помрачења 16. априла 1178. пре н.е.

Чињеница је да постоји само један случај да се користе звезде 
или сазвежђа за оријентацију у хомерским текстовима (Oдисеја, 
271–277). Задатак да се астрономија доведе до практичних приме
на предузео је Хесиод, пола столећа касније, својим делом Послови 
и дани, које је пружило грчком народу први календар земљораднич
ких послова, водич за сезонске активности заснован на хелијак
тичком изласку или заласку различитих звезда, сазвежђа или јата 
Плејада.

Хомерску астрономску књижевну традицију следило је неко
лико старих грчких аутора, као што је Хесиод са својим делима 
Послови и дани и Хераклов штит, песник трагичар Есхил у траге
дији Aгамемнон, Aполоније са Родоса у Aргонаутици, Eратостен 
из Кирене, Ноно и чак византијска принцеза Ана Комнина у Aлек
сијади.
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Сва ова навођења указују да бар од древне Грчке, почевши са 
Орфичким химнама и Хомеровим еповима па до наших дана, неке 
звезде и сазвежђа носе потпуно иста имена.
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АSTRONOMY AND CONSTELLATIONS IN
HOMERIC ILIAD AND ODYSSEY

Summary

The Iliad and the Odyssey, in addition to their supreme status as cornerstones 
of world literature, they are a rich source of information about the scientific and 
technological knowledge of ancient Greeks in both preHomeric and Homeric times. 
The two Homeric epic poems, dated in the 8th century BC, include, inter alia, a 
wealth of astronomical elements, informing about the Earth, the Sky, the stars and 
constellations such as Ursa Major, Boötes, Orion, Sirius, the Pleiades and the Hyades. 
They also offer a more erudite image of Homer, which reflects the cosmological 
views of his period. The model of the Universe that is presented is continuous and has 
three levels: the lower level corresponds to the underworld, the middle one to the Earth 
and the upper one to the sky. The cosmological model and astronomical elements 
presented in Iliad and Odissey are considered in this work.

Key words: History of Astronomy, Homer, Antique cosmology
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Abstract. Stark broadening parameters of AI 111 lines of interest in the diagnostics 
of an electrodynamic macroparticle accelerator (rail gun) arc plasma created by 
evaporation of an AI foil have been calculated using the  semi-classical perturbation 
formalism. Stark widths of Cu IV lines of interest for an arc plasma created by Cu 
foil evaporation have also been calculated by using the modified semi-empirical 
method, 

1. Introduction 

The electrodynamic acceleration of macroparticles 
enables the creation of dense plasmas at relatively low 
temperatures. An example (based on the conductor 
acceleration in the circuit’s magnetic field) consists of 
an electrical power source and two parallel metal rails 
with a macroparticle moving between them (Rasheigh 
and Marshall 1978, Powell and Batteh 1983). The 
circuit is closed by the electrical arc created between 
the rails. The arc plasma (formed by the evaporated 
metal foil through which the discharge is initiated) is 
accelerated by the magnetic field, and its hydrodynamic 
pressure accelerates the macroparticle (projectile). For 
arcs with real geometry, a method has recently been 
developed for the calculation of Corresponding plasma 
parameters (Rolader and Batteh 1989). This method 
has been applied to the case of arc plasmas created 
by Cu foil and AI foil evaporation (which are usually 
used in experimental work) (Rasheigh and Marshall 
1978, Rolader and Batteh 1989, Sedghinasab et a/ 
1989, Lehmann era/ 1989), and the corresponding axial 
profiles of temperature T and electron density Ne have 
been determined. 

Experimental verification of the corresponding 
parameter profiles is closely connected to the plasma 
diagnostic problem. Besides the theoretical point of 
view this is important for the further development 
of experiments connected with rail guns. The 
electrodynamic macroparticle accelerator arc plasma is 
quite a difficult object for spectroscopic investigations. 
In this context each possibility for diagnostic study is of 
particular interest. In some recent papers (Sedghinasab 
ef a/ 1989, Lehmann ef a1 1989). spectroscopic 
diagnostics have been carried out. This problem still 
remains open, especially as up to now there have been 
no links between certain model methods (Powell and 
Batteh 1983) for the complete calculation of plasma 
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parameters with certain diagnostic techniques. One 
possibility for the diagnostics of such plasma makes 
use of corresponding Stark broadening parameters (see, 
e.g. the work of Griem (1964)). The aim of this paper 
is to give the necessary elements for the diagnostics 
of plasmas based on the values of plasma parameters 
calculated by the model of DjuriC and Mihajlov (1989). 

In this article we present axial profiles of T and 
Ne for Cu and AI plasmas for typical experimental 
conditions and the corresponding Stark broadening 
parameters for AI 111 and Cu IV lines of interest for the 
diagnostics of such plasmas. Using the semi-classical 
perturbation model (Sahal-Brechot 1969% b), Stark 
broadening parameters for the most intense AI In lines 
have been calculated. The corresponding Cu IV line 
widths have been calculated using the modified semi- 
empirical method (DimitrijeviC and KonjeviC 1980). The 
results presented here may be used for the diagnostics 
and modelling of an electrodynamic macroparticle 
accelerator arc plasma created by the evaporation of AI 
and Cu foils. 

2. Basic characteristics of a rail gun arc 
plasma created by AI and Cu foil evaporation 

The rail gun arc plasma considered is characterized by 
T and Ne profiles calculated here using the method 
developed by DjuriC and Mihajlov (1989). These 
parameters are presented in table I for AI and Cu as 
functions of thz axial normalized coordinate x,,, = x / l ,  
where x is the distance from the front of the arc and 1 is 
its length. Table 1 illustrates the relatively wide T and 
N ,  range, existing for the rail gun plasma case. One can 
see that T varies from 1-2x lo4 K up to around 5 x  lo4 K 
for the Cu case and up to around 9-lox IO4 K for the AI 
case. Regarding the comparison of calculated T values 
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Table 1. Electron density Ne and temperature T for Cu and AI operated rail guns as functions of 
axial normalized coordinate = x / l ,  where x is the distance from the front of the arc and / is 
its length. 

~ ~ ~~ ~~ ~ 

cu AI 

X",, ~ ( ~ 1 0 3  K) ~ ~ ( ~ 1 0 ~ ~  ~ m - 9  J(xlo3 K) N,(xlo" cm-3) 

0.05 46.71 1214.0 79.24 1536.0 
0.10 50.74 1122.0 90.56 1336.0 
0.20 54.07 1006.0 100.10 1145.0 
0.30 54.00 917.0 100.60 1020.0 
0.40 51.81 824.4 95.23 902.3 
0.50 47.99 715.0 84.63 781.1 
0.60 43.22 591.7 70.19 668.7 
0.70 37.28 446.8 53.31 554.1 
0.80 30.02 282.3 38.75 395.1 
0.90 20.82 115.1 27.12 182.5 
0.92 17.96 82.5 24.17 132.3 
0.94 15.17 56.3 21.21 92.6 
0.96 12.21 29.1 17.58 57.3 
0.98 10.11 9.53 13.69 25.8 
0.99 10.10 1.21 12.71 2.68 

in  the case of Cu we can give the following results. The 
average calculated T value in the work of Powell and 
Batteh (1983) is 37000 K, with the input data from the 
same experiment (Rasheigh and Marshall 1978); Rolader 
and Batteh (1989) give typical T values of such a plasma 
between IO 000 and 50 000 K the maximum temperature 
given by Sedghinasab et a1 (1989) is around 57000 K. 
These data demonstrate good agreement between our 
results and the literature. The electron density ranges 
from - 10l8 ~ m - ~  up to - 2-4x IOzo Table 1 also 
demonstrates that a relatively wide range exists where 
we might expect to find spectral lines in the optical 
range, suitable for diagnostics by using Stark broadening 
parameters. 

In order to gain an idea of arc plasma composition, 
we also present calculated characteristic density values 
for AI In and Cu IV ions. In the case of AI III, 
the calculated ion density values are > 6 x 10l8 
at the front of the arc (xnom = 0) and decrease to 
5.2 x 10l8 cm-3 at x,,,, = 0.9; the density shows a 
step decrease to - 3.1 x lOI5 at xmm = 0.98. 
Cu IV density values increase from - 4 x IO" cm-? 
to - 6.4 x I O l 5  for 0 < xnom < 0.25 and then 
decrease to - 6 x 10" for 0.25 < xnOrm < 1. 

3. Stark broadening of AI 111 

In the case of the plasma created by A1 foil evaporation 
the most intense lines of A1 111 have been chosen due to 
the suitability of the AI III spectrum (in comparison with 
the AI IV spectrum). In the case considered, A1 tlI ions 
are the most abundant but AI JY ions are also present. 
However, in the Ne-like A1 IV spectrum there are no 
convenient lines in the visible part of the spectrum. 
On the other hand, in the case of AI ID, such lines 
do exist and, moreover, there are sufficient atomic data 
available for reliable semi-classical calculations. Within 
the semi-classical perturbation formalism (Sahal-Brichot 
1969a,b), applied here to the AI I11 line, full halfwidth 
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( W )  and shift (d )  of an electron-impact broadened 
isolated spectral line can be expressed as: 

t 

d = Ne im uf(u) du l: 2irp sin(Z@& dp (2) 

where f (u)  is the Maxwellian velocity distribution 
function for electrons, p denotes the impact parameter 
of the incoming electron, i and f the initial and final 
atomic energy levels, i' and f' their corresponding 
perturbing levels and W, gives the contribution of 
Feshbach resonances (Fleurier et a[ 1977). The inelastic 
cross section a,,,(u), where j = i, f, can be expressed 
by an integral over the impact parameter of the transition 
probability PjT(p ,  U) as 

and the elastic cross section is given by 

6 = (4; + @y? (4) 
The phase shifts dP and @q due to the polarization 

potential ( F ~ )  and to the quadrupolar potential (r3) 
respectively, are given in section 3 of chapter 2 of 
the work of Sahal-Br6chot (1969a). Here, Rd is 
the Debye radius and the cut-offs R I ,  Rz and R3 
are described in section 1 of chapter 3 of Sahal- 
Br6chot (1969b), and by DimitrijeviC e tnl  (1991). We 
present here Stark broadening parameters due to electron 



Stark broadening of AI 111 and Cu IV lines 

Table 2. Electron-impact broadening parameters for AI 111 multiplets, for perturber densities of 
10'7-1020 
wavelengths for the multiplet (in A) are also given. By using c (see equation (5) of 
Dimitrijevii: and Sahal-Brechot (1984)), we obtain an estimate for the maximum perturber 
density for which the line may be treated as isolated and tabulated data may be used. The 
asterisk denotes cases for which the collision volume multiplied by the perturber density (the 
condition for the validity of the impact approximation) lies between 0.1 and 0.5. 

Transition ~ ( ~ 1 0 3  K) W A )  d(A) 

and temperatures from 10000 to 100000 K. Transitions and averaged 

- 
Perturber density = I O "  ~ m - ~  
3S3P 10 
h = 1857.4 A 15 
c=1.9x102~ 20 

50 
100 

3 S 4 P  10 
A = 696.0 A 15 
C=8 .5~10 ' '  20 

50 
100 

3P-3D 10 
h = 1609.8 A 15 
c = 7.2 10'9 20 

50 
100 

3P4D 10 
h = 893.3 A 
C =  1.5 x 10'3 

15 
20 
50 

100 

3P-4S 10 
A = 1382.6 A 15 
c = 3.3 x 10'9 20 

50 
100 

3 D 4 F  
h = 1935.9 A 
C = 6.8 x 10'' 

3 W P  
h = 3606.2 
C = 2.3 x 10" 

4 S 4 P  
h = 5706.9 A 
c = 5.7 x 1020 

4P4D 
h = 4524.9 A 
c = 3.7 10'9 

10 
15 
20 
50 

100 

10 
15 
20 
50 

100 

10 
15 
20 
50 

100 

10 
15 
20 
50 

100 

Perturber density = IO1' c m 3  
3s-3P 10 
h = 1857.4 A 15 
c = 1.9 x 102' 20 

50 
100 

0.519 x IO - '  
0.427 x I O - '  
0.371 x IO-' 
0.240 x IO - '  
0.179 x IO- '  

0.164 x lo-' 
0.138 x lo-' 
0.122 x 10-1 
0.898 x lo-' 
0.757 x 

0.451 x lo-' 
0.375 x IO- '  
0.328 x lo-' 
0.216 x 10.' 
0.165 x 10" 

0.491 x I O - '  
0.425 x lo-' 
0.386 x lo-' 
0.297 x lo-' 
0.251 x I O - '  

0.582 x lo-' 
0.474 x lo-' 
0.415 x lo-' 
0.286 x lo-' 
0.232 x lo-' 
0,192 
0.164 
0.147 
0.108 
0,890 x 10-1 

0.434 
0.367 
0.327 
0.242 
0.205 

1.43 
1.19 
1.07 
0.814 
0.707 

1.41 
1.22 
1.12 
0.879 
0.761 

0.519 
0.427 
0.371 
0.240 
0,179 

0.903 10-5 

-0.322 10-3 
-0.349 x 10-3 

0.110 10-3 

0.258 10-3 
0.366 10-3 

0.574 x 10-3 

0.702 x 10-3 

-0.139 x 

-0.400 x 

0.192 x 
0.320 x 

-0.105 x 
0.261 x 

0.545 x 

0.330 x 
0.384 x 
0.401 x 
0.386 x 
0.362 x IO-* 

0.115 x 10.' 
0.791 x 
0.750 x lom2 
0.573 x 
0.494 x lo4 

-0.552 x lo-' 
-0.603 x lo-' 
-0.563 x 
-0.583 x 
-0.408 x 

0.244 x 10-2 
0.368 x lo-' 
0.660 x IO- '  
0.536 x 
0.777 x 1 0-2 

-0.470 x I O - '  
-0.520 x 1 OW' 
-0.487 x IO-' 
-0.503 x IO-' 
-0.482 x IO-' 

0.683 x I O - '  
0.833 x IO-' 
0.828 x IO - '  
0.842 x lo-' 
0.741 x lo-' 

-0.919 10-4 
-0.160 x lo-' 
-0.331 x lo-* 
-0.364 x 
-0.396 x lo-' 

249 



M S DimitrijeviC et a/ 

Table 2. Continued. 

Transition ~ ( ~ 1 0 3  K) w(A) dCA) 

0.164 0.921 x 10-3 3 S 4 P  
A = 696.0 A 
c = 8.5 1019 

3 P 4 D  
A = 1609.8 A 
C = 7.2 x I O z o  

3 P 4 D  
A = 893.3 A 
c =  1.5 x 1019 

3 P 4 S  
A = 1382.6 A 
c=3.3x1020 

3 D 4 F  
A = 1935.9 A 
c= 6.8 x 1019 

3 D 4 P  
h = 3606.2 
C = 2.3 x 10" 

4 W P  
1 = 5706.9 A 
c = 5.7 x 102' 

4P4D 
h = 4524.9 A 
c = 3.7 x 1020 

Perturber density = 10l9 c r r 3  
3S-3P 
A = 1857.4 A 
c = 1 . 9 x 1 0 ~  

3 S 4 P  
A = 696.0 A 
c=8.5x102O 

3P-3D 
A = 1609.8 A 
C = 7.2 x 10" 

10 
15 
20 
50 

100 

10 
15 
20 
50 

100 

i o  
15 
20 
50 

100 

10 
15 
20 
50 

100 

10 
15 
20 
50 

100 

10 
15 
20 
50 

100 

i o  
15 
20 
50 

100 

i o  
15 
20 
50 

100 

10 
15 
20 
50 

100 

10 
15 
20 
50 

100 

i o  
15 
20 
50 

100 

0.138 
0.122 
0.898 x 10-1 
0.757 x io-' 
0.452 
0.374 
0.328 
0.216 
0.165 

0.491 
0.424 
0.386 
0,297 
0.251 

0.582 
0.474 
0.415 
0.286 
0.232 

1.92 
1.64 
1.47 
1.07 
0.889 

4.34 
3.67 
3.27 
2.42 
2.05 

14.3 
11.9 
10.7 
8.14 
7.07 

14.1 
12.2 
11.2 
8.79 
7.60 

5.19 
4.27 
3.71 
2.40 
1.79 

*1.64 
1.38 
1.22 
0.898 
0.757 

4.52 
3.74 
3.27 
2.16 
1.65 

0.196 x 
0.295 x 
0.246 x 
0.358 x 

-0.107 x 
0.296 x 
0.560 x 
0.550 x 
0.697 x 

0.210 x 10-1 
0.291 x 10-1 
0.313 x lo-' 
0.330 x lo-' 
0.340 x io-' 
0.111 
0.769 x lo-' 
0.721 x io-' 
0.556 x 10-1 
0,486 x I O - '  

-0.210 x 10-1 
- 0 . 3 1 7 ~  10-1 
-0.331 x lo-' 
-0.431 x 10-1 
-0.353 x lo-' 

0.204 x lo-' 
0.375 x 10-1 
0.603 x 10-1 
0.505 x io-' 
0.755 x lo- '  

-0.423 

-0.454 
-0.478 
-0.477 

0.379 
0.594 
0.613 
0.703 
0.690 

-0.488 

0.726 x 
-0.136 x lo- '  
-0.272 x 
-0.338 x lo-' 
-0.373 x io-' 
a0.133 x io-' 
0.142 x lo-' 
0.245 x io- '  
0.219 x lo-' 
0.337 x lo-' 

-0.271 x io-' 
0.235 x I O - '  
0.449 x lo-' 
0.494 x io-' 
0.648 x IO- '  
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Stark broadening of AI 111 and Cu IV lines 

Table 2. Continued. 

Transition ~ ( ~ 1 0 3  K) W(A) d(A) 

3 P 4 D  10 e4.52 *-0.218 
A = 893.3 A 15 4.01 -0.340 x lo- '  
C = 1.5 x 102' 20 3.68 0.446 x lo-' 

50 
100 

2.88 0.164 
2.44 0.230 

3P-4S 
A = 1382.6 A 
c = 3.3 x 102' 

3D-4F 
A = 1935.9 A 
C = 6.8 x I O m  

10 5.82 0.982 
15 4.74 0.677 
20 4.16 0.646 
50 2.86 0.510 

100 2.32 0.453 

10 
15 
20 
50 

17.8 0.994 
15.5 0.613 ~~ 

14.0 0.431 
10.4 0.451 x 10-l 

100 8.68 -0.413 x lo-' 
Perturber density = 10% ~ m - ~  
3 S 4 P  
X = 696.0 A 20 x12.1 *0.668 x IO - '  
C = 8.5 x lo-" 50 *a.96 *0.129 

100 7.56 0.275 

impacts while eventual corrections for the ion-impact 
broadening contribution may be calculated by using 
simple expressions within the quasistatic approximation 
(Griem 1974, Sahal-Brichot 1991). 

Energy levels for AI 111 lines have been taken from 
Bashkin and Stoner (1975). Oscillator strengths have 
been calculated using the method of Bates and Damgaard 
(1949) and tables in Oertel and Shomo (1968). For 
higher levels, the method described by Van Regemolter 
et a1 (1979) has been used. Our results are shown 
in table 1 for Ne = lO1'-lOZ0 cm-3 and T =10000- 
I00000 K. We also specify a parameter (Dimitrijevie 
and Sahal-Brkchot 1984) denoted by c which, when it is 
divided by the corresponding electron impact full width 
at half maximum (FWHM), gives an estimate for the 
maximum perturber density for which the line may be 
treated as isolated. For each value given in table 1, the 
collision volume V multiplied by the pemrber density 
Ne is much less than unity, and the impact approximation 
is valid (Sahal-Brkchot 1969a.b). Values for 0.1 < 
N,V < 0.5 are denoted by an asterisk. When N,V > 0.5 
the impact approximation is not valid and corresponding 
values are not given in table 1. Results are presented 
as a function of density since at high densities Stark 
broadening parameters are no longer linear functions of 
density due to Debye screening. This effect is more 
important for the shift than for the width. 

Our results are in satisfactory agreement with Stark 
widths calculated by Davis and Morin (1971) for the AI 
In 3p2Po-4d2D multiplet. 

4. Stark broadening of Cu IV lines 

In the rail gun arc plasma created by Cu foil evaporation, 
Cu I11 ions are the most abundant, but Cu IV ions are also 

present in significant quantities. From the theoretical 
point of view, the spectrum of Cu IV is less complex 
and therefore more convenient for Stark broadening 
calculations than that of Cu III. Consequently, one can 
obtain more reliable data. However, for the Cu IV 
spectrum there are no sufficient, reliable atomic data in 
order to perform a semi-classical calculation as in the 
case of A1 III. In this case, the modified semi-empirical 
approach (DjmitrijeviC and KonjeviC 1980) provides a 
possible way to obtain the corresponding Stark widths. 

Within the modified semi-empirical approach, elec- 
tron impact full halfwidth W M ~ E  can be calculated from 
the following expression (DimitrijeviC and KonjeviC 
1980): 

WMSE = Z(Zrrh/3~n)'(6m/nkT)''*N, 

Here, n is the effective principal quantum number, 2 - 1 
is the ionic charge, 44 the Bates and Damgaard (1949) 
factor and E = 3kT/2. Atomic energy level data are 
taken from Schroder and van Kleef (1970). 

Electron impact full halfwidths for six Cu IV 
multiplets are presented in table 2 at Ne = IO" (for 
arc plasma tail conditions) for T = 10000-150000 K. 
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Table 3. Electron-impact full halfwidths !UMSE calculated 
using the modified semi-empirical approach (DimitrijeviC 
and Konjevid 1980) for six Cu IV multiplets, for a 
perturber density of 1017 c w 3  and temperatures 
from 10000 to 150000 K. Transitions and averaged 
wavelengths for the multiplet (in A) are also given. 

Transition ~ ( ~ 1 0 3  K) WMSE(A) 

3d7(4F)4s3F- 
3d7(4F)4p3D 
A = 1381.6 A 

3d7 (4 F)4s3F- 
3d7(4F)4p3F 
A = 1435.6 A 

3d7(4F)4s3F- 
3d7(4F)4p3G 
A = 1445.8 A 

3d7('F)4s5F- 
3d7('F)4p5G 
A = 1359.5 A 

3d7(4F)4s5F- 
3d7(4F)4p5D 
A = 1378.4 A 

3d7(")4s5F- 
3d'(4F)4p5F 
A = 1422.5 A 

10 1.44 x 10-2 
20 1.02 x 10-2 
30 8.34 x 10-3 
50 6.46 10-3 

100 4.57 10-3 
150 3.75 x 10-3 

10 1.57 x 10-2 
20 1.11 x 10-2 
30 9.08 x 10-3 
50 7.03 x 10-3 

100 4.97 x 10-3 
150 4.10 x 10-3 

10 1 . 6 0 ~ 1 0 - ~  
20 1.13 x 
30 9.22 I 0-3 
50 7.14 10-3 

100 5.05 x 10-3 
150 4.17 x 

10 1.33 x 1 0-2 
20 9.41 x 
30 7.68 x 10-3 
50 5.95 10-3 

100 4.21 10-3 
150 3.45 x 10-3 

20 9.70 x 10-3 
30 7.92 x 10-3 
50 6.14 10-3 

100 4.34 x 10-3 
150 3.56 x 10-3 

10 1 . 3 7 ~ 1 0 - ~  

10 1.47 x 
20 1.04 x 
30 8.49 x 10-3 
50 6.58 10-3 

100 4.65 x 10-3 
150 3.83 10-3 

5. Conclusion 

Results presented here may be used for diagnostics and 
modelling of rail gun arc plasmas on the basis of ion 
line profiles. Results are given for a larger T range than 
needed for rail gun arc plasma analysis, since they are 
also of interest for other laboratory and astrophysical 
plasmas. For all needed purposes the data density in 
the tables enables a good interpolation. Semi-classical 
data for AI III are of better accuracy than semi-empirical 
data for Cu IV. Since within the semi-classical theory 
we take into account Debye screening, results for AI III 
are not linear with electron density (especially the shift), 
like semi-empirical Cu IV data. Consequently, AI I11 
results are presented as a function of electron density. 
Since the importance of the Stark shift usually decreases 
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with increasing ionization, and Cu IV shifts are not of 
importance for rail gun plasma diagnostics, they are not 
presented here. 

Besides Cu and AI ionic lines, H and Li are also 
of importance for rail gun plasma research (Rolader 
and Batteh, 1989). Corresponding Stark broadening 
parameter tables may be found in Griem (1974) for H 
I and Li 11. Present often as impurities, Ca, Si, C and 
Fe ions may be also of interest for diagnostic purposes. 
Stark widths for the most intense Si I11 and C IV lines 
may be found in the works of Dimitrijevie (1988) and 
Stark broadening parameter tables for Si IV and C IV in 
DimitrijeviC et al (1991a-d). 

We hope that the presented results will be helpful 
for diagnostics, modelling and other investigations of 
rail gun arc plasmas. 
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Abstract. The similarities of the calculated Stark broadening parameters of four argon spectral 
lines within a spectral series 3p5nd3p54p have been analyzed. The Stark broadening 
parameters have been calculated using Sahal-Bréchot theory within the semi-classical 
perturbation formalism. The dependeces of the Stark width and shift versus the effective 
quantum number have been presented. 

1.  Introduction 
The broadening of spectral lines of heavy elements in plasmas is principally determined by two 
factors, the plasma environment and the atomic structure of the emitting atom or ion. Since atomic 
structures exhibit many great regularities and similarities, one must expect the same for the width and 
shift parameters of plasma broadened lines. A comprehensive study and analysis of regularities and 
similarities of the existing experimental data for the Stark broadening parameters have been presented 
in [1], based on the L-S coupling scheme. 

One of the most useful gases for laboratory plasmas, argon, is also interesting in astrophysics since 
with the development of space-borne spectroscopy, the importance of atomic data, including line 
broadening parameters for trace elements like argon [2], is increasing. For example argon is found in 
CVn binary σ2 Coronae Borealis [3], and “Chandra’s” X-ray spectra of young supernovas 1998S and 
2003bg revealed an argon over-abundance [4]. Recently, argon lines are observed in the optical 
spectrum of the Be star Hen 2-90 [5], as well as in planetary nebulae and H II regions in the two dwarf 
irregular galaxies Sextans A and B [6]. Also argon abundance has been determined from spectral lines, 
e.g. for LSE 78, an extreme helium star [7], for the similar star BD-9º4395 [8], for DY Cen [9] and γ 
Peg [10], as well as for the Sun [11]. Consequently, Stark line broadening parameters for neutral and 
ionized argon are of interest for the modeling and investigation of astrophysical plasmas. Often, the 
modeling of astrophysical objects needs atomic data for thousands and sometimes millions transitions. 
It is difficult and cumbersome to calculate the Stark broadening parameters for all these lines, so that 
methods enabling interpolation and extrapolation of the calculated results on the basis of similarities 
and systematic trends are of interest. For example we can obtain new Stark broadening parameters 
from regularities within spectral series. 

In this work, the systematic trend of Stark broadening parameters of Ar I 522.1, 549.6, 603.2 and 
737.2 nm spectral lines within the same spectral series with the corresponding transitions 3p57d – 
3p54p, 3p56d – 3p54p, 3p55d – 3p54p and 3p54d – 3p54p has been investigated. The behavior of these 
parameters with the increase of the effective quantum number of the initial energy levels of the 
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corresponding transition within the spectral series has been obtained. The results for Ar I 522.1, 549.6 
and 603.2 are given in [12] where the calculations are oriented to laboratory plasmas. The examined 
perturbers are electrons, argon ions and protons. The presented calculations in this work are oriented 
for astrophysical purposes and the studied perturbers are electrons, protons and helium ions. 

2.  Theory 
The Stark broadening parameters have been calculated using Sahal-Bréchot theory within the semi-
classical perturbation formalism [13, 14], where the full width (W) at half maximum and the shift (d) of an 
isolated  line originating from the transition between the initial level i and the final level f is expressed as: 
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where i' and f' are perturbing levels, ne and v are the electron density and the velocity of perturbers, 
respectively, and f(v) is the Maxwellian distribution of the electron velocities. 

The inelastic cross sections σii' (v) (respectively σff' (v)) can be expressed by an integration of the 
transition probability Pii' over the impact parameter ρ: 
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The elastic collision contribution to the width is given by: 
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  2/122
qp   . (5) 

The phase shifts φp and φq are due to the polarization and to the quadrupole potential, respectively. 
The cut-off parameters R1, R2, R3, the Debye cut-off Rd, and the symmetrization procedure are 
described in [13, 14]. 

The impact approximation is valid when the duration of collisions is much shorter than the 
separation time between strong collisions (collisions whose resulting phase shift is bigger than 1 rad): 
neπρtyp

3 << 1, where ρtyp is the typical impact parameter for strong collisions. 
The resulting profiles are Lorentzian. This condition is well verified for electron collisions for a 

large range of densities. For ion collisions the impact approximation might fail, especially for high 
densities or low temperatures. Within the impact approximation the ion broadening contribution has a 
Lorentzian shape and the total full width or shift is simply the sum of the corresponding full widths or 
shifts for electron and ion broadening. If the impact approximation is not applicable to ion broadening, 
it is possible to apply the quasistatic approximation given by Griem in [15]. Then the ion broadening 
parameters obtained within the quasistatic approximation, denoted here with the index iq, are: 

eeeiq WTnAnW ]068,01[10.75,1 2/16/14/14    (6) 

eeeiq WTnAnd ]068,01[10 2/16/14/14   , (7) 
where We is the impact contribution of electrons to the total width, T is in Kelvin, and ne in cm-3. A is 
the quasistatic parameter, defined in [15] as follows: 
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where  is the normal field strength. The polarizability of the initial level αi (resp. 
αf is the polarizability of the final level) is expressed as: 
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where a0 is the Bohr radius,  fii'  is the oscillator strength, and IH is the ionization energy of hydrogen. 

3.  Results 
The calculations were performed for particular lines within multiplets (spin-orbital interaction is 
included). The most appropriate j-L coupling scheme for argon atoms has been used. The values of the 
energy levels have been taken from the NIST catalogue [16]. The oscillator strengths (j-L coupling) have 
been calculated within the Bates & Damgaard approximation. The calculations have been made for a set 
of temperatures (2.5 – 5.0)104 K at a perturber (electrons, protons and helium ions) density of 1016 
cm-3. 

In this work we present the calculated Stark broadening parameters for the Ar I 737.2 nm spectral 
line. In table 1 the wavelengths of the studied argon lines, the corresponding transitions in j-L coupling, 
the perturbing levels i' and f', the energy values, and the effective quantum number of the initial level are 
presented. 

Table 1. Basic data on the considered Ar I spectral lines.  Here λ denotes the 
wavelength, i and f are the initial and final level of the transition (within the frame of j-
L coupling), i' and f' are the corresponding perturbing levels, Ei and Ef are the energy 
values, and n* is the effective quantum number of the initial level. 

λ 
(nm) 

Transition 
(i  f) 

i' levels 
 

f' levels 
 

Ei 
(cm) 

Ef 
(cm) 

n* 

522.1 3p57d – 3p54p 
2[7/2]˚4 - 2[5/2]3 

5f, 6f, 7f, 8f, 
9f, 5p, 6p, 7p, 

8p, 9p 

4s, 5s, 6s, 
3d, 4d, 5d, 6d 

124610 105463 6.62 

549.6 3p56d – 3p54p 
2[7/2]˚ 3 - 2[5/2]3 

4f, 5f, 6f, 7f, 
4p, 5p, 6p, 7p 

4s, 5s, 6s, 
3d, 4d, 5d, 6d 

123653 105463 5.63 

603.2 3p55d – 3p54p 
2[7/2]˚4 - 2[5/2]3 

4f, 5f, 6f, 7f, 
4p, 5p, 6p, 7p 

4s, 5s, 6s, 
3d, 4d, 5d, 6d 

122036 105463 4.65 

737.2 3p55d' – 3p54p 
2[7/2]˚4 - 2[5/2]3 

4f, 5f, 6f, 
4p, 5p, 6p 

4s, 5s, 6s, 
3d, 4d, 5d, 6d 

119024 105463 3.68 

The results are presented in table 2 for the Ar I 737.2 nm argon line. The calculated Stark widths (full 
width at half intensity maximum) W and shifts d for collisions with electrons (We, de), He+ ions   (WHe+, 
d He+), and protons  (Wp dp) are given. The ratio C/W gives the value of the maximum density for which 
the line is isolated for the corresponding perturber. 

For the atmospheres of the main branch stars the total Stark width W and shift d are approximatelly: 
 

 Hepe WWWW 1.09.0  (10) 

 Hepe dddd 1.09.0 . (11) 
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Table 2. Stark broadening parameters for Ar I 737.2 nm for a perturber (electrons, helium 
ions, and protons) density of 1016 cm and temperatures from 2500 up to 50000 K. 

Perturbers are: Electrons Ionized helium Protons 

Transition T 
(103 K) 

We  
(0.1 nm) 

de 
(0.1 nm) 

WHe+  
(0.1 nm) 

dHe+ 
(0.1 nm) 

Wp  
(0.1 nm) 

dp 
(0.1 nm) 

2.5 0.572 0.367 - - 0.171      0.78710   
5 0.646 0.425 0.168 0.0756 0.182      0.98010 
10 0.739 0.428 0.176 0.0917 0.193      0.117      
20 0.871 0.371 0.185 0.108 0.205      0.136      
30 0.964 0.318 0.19 0.117 0.213      0.148      

4d 2[7/2]4  
4p 2[5/2]3 
737.2 nm 
 
C = 0.65
10 50 1.07 0.275 0.198 0.13 0.224      0.163      

In figures 1 and 2 the temperature dependences of the electron impact width and shift (electron 
density 1016 cm) of Ar I 737.2 nm are illustrated. 
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Figure 1. Electron impact width of the 
Ar I 737.2 nm spectral line versus the 
temperature for a 1016 cm electron density. 

 Figure 2. Electron impact shift of the 
Ar I 737.2 nm spectral line versus the 
temperature for a 1016 cm electron 
density. 

The contributions of the different collisions between emitters and perturbers (inelastic and elastic 
(polarization) collisions) in the Stark width of the examined argon lines from one spectral series show 
a similar behavior versus the temperature. One example for this behavior is presented in figure 3 for 
the Ar I 522.1 nm argon line. The broadening coefficient (β = W / ne) and their components (βin – 
contribution of inelastic collisions, βel – contribution of elastic collisions, and βp – contribution of 
polarization (the polarization interactions are elastic ones) collisions) have been analyzed. The 
inelastic component increases with the temperature while the elastic and polarization ones decrease for 
the argon lines from the studied series. The quadruple component (βq) depends only by the initial and 
final states of the emitters and does not depend on the temperature and perturber density, and is not 
included in the figure. 
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Figure 3. Stark broadening coefficient for Ar I 522.1 nm (β = W / ne) and 
their components: β = βin + βel, where βin is the contribution of the inelastic 
argon emitter-perturber collisions, βel is the contribution of elastic ones, 
βel = βp + βq (βp gives the contribution of polarisation interactions and βq – of 
the quadruple interactions). The quadruple interactions do not depend on the 
temperature and the perturber density so it is not presented in the figure.  

In figures 4 and 5 the electron impact width and shift, respectively, are given. From one side, the 
argon spectral lines are broadened mainly due to the collisions with electrons, usually. From the other 
side, it is more correct to study the width and shift trends of the spectral lines for each kind of 
perturbers separately. 
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Figure 4. Electron impact widths of Ar I 
spectral lines within the spectral series versus 
the effective quantum number of the initial 
energy level. 

 Figure 5. Electron impact shifts of 
Ar I spectral lines within the spectral 
series versus the effective quantum 
number of the initial energy level. 

One can see that the behavior of the electron impact widths and shifts within the considered 
spectral series is so regular, that interpolation and extrapolation of new data is possible. The complete 
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analysis of the results of this paper and the comparison with other theoretical and experimental data 
available in the literature will be given in [17].  

Acknowledgments 
This work was partially financed by the Technical University – Sofia and is a part of the project 
146001 supported by the Ministry of Science and Technological Development of Serbia. 

References 
[1] Konjević N, Lessage A, Fuhr J R and Wiese W L 2002 J. Phys. Chem. Ref. Data 31 819 
[2] Werner K, Rauch T and Kruk J W 2007 Astron. Astrophys. 466 317 
[3] Suh J A, Audard M, Güdel M and Paerels F B S 2005 Astrophys. J. 630 1074 
[4] Lewin W 2005 Chandra Proposal ID #07500185 
[5] Kraus M, Borges F M, De Araújo F X and Lamers H J G L M 2005 Astron. Astrophys. 441 289 
[6] Kniazev A Yu, Grebel E K, Pustilnik S A, Pramskij A G and Zucker D B 2005 Astron. J. 130 

1558 
[7] Jeffery C S 1993 Astron. Astrophys. 279 188 
[8] Jeffery C S and Heber U 1992 Astron. Astrophys. 260 133 
[9] Jeffery C S and Heber U 1993 Astron. Astrophys. 270 167 
[10] Peters G J 1976 Astrophys. J. Suppl. Series 30 551 
[11] Anders E and Grevesse N 1989 Geochim. Cosmochim. Acta 53 197 
[12] Dimitrijević M S, Christova M and Sahal-Bréchot S 2007 Phys. Scripta 75 809 
[13] Sahal-Bréchot S 1969 Astron. Astrophys. 1 91 
[14] Sahal-Bréchot S 1969 Astron. Astrophys. 2 322 
[15] Griem H R 1974 Spectral line broadening by plasmas (New York: Academic) 
[16] http://physics.nist.gov/ 
[17] Christova M, Dimitrijević M S and Kovačević A (to be published) 

Third International Workshop & Summer School on Plasma Physics 2008 IOP Publishing
Journal of Physics: Conference Series 207 (2010) 012024 doi:10.1088/1742-6596/207/1/012024

6

http://physics.nist.gov/


Stark Broadening Parameters of Ne I 837.8 nm Spectral Line 

M Christova1, M S Dimitrijević2, Z Simić2 and S Sahal-Bréchot3 
1Department of Applied Physics, Technical University-Sofia, BG-1000 Sofia, Bulgaria 
2Astronomical Observatory, Volgina 7, 11060 Belgrade 38, Serbia 
3Observatoire de Paris, 92195 Meudon Cedex, France 
 
mchristo@tu-sofia.bg, mdimitrijevic@aob.bg.ac.yu, zsimic@aob.bg.ac.yu, 
sylvie.sahal-brechot@obspm.fr 

Abstract. The Stark broadening parameters of Ne I 837.8 nm spectral line corresponding to the 
transition 2p53d 2[7/2]°

4  2p53p 2[5/2]3 have been calculated using Sahal-Bréchot theory. The 
temperature dependence of the width and shift has been obtained. 

1.  Introduction 
Stark broadening parameters of neon lines are of importance not only for laboratory plasma 
diagnostics and for technological plasma investigations and development but also for astrophysics. 
Neon is the most abundant element in the universe after hydrogen, helium, oxygen, and carbon, and it 
is, for example, one of the products of hydrogen and helium burning in the orderly evolution of stellar 
interiors. Consequently, its lines are present in stellar spectra and, for example, neon spectral lines 
have been used to determine its abundances in late- to mid-B stars [1]. The neon spectral line at 837.8 
nm, corresponding to the transition 2p53d 2[7/2]°

4  2p53p 2[5/2]3, is one of the most useful for plasma 
diagnostics [2]. It is intensive, well isolated, and in the visible part of the spectrum. The Stark 
broadening of this line was theoretically investigated, for example, by Griem in [3] and experimentally 
by Purić et al. [4] and del Val et al. [5]. In this paper, calculations of the Stark broadening parameters 
of Ne I 837.8 nm for astrophysical purposes are presented. 

2.  Theory 
In this work the semi-classical theory of Sahal-Bréchot [6,7] for Stark broadening calculations, also 
presented in [8], has been used.  

3.  Results 

3.1.  Atomic data 
In table 1 the wavelengths of the studied neon line, along with the corresponding transition in j-L 
coupling scheme, the perturber energy levels, the energy values of the initial and final level of the 
transition, and the effective quantum number of the initial level are included. 
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Table 1. Basic data for the considered Ne I spectral line.  Here λ denotes wavelength, i
and f are initial and final level of the transition (within the frame of j-L coupling), i' and 
f' are the corresponding perturbing levels, Ei and Ef are the energy values, and n* is the 
effective quantum number of the initial level. 

λ 
(nm) 

Transition 
(i  f) 

i' levels 
 

f' levels 
 

Ei 
(cm) 

Ef 
(cm) 

N* 

837.7 2p53d'  2p53p 
2[7/2]˚4  2[5/2]3 

4f, 5f,  
3p, 4p, 5p 

3s, 4s, 5s, 
3d, 4d, 5d 

161590.3 149657.0 2.98 

  

3.2.  Calculations 
The calculations have been oriented for the diagnostic of astrophysical objects where the perturbers 
are electrons, helium ions, and protons, and have been made for a set of temperatures (2.5  5.0)104 
K at a perturber density of 1016 cm. The values of the energy levels have been taken from the NIST 
catalogue [9]. The oscillator strengths (j-L coupling) have been calculated within the Bates & Damgaard 
approximation. 

3.3.  Temperature dependence 
The calculated results for the Stark width and shift of the examined neon spectral line are included in 
table 2. The contribution of the interactions between: (i) emitters and electrons (We, de); (ii) emitters 
and helium ions (WHe+, dHe+) and (iii) emitters and protons (Wp, dp) in the Stark width and shift are 
given. The value of the maximum density for which the line is isolated for the corresponding perturber 
can be calculated using the ratio C/W, where C is the parameter, included in table 2 and W is the total 
width. For the ordinary stellar plasma the total Stark width W and shift d, respectively, are 
approximatelly: 

 Hepe WWWW 1.09.0  (1) 

 Hepe dddd 1.09.0 . (2) 

 
Table 2. Stark broadening parameters for Ne I 837.7 nm for a perturber (electrons, helium 
ions and protons) density of 1016 cm3 and temperatures from 2500 up to 50000 K. 

Perturbers are: Electrons Ionized helium Protons 

Transition T 
(103 K) 

We  
(0.1 nm) 

de 
(0.1 nm) 

WHe+  
(0.1 nm) 

dHe+ 
(0.1 nm) 

Wp  
(0.1 nm) 

dp 
(0.1 nm) 

2.5 0.306 0.21 0.0788 0.031 0.91810 0.50210 
5 0.35 0.233 0.0831 0.0386 0.97410 0.60110 
10 0.383 0.239 0.0868 0.046 0.104 0.70110 
20 0.417 0.222 0.0909 0.0535 0.112 0.80610 
30 0.436 0.196 0.0935 0.058 0.117 0.87010 

3d 2[7/2]4  
3p 2[5/2]3 
837.7 nm 
 
C = 0.65
10 50 0.465 0.162 0.0973 0.064 0.125 0.95610  

3.3.1.  Width. The values of the three components of the width, corresponding to the different 
perturbers, and the total Stark width increase with the temperature in the examined interval (perturber 
density 1016 cm). The temperature dependence of the electron width is illustrated in figure 1.  
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Figure 1. Electron impact width of the Ne I 837.7 nm spectral line 
versus the temperature for electron density 1016 cm. 

 

In ordinary stellar plasma for temperatures (0.25  5)104 K and at an electron density 1016 cm, 
the contribution of the collisions between neon emitters and electrons in the total Stark width is 77  
79 %, of emitters-helium ions collisions  12 %, and the contribution of the emitters-protons is 
1920 %. 

3.3.2.  Shift. The electronic component of the shift due to the collisions between the emitters and 
electrons increases with the temperature up to near 104 K and after that decreases. This dependency 
governs the temperature variation of the total Stark shift, as it is shown in figure 2. The values of the 
shift due to the collisions of the emitters with the helium ions and protons increase with the 
temperature in the considered temperature interval. 
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Figure 2. Electron impact shift of Ne I 837.7 nm spectral line 
versus the temperature for electron density 1016 cm. 
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For ordinary stellar plasmas, for example in the temperature interval (0.25  5)104 K and at an 
electron density 1016 cm, the contribution of the collisions between neon emitters and electrons in the 
total Stark shift is 6481 %, this one of the emitters-helium ions collisions  12.5 %, and the 
contribution of the emitters-protons is 1733 %. 

A complete analysis of the obtained results and a comparison with the theoretical and experimental 
results available in the literature will be given in [10]. 
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Abstract. In this progress report we present the main results of our research. Using a new 
model we studied the kinematical parameters such as the random velocities of the ions, which 
create the spectral lines of C IV, N IV and N V in the spectra of 20 Oe stars, as well as the 
rotational and radial velocities of the regions, where the above ions are created. We calculated 
the values of the above parameters and we present the relations between them as well as their 
variation as function of the spectral subtype. We also present the random velocities of the ions 
for each one of the C IV, N IV and N V regions as a function of the photospheric rotational 
velocities. Finally, we propose an explanation for the large widths that we observe in the 
studied spectral lines, as these widths can not be explained as large rotational or random 
velocities. 

1. Introduction  
The spectra of Hot Emission Stars (Oe and Be stars) contain peculiar line profiles. In order to explain 
this peculiarity, we propose and use the Discrete Absorptions Components (DACs) [1] and Satellite 
Absorptions Components (SACs) [2] theory. 

DACs or SACs arise from spherical density regions surrounding the star or lying far away from it, 
that having spherical (or apparent spherical) symmetry around the star or its own center [3]. 

In the case of DACs or SACs phenomenon we need to calculate the line function of the complex 
line profile. Recently, our group proposed a model in order to explain the complex structure of the 
density regions of hot emission stars and some Active Galactic Nuclei (AGNs), where the spectral 
lines which have SACs or DACs are created [2,4]. 

As we know, in order to find the mechanism responsible for the structure of DACs or SACs density 
regions we need to calculate the values of a group of parameters, such as the rotational, the random 
and the radial velocities, the Full Width at Half Maximum (FWHM), the optical depth, the absorbed or 
emitted energy, the column density, and the Gaussian standard deviation, as well as the relation among 
them. Directly from the model we can calculate the apparent radial velocities (Vrad) of the absorbing or 
emitting density regions, the Gaussian typical deviation (σ) of the random thermal motions, the 
apparent rotational velocities (Vrot) of the absorbing or emitting density region and the optical depth 
(ξ) in the center of the spectral line. From the above parameters we can calculate the percentage 
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contribution (G%) of the random velocities to the broadening of the spectral line, the Full Width at 
Half Maximum (FWHM), the random velocities of the ions (Vrand) that produce the spectral lines, the 
absorbed or emitted energy (Εa, Ee) and the column density (CD). 

We point out that with the proposed model we can study and reproduce specific spectral lines. This 
means that we can study specific density regions in the plasma surrounding the studied object. 

In this paper we present some kinematical parameters of C IV, N IV and N V regions in the spectra 
of 20 Oe stars. We calculate the values of the rotational, random and radial velocities, the relation 
among them, as well as the variation of the radial velocities as a function of the spectral subtype. 
Finally, we give a possible explanation of the measured high values of the rotational velocities. 

 

 
 

Figure 1. DACs in the spectrum of a Be star (left) and SACs in the spectrum of an Oe star (right). 
Below the fit one can see the decomposition of the observed profile to its DACs and SACs. 

2. Observational Data 
For this analysis we used the high resolution spectra (0.1 to 0.3 Å) taken with International Ultraviolet 
Explorer (IUE) found at the VILSPA database (http://archive.stsci.edu/cgi-bin/iue). 

In Figure 1 we present the UV resonance lines of Mg II in the spectrum of HD 45910 and the UV 
resonance lines of C IV in the spectrum of HD 34656 which have DACs or SACs, respectively. In 
Table 1 we present the studied stars. As we know it is not possible to find stars between O0 and O3 
spectral subtypes. 

 
Table 1 The Studied Stars 

The studied 
stars 

Spectral 
subtype 

The studied 
stars 

Spectral 
subtype 

HD24534 O9.5 III HD57061 O9.0I 
HD24912 O7.5 III ((f)) HD60848 O8.0Vpe 
HD34656 O7 II (f) HD91824 O7V((f)) 
HD36486 O9.5 II HD93521 O9.5II 
HD37022 O6 Vp HD112244 O8.5Iab 
HD47129 O7.5 III HD149757 O9V(e) 
HD47839 O7 III HD164794 O4V((f)) 
HD48099 O6.5 V HD203064 O8V 
HD49798 O6p HD209975 O9.5I 
HD57060 O8.5If HD210839 O6.0I 
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3. Studying the rotational velocities of the density layers of matter 
Using the mentioned model we are able to calculate the values of the apparent rotational velocities of 
the independent regions which produce the main and the satellite components of the studied spectral 
lines.  

In Figure 2 we present the rotational velocities’ mean values of the ions of the C IV (λλ 1548.155, 
1550.774 Ǻ) and N V (λλ 1238.821, 1242.804 Ǻ) resonance lines. In the C IV regions we detected two 
levels of values. The first level has values between 800 and 1800 kms-1 and the second level has values 
between 50 and 200 kms-1. We detected the same phenomenon in the N V region. The first level has 
values between 1200 and 1800 kms-1 and the second level has values between 200 and 400 kms-1. 

An important phenomenon that we can detect in the UV spectra of some hot emission stars [5 - 10] 
are the very broad absorption or emission lines that we can not explain as rotational or random 
velocities of the density layers that construct these lines. 

In order to explain this very large width we propose that around a central density region which 
produces the main absorption lines (and which may have the form of spiral streams and have accepted 
values of rotational and random velocities), we can detect micro-turbulent movements, which produce 
narrow absorption components with different shifts (see Figure 3). These narrow lines create a 
sequence of lines, on the left and on the right side of the main components. The density of these lines 
and their widths, which are added, give us the sense of line broadening (SACs phenomenon, see [4, 
11]). As a result, what we measure as very broad absorption line, is the composition of the narrow 
absorption lines that are created by micro-turbulent effects. If this hypothesis is correct, the calculated 
width gives only the maximum value of the radial velocities of these very narrow components. Their 
appearance depends on the inclination of the rotational axis of the stellar disk. 
 

 
Figure 2. The rotational velocities’ mean values of the ions of the C IV (λλ 1548.155, 1550.774 Ǻ) 
(left) and N V (λλ 1238.821, 1242.804 Ǻ) (right) resonance lines. 
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Figure 3. In (a) to (c) one can see how a sequence of lines could produce an apparent very broad 
absorption spectral line as an effect of SACs phenomenon. This means that when the width of each of 
the narrow lines is increasing (from a to c), the final observed feature looks like a single very broad 
absorption spectral line. In (d) one can see a combination of the apparent very broad absorption 
spectral line with a classical absorption line. 

4. Studying the random velocities of the density layers of matter 
Using our model we calculated the random velocities of the ions in the layers that produce the C IV, N 
IV and N V satellite components in the spectra of 20 Oe stars, which have different photospheric 
rotational velocities. In Figures 4, 5 and 6 we present the random velocities (Vrand) of the C IV, N IV 
and N V ions as a function of the apparent photospherical rotational velocities (Vphot), respectively. 
In the C IV region the obtained values are about 160 kms-1 for the first component, 115 kms-1 for the 
second, 80 kms-1 for the third and 90 kms-1 for the fourth component. In the N IV region the obtained 
values are about 267 kms-1 for the first component and 133 kms-1 for the second one. Finally, in the N 
V region the measured values are about 190 kms-1 for the first component, 160 kms-1 for the second 
and 108 kms-1 for the third one. In each region we detected similar average values of the random 
velocities of the ions for each component for all the studied stars. This happens because the ionization 
potential of each studied ion, for all the studied stars, is the same, so the respective random velocities 
should be the same. As the values of the random velocities do not depend on the inclination of the 
rotational axis, we expect similar average values of the random velocities for each component, for all 
the studied stars. 
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Figure 4. Random velocities (Vrand) of the C IV ions as a function of the apparent photospheric 
rotational velocities (Vphot). 
 

 
Figure 5. The same as in Figure 4 but for the N IV ions.  
 

 

 
Figure 6. The same as in Figure 4 but for the N V ions.  
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5. Studying the relations among the kinematical parameters 
In Figures 7 and 8 we present the relations among the studied kinematical parameters (Vrand, Vrad, Vrot), 
for C IV and N V density regions of the studied 20 Oe stars. 

In Figure 7 we see the random (left) and the rotational velocities (right) as a function of the radial 
velocities in the C IV regions of the studied 20 Oe stars and in Figure 8 we present the corresponding 
results for the N V regions. In most cases we detect that the random and the rotational velocities 
increase when the absolute radial velocities increase. 

 

 
Figure 7: Random velocities (Vrand) (left) of the ions and rotational velocities (Vrot) (right) in the C IV 
regions, as a function of the radial velocities (Vrad). 

 

 
Figure 8. The same as in Figure 7 but for the N V regions. 

6. Studying the radial velocities as a function of the spectral subtypes 
Using the mentioned model we are able to calculate the values of the apparent radial velocities, of the 
independent regions which produce the main and the satellite components of the studied spectral lines 
as a function of spectral subtype. 

In Figure 9 we present the radial velocities’ mean values of the ions for the C IV (λλ 1548.155, 
1550.774 Ǻ) (left) and N V resonance lines (λλ 1238.821, 1242.804 Ǻ) (right) as a function of the 
spectral subtype. In the C IV region we detected two levels of radial velocities. The first level has 
values between -3000 and -1500 kms-1 and the second one between -500 and -20 kms-1

. In the N V 
region we also detected two levels of values. The first level has values between -2300 and -1500 kms-1 
and the second one between -500 and -100 kms-1. There are two mechanisms which may create the 
radial velocities. One of these mechanisms creates high radial velocities and the second one low [2]. 
From many observations of Be stars, it has become clear over the last decade(s) that the slow 
part of the wind is equatorially condensed in a disk-like structure. Fore the hottest Be stars 
this disk co-exists with a fast stellar wind (most likely at higher latitudes). In this fast wind 
DACs are seen at high velocities (more than 1000km/s towards the observer). The fast winds 
are radiation driven from relatively slow speeds near the star, to very high speeds far away 
from the star. 
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Figure 9. Radial velocities (Vrad) in the C IV region (left) and in the N V region (right) as a function of 
the spectral subtype. We detect two levels of radial velocities in both regions. The first level has high 
values (between -3000 and -1500 kms-1 in the C IV region and between -2300 and -1500 kms-1 in the 
N V region) and the second level has low values (between -500 and -20 kms-1 in the C IV region and 
between -500 and -100 kms-1 in the N V region).  

7. Conclusions 
The results deriving from this study are the following: 
1. Using the proposed model, we can calculate the values of some parameters, such as the rotational, 

the random and the radial velocities, the FWHM, the optical depth, the absorbed or emitted energy, 
the column density and the Gaussian typical deviation, as well as the relation among them. This 
means that now we can try to understand the mechanism that is responsible for the DACs or SACs 
phenomenon. 

2. The acceptance of SACs and DACs phenomena as the reason of the spectral line complex structure 
lead us to accept smaller values of the FWHM, the rotational and random velocities and the column 
densities and different values for the radial velocities and the optical depths because now the idea is 
that the complex line profile does not present a single spectral line, but a group of satellite 
components (DACs or SACs). This idea leads us to a different mechanism for the construction of 
the density regions that produce the DACs or SACs regions. 

3. Finally, we propose an explanation for the large widths that we observe in the studied spectral lines, 
as these widths can not be explained as large rotational or random velocities. Around a central 
density region that produces the main absorption lines (that may have the form of spiral streams 
and which have accepted values of rotational and random velocities), we can detect micro-turbulent 
movements, which produce narrow absorption components with different shifts. These narrow lines 
create a sequence of lines, on the left and on the right of the main components. The density of these 
lines and their widths, which are superposed, give us the sense of line broadening [12]. As a result, 
what we measure as very broad absorption line, is the composition of the narrow absorption lines 
that are created by micro-turbulent effects. If this hypothesis is correct, the calculated width gives 
only the maximum value of the radial velocities of these very narrow components. Their 
appearance depends on the inclination of the rotational axis of the stellar disk. 
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Abstract.  
The Virtual Atomic and Molecular Data Centre (http://www.vamdc.eu, VAMDC) is 

an European Union funded FP7 project  aiming  to build a secure, documented, flexible and 

interoperable e-science environment-based interface to existing atomic and molecular data.   It 

will also  provide a forum for training potential users and dissemination of expertise 

worldwide. This review describes   the VAMDC project and its objectives.    

 

 

1.  Introduction 

Reliable atomic and molecular data are of critical importance for different applications in astrophysics, 

atmospheric physics, fusion, environmental sciences, combustion chemistry, and in industrial 

applications from plasmas and lasers to lighting.  Resources of such data are highly fragmented, 

presented in different, non-standardized ways,  available through a variety of highly specialized and 

often poorly documented interfaces, so that their full  exploitation  is limited, which make difficulties 

in many research fields like for example the  understanding the chemistry of Solar system and of the 

wider universe, the study of the terrestrial atmosphere, the development of the fusion rersearch, lasers 

etc. 

The development of powerful computers stimulates the development of atomic data on a large 

scale. The modelling of stellar atmospheres and of the stellar interiors needs extensive sets of atomic 

data, including collisional broadening. For example, the PHOENIX computer code [1] developed for 

stellar modelling includes a database containing more than 107 atomic, ionic and molecular spectral 

lines.  

The development of satellite astronomy, providing a huge  amount of high quality astronomical 

spectra produced an information avalanche and leaded to the creation of huge data collections as e. g. 

IUE and HST archive. For example Sloan Digital Sky Survey SDSS, contains spectra of ~ 230 million 

objects.  The problem is how to analyse such amount of data?  

The idea of Virtual Observatory was formulated at the end of 2000, and from  2001  the FP5 

project Astrophysical Virtual Observatory – AVO was the basis for creation of European Virtual 

Observatory - EURO-VO (http://www.euro-vo.org).    
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 Virtual observatories today combine research in different areas of astrophysics (some of 

which are fairly new):  multi-wavelength astrophysics,  archival research,  survey astronomy,  

temporal astronomy,  theory and simulations (comparisons with observations) and information 

technology,  digital detectors,  massive data storage,  the Internet,  data representation standards. 

In order to facilitate the international coordination and collaboration necessary for the 

development and deployment of the tools, systems and organizational structures necessary to enable 

the international utilization of astronomical archives as an integrated and interoperating virtual 

observatory, International Virtual Observatory Alliance (IVOA, http://www.ivoa.net)   was formed in 

June of 2002. So the work of the IVOA mainly focuses on the development of standards.  

 SerVO - Serbian virtual observatory (http://www.servo.aob.rs/~darko) is a project whose 

funding was approved through a grant TR13022 from Ministry of Science and Technological 

Development of Republic of Serbia [2]. The project objectives are: a) Establishing SerVO and join the 

EuroVO and IVOA; b) Establishing SerVO data Center for digitizing, archiving and publishing in VO 

format photo-plates [3] and other astronomical data produced at Belgrade Astronomical Observatory; 

c) Development of tools for visualization of data; d) Publishing, together with Observatoire de Paris, 

STARK-B - Stark broadening data base containing as the first step Stark broadening parameters 

obtained within the semiclassical perturbation approach by two of us (MSD-SSB) in VO compatible 

format;  e) Make a mirror site for DSED (Darthmouth Stellar Evolution Database [4,5]  in the context 

of VO.  

  

2. VAMDC – Virtual Atomic and Molecular Data Centre 

In order to enable an efficacious and convenient search for available atomic and molecular data and 

their adequate use, we should try to solve existing problems in A&M data community, preventing 

productive search and data mining, which leaded to the VAMDC Idea. Main of such problems are: a) 

Lack of standards and common guidelines; b) Interoperability problem.  c) Data exchange problem. 

Namely data exchange is often informal, via  e-mails, ASCII files… without a standardization; d) 

Overlapping of efforts; e) Need  of hiring computer engineers since the majority of developers are  

Astronomers, Physicists, Chemists; f) Data identification problem - XML schemata keys not only for 

data exchange but also for data identification; g) Need for a critical evaluation of data.  

This means that at present, every time the same A&M database is used for a new application, 

the output has to be adapted. For example if we want to develop automatic tools for the visualisation 

of simulations of planetary, stellar or the interstellar medium spectra, this will require automatic access 

to different A&M databases, cross-matching the retrieved data as well as checking the quality of data. 

For such a purpose there is no actually a coherent and sufficiently general infrastructure to perform 

such tasks.  

Additionally, if we want to enable an efficacious search for A&M data, we have a need for the: 

-Creation of search engines that must look “everywhere” in order to map A&M Universe; 

-An accessible and interoperable e-infrastructure for A&M data. 

Very useful will be also the creation of a forum of data producers, data users and databases 

developers, as well as the training of potential users in European Research Area and wider.  

All above mentioned problems will address Virtual Atomic and Molecular Data Centre 

(VAMDC – [6]), a FP7 founded project which started on July 1 2009 with budget of  2.9 MEuros over  

42 months. Its aim is to build accessible and interoperable e-infrastructure for atomic and molecular 

data upgrading and integrating  European (and wider) A&M database services and catering for the 

needs of variety of data users in science, research and development, and industry.  

The VAMDC will build a secure, documented, flexible, easily accessible and interoperable e-

infrastructure for A&M data that on the one hand can directly extract data from the existing 

depositories, while on the other hand be sufficiently flexible to be tuned to the needs of a wide variety 

of users from academic, governmental, industrial communities or by the general public. 

The starting points are infrastructure and capabilities developed by EURO-VO (Virtual 

Observatory) EGEE (Enabling Grids for E-sciencE) and Astrogrid and a series of network and service 
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activities will be organized in order to establish self-sustainable computational and data mining 

services.  It has the specific aim of creating an infrastructure  

The VAMDC can be understood as a publisher infrastructure. The VAMDC will 

deploy yellow pages (registries) in order to find resources, design user applications in order to 

meet the user needs, build data access layers above databases to provide unified outputs from 

these databases, care about asynchronous queries with workflows and the storage of large 

quantity of data with VO space, and  connect its infrastructure to the grid.  

 
Fig. 1 VAMDC logo. 

 

In fulfilling these aims, the VAMDC project will organise a series of Networking 

Activities specifically aimed at engaging data providers, coordinating activities among 

existing database providers, ascertaining and responding to the needs of different user 

communities and providing training and awareness of the VAMDC across the international 

A&M community and communities of other users.   

Project leader is Marie-Lise Dubernet from  Observatoire de Paris and core 

consortium is made of 15 institutions with 24 scientific groups from France, Serbia, Russia, 

England, Austria, Italia, Germany, Sweden and Venezuela.    
Partners in the Consortium of the Project are: 1) The coordinator, Centre National de 

Recherche Scientifique - CNRS (Université Pierre et Marie Curie, Paris; Observatoire de Paris; 

Université de Reims; Université Joseph Fourier de Grenoble, Université de Bordeaux 1: Université 

de Bourgogne, Dijon; Université Toulouse 3); 2) The Chancellor, Masters and Scholars of the 

University of Cambridge – CMSUC; 3) University College London – UCL; 4) Open University – OU 

(Milton Keynes, England); 5) Universitaet Wien  - UNIVIE; 6) Uppsala Universitet – UU; 7) 

Universitaet zu Koeln – KOLN; 8) Istituto Nazionale di Astrofisica – INAF (Catania, Cagliari); 9) 

Queen's University Belfast – QUB; 10) Astronomska Opservatorija - AOB (Belgrade, Serbia); 11) 

Institute of Spectroscopy RAS – ISRAN (Troitsk, Russia); 12) Russian Federal Nuclear Center - All-

Russian Institute of Technical Physics  - RFNC-VNIITF (Snezhinsk, Chelyabinsk Region, Russia); 

13) Institute of Atmospheric Optics  - IAO (Tomsk, Russia); 14) Corporacion Parque tecnologico de 

Merida – IVIC (Merida, Venezuela); 15) Institute for Astronomy RAS - INASAN (Moscow, Russia).  

External VAMDC partner is also NIST – National Institute for Standards and Technology in 

Washington.  

The main users of VAMDC facilities will be Astronomy, Plasma science, Atmospheric 

Science Radiation science and Fusion community as well as Industries using technological plasmas 

and Lightning industry 
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3. Databases  

The core of the VAMDC e-infrastructure is the databases upon which it is based. The actual (the 

number will change) databases are shortly described below.  

VALD database  [7] of atomic data for  analysis of radiation from astrophysical objects,   

developed and maintained by researchers at 7 European institutes,  is  created in 1995 in Vienna. The 

main nodes are in Vienna, Uppsala and Moscow, where are the three mirror sites .  VALD contains a 

vast collection of spectral line parameters (central wavelengths, energy levels, statistical weights, 

transition probabilities, line broadening parameters) for all chemical elements of astronomical 

importance (http://vald.astro.univie.ac.at/).  

CHIANTI  [8] is an atomic database for spectroscopic diagnostics of astrophysical plasmas.  

Created in 1997,   it contains critically evaluated set  of up-to-date atomic data for the analysis of 

optically thin collisionally ionised astrophysical plasmas and is the preferred reference database in 

solar physics. It lists experimental and calculated wavelengths, radiative data and rates for electron and 

proton collisions  (http://sohowww.nascom.nasa.gov/solarsoft, http:// www.damtp.cam.ac.uk/ user/ 

astro/chianti/)   

EMol Database [9], at the Open University in Milton Keynes, contains  a comprehensive listing of 

critically evaluated and regularly updated  measured and calculated cross sections for electron 

interactions with molecular systems.  It is of interest for the plasma industry, and for the disciplines of 

discharge physics, fusion, aeronomy and radiation chemistry.  It also offers a suite of semi-empirical 

theoretical methods so that cross sections may be evaluated for targets for which there are currently no 

experimental data.  

CDMS - Cologne Database for Molecular Spectroscopy (http://www.ph1.uni-koeln. de/ 

vorhersagen/) provides recommendations for  spectroscopic transition frequencies and intensities  for 

atoms and molecules of astronomical  interest and for studying the Earth  atmosphere in the frequency 

range 0-10 THz, i.e. 0-340 cm-1.  The CDMS is cross correlated with its US counterpart, the JPL Jet 

Propulsion Laboratory Submillimeter Catalogue (http://spec.jpl.nasa.gov/) [10]. 

BASECOL database [11] (http://basecol.obspm.fr) contains excitation rate coefficients for ro-

vibrational excitation of molecules by electrons, He and H2 and it is mainly used for the study of 

interstellar, circumstellar and cometary atmospheres.   

GhoSST (Grenoble astrophysics and planetology Solid Spectroscopy and Thermodynamics, 

http://ghosst.obs.ujf-grenoble.fr)  database service, offers spectroscopic laboratory data on molecular 

and atomic solids and liquids from the near UV to the far-infrared.   

UMIST - University of Manchester Institute of Science and Technology (UMIST) database for 

astrochemistry  [12] (http://www.udfa.net/), created [13] in 1991, provides reaction rate data and 

related software for chemical kinetic modelling of astronomical regions.   

KIDA -  KInetic Database for Astrochemistry  will contain data on  chemical reactions used in the 

modelling of the chemistry in the interstellar medium and in planetary atmospheres. A preliminary 

version was released in June 2009 (http://kida.obs.u-bordeaux1.fr).   

PAHs (Polycyclic Aromatic Hydrocarbon) and carbon clusters spectral database 

(http://astrochemisty.ca.astro.it/database/) in Cagliari, is  developed by the CESR (Centre d’Etude 

Spatiale des Rayonnements/CNRS), and  provides a number of properties for a sample of presently 

about 60 species in four charge states: anion, neutral, cation and dication [14]. The properties include 

general energetic  such as electron affinity and ionisation energies, static polarizability, permanent 

dipole moment, van der Waals coefficients, symmetry, multiplicity, and optimised geometry of the 

ground electronic state;  harmonic vibrational analyses, i. e. normal modes, their frequencies and IR 

activities; and  vertical electronic photoabsorption cross-sections and complex frequency-dependent 

electronic polarisabilities in the linear regime.  

 LASP (Laboratorio di Astrofisica Sperimentale) Database (http://web.ct.astro.it/weblab/ 

dbindex.html#dbindex) at the INAF (Istituto Nazionale di Astrofisica) - Catania Astrophysical 

Observatory, contains (i) infrared (IR) spectra of molecules in the solid phase  for both pure species 

and their mixtures before and after processing with energetic ions and UV photons [15, 16, 17] (ii) IR 

25th Summer School and International Symposium on the Physics of Ionized Gases—SPIG 2010 IOP Publishing
Journal of Physics: Conference Series 257 (2010) 012032 doi:10.1088/1742-6596/257/1/012032

4

http://www.damtp.cam.ac.uk/
http://spec.jpl.nasa.gov/
http://ghosst.obs.ujf-grenoble.fr/
http://www.udfa.net/
http://kida.obs.u-bordeaux1.fr/
http://astrochemisty.ca.astro.it/database/
http://web.ct.astro.it/weblab/%20dbindex.html#dbindex
http://web.ct.astro.it/weblab/%20dbindex.html#dbindex


 

 

 

 

 

 

optical constants of molecules in the solid phase and after processing with energetic ions [18, 19]; (iii) 

band strengths of the IR absorption bands [20, 21]; and (iv) density values of frozen samples [21,22].   

Spectr-W3 [23] atomic database  (http://spectr-w3.snz.ru), created in 2002 in collaboration between 

the Russian Federal Nuclear Centre All-Russian Institute of Technical Physics (RFNC VNIITF - 

Snezhinsk, Chelyabinsk Region, Russia) and the Institute for High Energy Densities of the Joint 

Institute for High Temperatures of the Russian Academy of Sciences (IHED JIHT RAS - Moscow).  It 

lists experimental, calculated, and compiled data on ionization potentials, energy levels, wavelengths, 

radiation transition probabilities and oscillator strengths, and also parameters for analytic 

approximations for electron-collision cross-sections and rates for atoms and ions.     

 The V.E. Zuev Institute of Atmospheric Optics (IAO) in Tomsk (http://www.iao.ru/) hosts the 

following databases: 

CDSD - The Carbon Dioxide Spectroscopic Databank [24] (http://cdsd.iao.ru  and 

ftp://ftp.iao.ru/pub/CDSD-2008), containing calculated spectral line parameters for seven 

isotopologues of carbon dioxide  

S&MPO -  Spectroscopy & Molecular Properties of Ozone) relational database [25] (http://ozone. 

iao.ru and http://ozone.univ-reims.fr/), developed in collaboration with the University of Reims, 

contains spectral line parameters for the ozone molecule, experimental UV cross-sections, information 

on ozone’s molecular properties, updated reference lists classified by type as well as programs and 

extended facilities for user applications. 

"Spectroscopy of Atmospheric Gases" (http://spectra.iao.ru),  containing the well-known databases 

such as HITRAN [25], GEISA [26] and HITEMP [27]. Both "Spectroscopy of Atmospheric Gases" 

and S&MPO have the programs for simulation of synthetic  spectra from microwave to visible 

wavelengths.  

W@DIS  - Water Internet @ccessible Distributed Information System (http://wadis.saga.iao.ru)  

lists experimental water-vapour spectroscopy data from the literature and calculated line lists. W@DIS 

contains energy levels, transition positions and line intensities, and line profile characteristics. 

Databases under the management of  Corporacion Parque tecnologico de Merida – IVIC (Instituto 

Venezoelano de Investigaciones Scientificas) and CeCalCULA (Centro Nacional de Cálculo 

Científico de la Universidad de Los Andes).  

TIPTOPbase [28] located at the Centre de Données astronomiques de Strasbourg, France 

(http://cdsweb.u-strasbg.fr/topbase/home.html),  contains: 

 TOPbase  (http://cdsweb.u-strasbg.fr/topbase/topbase.html), listing  atomic data computed in the 

Opacity Projec, namely LS-coupling energy levels, gf-values and photoionization cross sections for 

light elements (Z ≤ 26) of astrophysical interest. 

TIPbase (http://cdsweb.u-strasbg.fr/tipbase/home.html). Intermediate-coupling energy levels, A-

values and electron impact excitation cross sections and rates for astrophysical applications (Z ≤ 28), 

computed by the IRON Project. 

 OPserver [29], located at the Ohio Supercomputer Center, USA, (http://opacities.osc.edu/),  a 

remote, interactive server for the computation of mean opacities for stellar modelling using the 

monochromatic opacities computed by the Opacity Project.   

Within VAMDC e-infrastructure are also:   

XSTAR database  [30],  used by the XSTAR code (http://heasarc.gsfc.nasa.gov/ docs/software/ 

xstar/xstar.html) for modelling photoionised plasmas. 

HITRAN -  HIgh-resolution TRANsmission molecular absorption database  [25] (http://www.cfa. 

harvard.edu/hitran/), used extensively by the atmospheric and planetology research communities. It 

lists individual line parameters for molecules in the gas phase (microwave through to the UV),  

photoabsorption cross-sections for many molecules, and refractive indices of several atmospheric 

aerosols.   

 GEISA - Gestion et Etude des Informations Spectroscopiques Atmosphériques (Management and 

Study of Atmospheric Spectroscopic Information) database [26] (http://ara.lmd.polytechnique. 

fr/index.php?page=geisa-2 or http://ether.ipsl.jussieu.fr/etherTypo/?id=950) is a computer accessible 
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database system, designed to facilitate accurate and fast forward, calculations of atmospheric radiative 

transfer.  

HITEMP, a high temperature extension to HITRAN [27] (To access the HITEMP data: ftp to cfa-

ftp.harvard.edu; user = anonymous; password = e-mail address).  So far HITEMP contains data for 

water, CO2, CO, NO and OH. 

The external partner of VAMDC is  NIST - National Institute of Standards and Technology, a 

major centre for atomic and molecular data compilation, which has developed a number of numerical 

and bibliographic atomic and molecular databases. Among others it hosts: 

 Atomic Spectra Database (http://physics.nist.gov/asd3) listing critically evaluated data on about 

77,000 energy levels and 144,000 spectral lines from atoms and ions of 99 elements.   

 The Handbook of Atomic Spectroscopic Data [31] (http://physics.nist.gov/Handbook) listing 

energy levels and prominent spectral lines for neutral and singly ionised atoms.  

The Spectral Data for the Chandra X-Ray Observatory database [32] 

(http://physics.nist.gov/chandra) presenting critically compiled wavelengths (20 A to 170 A), energy 

levels, line classifications, and transition probabilities for several astrophysically important elements.  

SAHA, The NLTE plasma population kinetic modeling database containing theoretical data [33, 

34]. (http://nlte.nist.gov/SAHA). 

Three bibliographic databases providing references on atomic energy levels and spectra   

(http://physics.nist.gov/cgi-bin/ASBib1/ELevBib.cgi),  transition probabilities (http://physics.nist.gov/ 

cgi-bin/ASBib1/TransProbBib.cgi) and spectral line shapes and line broadening 

(http://physics.nist.gov/cgi-bin/ASBib1/LineBroadBib.cgi.).   

 

4.STARK-B database 

Our contribution to the VAMDC e-infrastructure is the STARK-B database (http://stark-b.obspm.fr) 

[35], a collaborative project between Laboratoire d’Etude du Rayonnement et de la matière en 

Astrophysique of the Observatoire de Paris-Meudon and the Astronomical Observatory of Belgrade. 

This is a database of the theoretical widths and shifts of isolated lines of  atoms and ions due to 

collisions with charged perurbers, obtained within the impact approximation. For the moment 

STARK-B contains results obtained using the semiclassical perturbation approach [36,37]. The 

corresponding computer code has been optimized and updated in Refs. [38, 39, 40] and following 

papers. For the review and all updates see e.g. Ref. [41]. 

This database is devoted to modelling and spectroscopic diagnostics  of stellar atmospheres and 

envelopes. In addition, it is also relevant to  laboratory plasmas, laser equipment and technological 

plasmas. The database is currently developed in Paris, and a mirror is planned in Belgrade. It is  

already on line though not yet complete. It is described in detail in Ref. [35]. 

The precursor of STARK-B as well as of SerVO was BELDATA  and its main content was 

database on Stark broadening parameters. A history of BELDATA can be traced in Refs [42, 43, 44, 

45, 46, 47]. 

The participants of AOB (Astronomical Observatory – Belgrade) VAMDC Node  are: Milan 

S. Dimitrijević, Luka Č. Popović, Andjelka Kovačević, Darko Jevremović, Zoran Simić, Edi Bon and 

Nenad Milovanović.   

We also have a close collaboration with Sylvie Sahal-Bréchot from Paris Observatory, Nebil 

Ben Nessib, Walid Mahmoudi, Rafik Hamdi, Haykel Elabidi, Besma Zmerli and Neila Larbi-Terzi 

from Tunisia,  Magdalena Christova from Technical University of Sofia and Tanya Ryabchikova from 

Institute of Theoretical Astronomy in  Moscow. 

Initiatives like VAMDC are important for both producers of atomic and molecular data and 

stellar atmosphere modellers as one of prime users. VAMDC is an example of the global 

collaborations and innovations in e-science. It is expected to become one of major European cyber-

infrastructures with a world wide impact. 
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Abstract. Most of Broad Absorption Lines (BALs) in quasars (QSOs) present very complex 
profiles. This means that we cannot fit them with a known physical distribution. An idea to 
explain these profiles is that the dynamical systems of Broad Line Regions (BLRs) are not 
homogeneous but consist of a number of density regions or ion populations with different 
physical parameters. Each one of these density regions gives us an independent classical 
absorption line. If the regions that give rise to such lines rotate with large velocities and move 
radially with small velocities, the produced lines have large widths and small shifts. As a result 
they are blended among themselves as well as with the main spectral line and thus they are not 
discrete. Based on this idea we study the BALs of UV C IV resonance lines in the spectra of a 
group of Hi ionization Broad Absorption Line Quasars (Hi BALQSOs) using the Gauss-
Rotation model (GR model). 

1.  Introduction 
Approximately about 10% of all quasars present broad, blue shifted absorption lines. The outflow 
velocity can reach up to 0.1 0.2 c. Usually, in their spectra we observe the lines of high ionization 
species, as C IV λ 1549 Å, Si IV λ 1397 Å, N V λ 1240 Å and Lya. Rarely, some low ionization lines, 
such as Mg II λ 2798 Å and Al III λ 1857 Å, also exhibit broad absorption lines [see e.g. 1, 2]. Broad 
Absorption Lines (BALs) can have different shapes. Also different types of these objects may have 
differences in their continua [3]. 

One proposed explanation of the Broad Absorption Line (BAL) phenomenon is that BALQSOs 
(Broad Absorption Line Quasars) and non-BALQSOs are distinct populations of objects [4]. Similarly, 
some have argued that only low-ionization BALQSOs (LoBALs) are a different class of quasars [5]. 

Others suggest that BALQSOs and non-BALQSOs are the same type of quasar but viewed from 
different orientations [6-8] or at different stages in their life cycles [9]. 

The spectrum of a BALQSO is usually interpreted as a combination of (i) a broadband continuum 
arising from the central engine, (ii) the broad emission lines coming from the Broad Emission Line 
Regions (BELR), emerging near the center of the QSO and (iii) the broad absorption lines that are 
superposed, originating in a separate outlying region, so called Broad Absorption Line Region 
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(BALR) (see also [10]). However, it is also possible, that emission and absorption occur in the same 
line-forming region [11]. 

An important question is: Which are the physical connections between the BLR (Broad Line 
Region) and BALR? This is also important, since at least a part of the BLR seems to originate from 
wind of accretion disk [see 12, 13]. 

Another question is: Where is the BALR placed with respect to the center of a BALQSO and the 
BLR? To answer this question, one should investigate the kinematical properties of the emission and 
absorption lines. 

Disk wind models [12, 14, 15] explain many properties of BAL quasars, but it is unclear if they can 
explain the full range of BAL profiles and column densities. BALs are caused by outflowing gas 
intrinsic to the quasar and are not produced by galaxies along the line of sight (as is the case for most 
narrow-absorption systems). 

Determining whether a quasar is a BALQSO is a complicated task. The standard method is to 
calculate the “balnicity” index (BI), defined by Weymann et al. in [6]. A BI of zero indicates that 
broad absorption is absent, while a positive BI indicates not only the presence of one or more broad 
absorption lines but also the amount of absorption. The BI is essentially a modified equivalent width 
of the broad absorption line, expressed in velocity units and is defined as follows: (i) absorption 
should appear between 3000 and 25000 km/s blueward of C IV emission redshift and (ii) at this place 
and for at least 2000 km/s the absorption must fall at least 10% below the continuum. BIs can range 
from 0 to 20000 km/s. 

We can classify the QSOs using the BI criterion in the following categories [16]: 
• HiBALs: BALQSOs that present broad absorption trough just blueward of C IV emission. 
• LoBALs: BALQSOs that present broad absorption troughs just blueward of both the C IV and 

Mg II emission lines. 
• Non-BALs: BALQSOs that present no broad absorption troughs just blueward of the C IV and 

Mg II emission lines. 
• FeLoBALs: BALQSOs with excited iron absorption features. 

The 25000 km/s limit for the BI is chosen to avoid emission and absorption from Si IV. Absorption 
lines within 3000 km/s with width smaller than 2000 km/s are excluded to avoid contamination from 
absorption that might not be due to an outflow. These lines are called “associated absorption lines” 
[17]. Some of these associated systems are known to be intrinsic outflows, but others may simply be 
the result of absorption in the host galaxy or a nearby galaxy. 

Here, we present some ideas in order to explain the complex structure of BALs in QSOs and 
especially we study the BALs of UV C IV resonance lines in the spectra of a group of Hi BALQSOs 
using the Gauss-Rotation model (GR model). 

2.  The multi-structure of BALs in QSOs 
Most of BALs in QSOs present very complex profiles. This means that we cannot fit them with a 
known physical distribution. An idea is that the dynamical systems of BLRs are not homogeneous but 
consist of a number of density regions or ion populations with different physical parameters. 

Each one of these density regions gives us an independent classical absorption line. If the regions 
that give rise to such lines rotate with large velocities and move radially with small velocities, the 
produced lines have large widths and small shifts. As a result they are blended among themselves as 
well as with the main spectral line and thus they are not discrete. A similar phenomenon can explain 
the very complex profiles of a great number of very broad lines in the spectra of hot emission stars 
[10, 18, 19]. 

Based on this idea we study the BALs of UV C IV resonance lines in the spectra of a group of Hi 
BALQSOs using the GR model [10, 18, 19]. 

The proposed model is relatively simple, aiming to describe the regions where the spectral lines are 
created. We assume that the BALR and BELR are composed of a number of successive independent 
absorbing/emitting density layers of matter (that originate in a disk wind). The absorbing regions have 
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three apparent velocities (projected on the line-of-sight of an observer): radial velocity (Vrad) of the 
BALR, random velocity of the ions (Vrand) in the BALR and the rotational velocity (Vrot) of the BALR. 

3.  Data 
In order to study the C IV resonance lines (λλ 1548.187, 1550.772 Å) we apply the GR model to the 
spectra of 15 Broad Absorption Line Quasars (BALQSOs) taken from the Sloan Digital Sky Survey’s 
Data Release 7. The SDSS imaging survey uses a wide-field multi-CCD camera [20]. The spectra 
cover the optical range 3800–9200 Å at a resolution of 1800–2100. 

In table 1, column 1 lists the name of the QSOs, using the SDSS format of J2000.0 right ascension 
(hhmmss.ss) and declination (±ddmmss.s), column 2 lists the modified Julian date-plate-fiber, column 
3 lists the redshift and column 4 lists the dates of observations. 

 

Table 1. Studied BALQSOs 
Object Name (SDSS) MJD-Plate-Fiber Redshift Date 

J015024.44+004432.99 51793-0402-485 2.00596 9/6/2000, 10:06 

J015048.83+004126.29 51793-0402-505 3.70225 9/6/2000, 10:06 

J021327.25-001446.92 51816-0405-197 2.39948 9/29/2000, 9:57 

J023252.80-001351.17 51820-0407-158 2.03289 10/3/2000, 9:41 

J023908.99-002121.42 51821-0408-179 3.74 10/4/2000, 9:38 

J025331.93+001624.79 51816-0410-391 1.8214 9/24/2000, 11:26 

J025747.75-000502.91 51816-0410-117 2.19139 9/24/2000, 11:26 

J031828.91-001523.17 51929-0413-170 1.98447 1/20/2001, 4:23 

J102517.58+003422.17 51941-0272-501 1.88842 2/1/2001, 9:30 

J104109.86+001051.76 51913-0274-482 2.25924 1/4/2001, 11:00 

J104152.62-001102.18 51913-0274-159 1.70876 1/4/2001, 11:00 

J104841.03+000042.81 51909-0276-310 2.03044 12/31/2000, 11:08 

J110041.20+003631.98 51908-0277-437 2.01143 12/30/2000, 11:19 

J110736.68+000329.60 51900-0278-271 1.74162 12/22/2000, 12:12 

J112602.81+003418.23 51614-0281-432 1.7819 3/11/2000, 6:52 

 

4.  Method 
The relevant broadening mechanism, in the case of BALs, is the random motion of the absorbing gas, 
but also a part comes from the rotation caused by the massive black hole. In order to find the limits for 
the rotational and random velocities, we fitted the observed lines using two approaches: 

1. Gauss-Rotation approach (GR approach): We assume that random motion is dominant, i.e. the 
random velocity is maximal and the rotational component is minimal, 

2. Rotation-Gauss approach (RG approach): We assume that the rotational component is 
dominant. 

After that we used F-test to conclude on which approach of the model is more appropriate to 
explain the complex absorption line profiles. 

In figure 1 we give some examples of the fitted spectra. The black line corresponds to the observed 
spectra and the blue line corresponds to the theoretical line profiles given by the GR model. Below 
each fitting, the green line represents the residual, which gives the differences between the observed 
spectrum and the theoretical profile. 
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Figure 1. Examples of the fitted spectra. The black line corresponds to the observed spectra and the 
blue line corresponds to the theoretical line profiles given by the GR model. Below each fitting, the 
green line represents the residual, which gives the differences between the observed spectrum and the 
theoretical profile. 

5.  Results 
Using the GR model, we were able to fit the studied C IV spectral lines with 2 up to 4 absorption 
components and we calculated the values of the kinematical parameters (rotational, radial and random 
velocities), as well as the column density and the absorbed energy. The calculated values are given in 
tables 2-5. As one can see in tables 2-5, the radial velocity of the studied BALRs takes values between 
-2225 km/s and -17994 km/s, the values of the rotational velocity of the BALRs are between 30 km/s 
and 2400 km/s and the random velocity of the ions take values between 228 km/s and 2280 km/s. In 
most cases, the best fit of the observed spectral features is given by the GR approach. However, there 
were 4 cases (indicated with italics in tables 2-5), where the best fit is accomplished with the RG 
approach. 
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Table 2. Radial Velocities (km/s) 
Object Name (SDSS) Vrad1 Vrad2 Vrad3 Vrad4 

J015024.44+004432.99 -3483 -7546   

J015048.83+004126.29 -3473 -5611   

J021327.25-001446.92 -3096 -5321   

J023252.80-001351.17 -5224 -8649   

J023908.99-002121.42 -8513    

J025331.93+001624.79 -4257 -5611   

J025747.75-000502.91 -7352    

J031828.91-001523.17 -13157 -17994   

J102517.58+003422.17 -6772 -8126 -10545  

J104109.86+001051.76 -2225 -5417 -6675 -9867 

J104152.62-001102.18 -6385 -9287   

J104841.03+000042.81 -5998 -8320 -11609  

J110041.20+003631.98 -5417 -10061 -14704  

J110736.68+000329.60 -2360 -3618 -7352 -8900 

J112602.81+003418.23 -6288 -7642   
 

Table 3. Rotational and Random Velocities (km/s) 
 Rotational Velocities Random Velocities 

Object Name (SDSS) Vrot1 Vrot2 Vrot3 Vrot4 Vrand1 Vrand2 Vrand3 Vrand4 

J015024.44+004432.99 2200 1500   1140 1368   
J015048.83+004126.29 500 200   456 228   
J021327.25-001446.92 100 100   935 912   
J023252.80-001351.17 100 1800   388 388   
J023908.99-002121.42 30    2280    
J025331.93+001624.79 250 200   570 410   
J025747.75-000502.91 1000    2052    
J031828.91-001523.17 350 150   1482 1368   
J102517.58+003422.17 800 750 100  228 228 342  

J104109.86+001051.76 200 50 50 100 342 342 570 798 
J104152.62-001102.18 50 50   456 1140   
J104841.03+000042.81 1000 500 500  388 410 456  

J110041.20+003631.98 1200 2400 1500  456 1482 2052  

J110736.68+000329.60 900 300 500 600 228 251 342 360 

J112602.81+003418.23 50 50   502 502   
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Table 4. Column Density (×1010 cm-2) 
 λ 1548.187 Å λ 1550.772 Å 

Object Name (SDSS) CD1 CD2 CD3 CD4 CD1 CD2 CD3 CD4 
J015024.44+004432.99 -8.81 -3.51   -8.15 -3.20   
J015048.83+004126.29 -2.29 -0.78   -2.11 -0.71   
J021327.25-001446.92 -4.12 -2.03   -3.80 -1.85   
J023252.80-001351.17 -3.11 -3.67   -2.95 -3.38   
J023908.99-002121.42 -7.67    -7.04    
J025331.93+001624.79 -1.31 -0.87   -1.19 -0.80   
J025747.75-000502.91 -6.43    -5.90    
J031828.91-001523.17 -2.45 -1.39   -2.23 -1.26   
J102517.58+003422.17 -1.82 -2.04 -0.51  -1.68 -1.89 -0.46  

J104109.86+001051.76 -2.12 -1.58 -2.00 -2.81 -1.98 -1.46 -1.84 -2.58 
J104152.62-001102.18 -0.94 -2.72   -0.85 -2.48   
J104841.03+000042.81 -2.56 -1.73 -0.72  -2.36 -1.59 -0.66  

J110041.20+003631.98 -3.80 -5.65 -4.04  -3.51 -5.18 -3.68  

J110736.68+000329.60 -3.46 -1.87 -0.78 -0.53 -3.23 -1.74 -0.71 -0.48 

J112602.81+003418.23 -1.52 -2.21   -1.39 -2.04   
 

Table 5. Absorbed Energy (eV) 
 λ 1548.187 Å λ 1550.772 Å 

Object Name (SDSS) Ea1 Ea2 Ea3 Ea4 Ea1 Ea2 Ea3 Ea4 
J015024.44+004432.99 -13.55 -5.40   -12.53 -4.91   
J015048.83+004126.29 -3.52 -1.19   -3.25 -1.09   
J021327.25-001446.92 -6.34 -3.12   -5.85 -2.84   
J023252.80-001351.17 -4.78 -5.65   -4.53 -5.19   
J023908.99-002121.42 -11.81    -10.82    
J025331.93+001624.79 -2.01 -1.34   -1.83 -1.22   
J025747.75-000502.91 -9.90    -9.06    
J031828.91-001523.17 -3.77 -2.14   -3.42 -1.94   
J102517.58+003422.17 -2.80 -3.14 -0.78  -2.57 -2.90 -0.70  

J104109.86+001051.76 -3.27 -2.43 -3.08 -4.32 -3.04 -2.24 -2.83 -3.96 
J104152.62-001102.18 -1.44 -4.19   -1.31 -3.81   
J104841.03+000042.81 -3.94 -2.67 -1.11  -3.62 -2.45 -1.01  

J110041.20+003631.98 -5.84 -8.70 -6.21  -5.40 -7.95 -5.65  

J110736.68+000329.60 -5.32 -2.87 -1.20 -0.81 -4.97 -2.68 -1.09 -0.73 

J112602.81+003418.23 -2.33 -3.40   -2.13 -3.14   
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6.  Final remarks 
The main purpose of this study is to answer to the question: Is a multi-structure of BLR regions able to 
explain the complex profile of Hi BALQSOs spectra? 

Additionally, if the answer of the above question is positive, our next step is to test whether the GR 
model is able to reproduce the complex profiles of Hi BALQSOs and to calculate a group of physical 
parameters of the corresponding BLRs. 

Concluding the results of our study we could remark that: 
1. It is possible that the dynamical systems of BLRs are not homogeneous but consist of a 

number of density regions or ion populations with different physical parameters. Each one of 
these density regions gives us an independent classical absorption line. If the regions that give 
rise to such lines rotate with large velocities and move radially with small velocities, the 
produced lines have large widths and small shifts. As a result they are blended among 
themselves as well as with the main spectral line and thus they are not discrete. 

2. As we can see in tables 2-5, the GR model is able to reproduce accurately the complex profiles 
of Hi BALQSOs and to calculate a group of physical parameters of the corresponding BALRs. 
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Abstract. Atomic physics in plasmas has been an essential tool for many years. Accurate 
spectroscopic diagnostics and modeling require the knowledge of numerous collisional line 
profiles. “Stark broadening” theories and calculations have been extensively developed for 
about 50 years. Nowadays, the access to such data via an on line database becomes essential. 
The aim of STARK-B is to reply to this need. It is a collaborative project between the 
Astronomical Observatory of Belgrade (AOB) and the “Laboratoire d’Étude du Rayonnement 
et de la matière en Astrophysique” (LERMA) of the Paris Observatory and CNRS. It is a 
database of widths and shifts of isolated lines of atoms and ions due to electron and ion impacts 
that we have calculated and published in international refereed journals (more than 150 papers 
by Dimitrijević & Sahal-Bréchot, and colleagues). It is devoted to modeling and spectroscopic 
diagnostics of stellar atmospheres and envelopes, laboratory plasmas, magnetic fusion plasmas, 
laser equipments and technological plasmas. Hence, the domain of temperatures and densities 
covered by the tables is wide and depends on the ionization degree of the considered ion. The 
STARK-B database is in free access and is is a part of VAMDC: the Virtual Atomic and 
Molecular Data Centre is an European Union funded collaboration between groups involved in 
the generation and use of atomic and molecular data. VAMDC aims to build a secure, 
documented, flexible and interoperable e-science environment-based interface to existing 
atomic and molecular data. STARK-B and its VAMDC context are presented in this paper. 

1. Introduction 
Pressure broadening of spectral lines arises when an atom or a molecule which emits or absorbs light 
in a gas or in a plasma, is perturbed by its interactions with the other particles of the medium. An atom 
or a molecule may be neutral as well as charged. The so-called Stark broadening is due to electron and 
ion colliders. The theory has been extensively developed for about 50 years and is currently used for 
many spectroscopic diagnostics and modeling. A number of its developments have been stimulated by 
the advances in Astrophysics, by the needs in laboratory and technological plasmas (tokamaks, laser 
produced plasmas, inertial fusion plasmas…), and also by the needs in industrial plasmas (discharge 
lighting). Due to the developments of the accuracy of observations in astrophysics and laboratory 
physics, many needs of atomic data appear at the end of the 20th century, and the needs are constantly 
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increasing. Hence, calculations based on a simple but enough accurate and fast methods are necessary 
for obtaining numerous results. Furthermore, the development of powerful computers also stimulates 
the development of atomic data on a large scale. Besides, the access to these atomic data via on line 
databases becomes essential. 
In section 2, we will recall the physical conditions where Stark broadening plays a role in different 
plasmas. Section 3 will be devoted to a brief review of the standard impact Stark broadening theory 
that is at the basis of the theory, calculations and the database presented in the present paper. In fact, 
Dimitrijević and Sahal-Bréchot have updated and operated at a large scale the numerical code (SCP) 
created by Sahal-Bréchot since about thirty years. This code is based on the impact semiclassical-
perturbation theory for isolated spectral lines of neutral and ionized atoms broadened and shifted by 
collisions with electrons and ions, [1] [2] [3] [4]. More than 150 papers are issued from the first update 
[5]. Then, the new need of creation of an on-line database appeared in the beginning of the 21th 
century, particularly in correlation with the birth and the growth of virtual Observatories and to the 
increasing need of exchange of interoperable data. Thus, the database STARK-B (formerly called 
BELDATA) was initiated in the Astronomical Observatory of Belgrade (AOB), and then a 
collaborative project between AOB and LERMA was born and led to the present database. STARK B, 
which is in free access, is currently developed at Paris Observatory and has opened on line since the 
end of 2008 (http://stark-b.obspm.fr [6]), and now contains the published data of all our papers 
obtained through the SCP theory and code. It is a part of the atomic and molecular databases of the 
Paris Observatory, and there is a link to the Serbian Virtual Observatory (SerVO, 
http://servo.aob.rs/~darko). A mirror site is planned at AOB. More details are given in Section 4, as 
well as the scheduled developments. STARK-B has been a database of VAMDC (Virtual Atomic and 
Molecular Data Centre) since the end of 2009. This FP7 European project "Research Infrastructures” 
was created in summer 2009 for 3.5 years. It is an interoperable e-Infrastructure for exchange of 
atomic and molecular data. It is an international consortium that has built an e-science interoperable 
platform [7] [8] (http://www.vamdc.eu, and http://portal.vamdc.eu) permitting an automated exchange 
of atomic and molecular data. The software infrastructure is based on an ensemble of standards and 
softwares ((http://www.vamdc.eu/software/). VAMDC addresses data producers and users, and gives a 
support for introducing new databases in the consortium, and for using standards and softwares. This 
will be presented in Section 5.	  

2. Importance of Stark broadening in plasmas 
On the one hand, in astrophysics, thanks to the considerable developments of the spectral resolution 
and sensitivity (high S/N) of the recent past years, and of large ground-based telescopes and space-
born missions, it becomes possible to observe very faint objects and spectra in all ranges of 
wavelengths (from XUV to radio) with an unequalled accuracy. For interpreting the spectra, the 
atomic parameters responsible for their intensities and their profiles must be known. The development 
of realistic models of interiors and of atmospheres of stars including stratification, and the 
interpretation of their evolution and the creation of elements through nuclear reactions, requires the 
knowledge of numerous profiles, especially for trace elements. Abundances of elements are crucial 
parameters to be determined. This needs an accurate interpretation of the detailed line spectra of stellar 
objects and thus extensive sets of atomic data, including collisional broadening and especially Stark 
broadening. Neglecting Stark broadening can lead to 40% error in abundances. Nowadays collisional 
broadening data are needed, not only for strong lines of abundant elements (H, He, C, N, O, Ne) as in 
the past, but also for weak lines of abundant elements, for elements of lower abundance (the Iron-
peak), and then, that is more recent, for heavy elements of very low abundance which are always very 
weak. Even some radioactive elements, such as thorium and uranium have been recently discovered in 
low-metallicity stars (stars of the first or second generation), and are used for chronometric age 
determination. An extreme domain of temperatures (about 106 - 107 K) and electron densities (about 
1024 cm-3) concern interiors of stars. They cannot be observed but are mirrored via asteroseismology, 
and Stark broadening of abundant ions plays an important role for modeling and for deriving radiative 
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opacities. In the very dense and hot atmospheres of neutron stars, the physical conditions are typical of 
those of stellar interiors, and highly-ionized atoms such as H and He-like Fe have been observed in X 
rays and the measured line strengths of lines indicate that the lines are significantly broadened by 
Stark effect [9], and this should provide an opportunity to determine both the mass and the radius of 
these exotic objects. On less extreme conditions of temperatures (104 to a few 104 K) and densities 
(1013 to 1015 cm-3), Stark broadening is efficient for modeling and analyzing spectra of moderately hot 
(A), hot (B) and very hot (O) types of stars. It is dominant in comparison with thermal Doppler effect 
in deep layers of stellar atmospheres. In white dwarfs, collisional broadening and especially Stark 
broadening is dominant in all layers of the atmosphere (temperatures in the region of 104 K, electronic 
densities of the order of 1018-1019 cm-3) In stars like sun, and especially in the chromosphere which 
lays above the photosphere, Stark broadening can be operative for lines arising from high excited 
levels.  
On the other hand, in laboratory and technological plasmas, considerable developments are also in 
progress and require new and numerous atomic data for spectroscopic diagnostics and modeling. 
Magnetic confinement fusion plasmas (tokamaks, such as ITER) are moderately hot (electron and ion 
temperatures about 0.5 to 40 keV in the core and 0.05 to 10 keV at the edge) and dense (1014 cm-3), 
especially in the divertor and edge plasma regions. Expected impurities include a wide range of 
elements (such as tin), but some important elements are not the same as in astrophysics, with nuclear 
charge Z, ranging from above 70 (as tungsten) and down to 1. Light elements are also important, such 
as Helium-like krypton. Inertial confinement fusion plasmas (laser fusion, ion-beam fusion, such as 
JET, laser LMJ) are hot (several keV) and very dense (up to 1024 cm-3 for the density) and their 
thermodynamical conditions look like those of stellar interiors. 
In addition, industrial plasmas also require atomic data for optimizing the performances of discharge 
lamps and lighting sources [10]. The temperatures are various: the discharge can attain 45000K, 
whereas the emitted white light corresponds to 3000-5000K. The electron density is rather high, so 
Stark broadening can play an important role in the modeling. The interesting elements are rare earth 
phosphors (Dy, Ho, Ce) because they are excellent radiation sources in fluorescent lamps. 
Temperatures of HID (High Intensity Discharge) lamps, such as metal halides, are about 1000K on the 
wall and 7000K on axis. The buffer gas is usually mercury vapor at high pressure. Ga and Al atomic 
data are needed.  

3. Basis of STARK-B data: the standard theory of Stark impact broadening of isolated lines 
The theory and calculation of collisional line broadening in the impact approximation follows the 
founding work by Baranger [11] [12] [13]. 

3.1. The impact approximation 
First, the impact approximation is the fundamental one: the interactions are separated in time. 
Consequently the duration of an interaction ! = "typ / vtyp , where ρtyp is a typical impact parameter and 
vtyp a typical relative velocity,  must be much smaller than the mean time interval between two 
collisions ΔT, which is of the order of the inverse of the collisional line width N vtyp! "typ

2  , where N is 
the density of the perturbers. The condition of validity of the impact approximation can be written as  

 !typ / vtyp ! "T , or, which is equivalent,  NVtyp !1 , Vtyp being the collision volume [11] [12], i.e., 

 !typ ! N "1/3.  
 In other words, the studied radiating atom interacts with one perturber only at a time, and the 
perturbers are independent and their effects are additive. 

3.2. The complete collision approximation 
Second, the collision is assumed to be complete. This means that the atom has no time to emit or 
absorb a photon during the collision process. This is valid if the duration of an interaction is much 
smaller than the interval between two successive emissions (or absorptions) of photons, which is of the 
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order of the inverse of the detuning, when larger than the line width. So, if the impact approximation is 
valid, the complete collision approximation is valid in the line center but can be invalid in the wings. 
In the very far wings the interactions can become “quasistatic”, which means that a photon can be 
emitted or absorbed before the perturbers had time to move. The data of STARK-B do not apply in 
this case. 
Consequently, within the complete collision approximation, radiative and collision processes are 
decoupled and the impact broadening theory becomes an application of the theory of collisions 
between an emitting (or absorbing) neutral (or ionized) atom and interacting particles. These two 
approximations are at the basis of the STARK-B data. 

3.3. The case of “isolated lines” 
Third, STARK-B data apply to “isolated lines” only and do not apply to “overlapping lines” [12]. This 
means that the levels next to the upper or lower level of the studied transition and likely to modify the 
broadening by introducing optical coherences do not overlap with them. So, hydrogen and hydrogenic 
ionic lines are excluded from the database, as well as some specific helium lines and some lines 
arising from Rydberg levels. 

3.4. Lorentz profile 
Therefore the profile of the i-f line emitted or absorbed between the i and f levels studied is 
Lorentzian, with a full width at half maximum W (in angular frequency units) and a shift d [13]. W can 
be expressed in terms of inelastic cross-sections and elastic processes as (cf. [13]): 

 W = N v f (v)! " ii ' v( ) + " ff ' v( ) +" el (v)
f '# f
$

i '# i
$

%

&'
(

)*
, 

where N is the density of the colliding perturbers, f(v) the Maxwell distribution of the relative atom-
perturber velocity v, σii’ and σff’ the inelastic cross-sections between the initial level i (resp. f final 
level) and the perturbing levels i’ (resp. f’) of the i-f transition. σel(v) represents the contribution of 
elastic collisions and includes Feshbach resonances when ion-electron collisions are studied.  
The shift is not given in the present paper, and we refer to [13] for its quantum expression. 
We notice that the widths and shifts are proportional to the density N in the above expression, and 
depend on the temperature of the plasma through the distribution of velocities. In fact, since 
interactions with charged particles are concerned, at high densities, the Debye screening has to be 
taken into account and reduces the cross-sections. So, the widths and shifts become reduced. 
Consequently, for a series of lines of a given neutral or ionized atom, STARK-B displays widths W 
and shifts d for a set of temperatures and densities and for various perturbers (electrons and ions). For 
low densities, which are not on the tables, the data, which are provided at medium densities, can be 
deduced through a linear extrapolation. At high densities some data are not given because the impact 
approximation is not valid; an asterisk, which replaces the data, indicates this. Data which are given 
but preceded by an asterisk mean that the impact approximation reaches its limit of validity, i.e. when 
0.2 < N Vtyp ≤ 0.5. 
In addition, when the density increases, the lines, which are isolated at low densities, can overlap; the 
impact width becomes comparable to the separation ΔΕ(nl, nl+1) between the perturbing energy 
levels and the initial or final level. The isolated line approximation becomes invalid. This is indicated 
in the database by a parameter C defined in [5] and in following papers. C is provided in the tables and 
can be used as follows: for a perturber density N lower than the limiting value Nlim (cm-3) = C/W, the 
line can be treated as isolated even if a weak forbidden component due to the failure of this 
approximation remains in the wing. 

3.5. Effect of fine structure and hyperfine structure on the widths and shifts 
The following remark holds in LS coupling. The atomic electronic spin S and the orbital kinetic 
momentum L are decoupled. For electronic collisions and most often by collisions with ions, the 
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collision time (of the order of ρtyp/vtyp) is very much smaller than the fine structure splitting. So the 
electronic spin has no time to rotate during the collision and can be ignored. Thus all the fine structure 
components have the same widths and shifts, which are equal to those of the multiplet. This is a 
fortiori the same for the hyperfine components. So our calculations have most often been performed 
for multiplets only, and STARK-B data are most often given for multiplets. This remark does not 
apply for heavy atoms where departures from LS coupling can be important. 

3.6. Compared orders of magnitude of electron and ion Stark widths and shifts 
For isolated lines, the widths and shifts due to electron collisions are generally ten times higher than 
the widths and shifts due to ion collisions. This is due to the fact that inelastic collisions with positive 
ions are generally negligible, owing to the mass effect that decreases the relative velocity, and, in 
addition, if the radiator is an ion, the Coulomb repulsion acts. This can be not the case when the 
perturbing levels are very close to the levels of the studied transition. This can also be not the case at 
very high temperatures, and especially for ion radiators when the Coulomb repulsion becomes weak.  

3.7. Calculation of the cross-sections, and then widths and shifts 
3.7.1. The Semi-Classical Perturbation (SCP) approach. For the purposes of STARK-B, the semi-
classical-perturbation treatment is adapted and gives results with a sufficient accuracy (about 20%). 
This is especially the case if the perturbing levels are not too far from the levels of the studied line. 
The basic formalism has been developed and discussed in detail in [1] [2]. Classical straight rectilinear 
paths for neutral radiators, and hyperbolic paths have been introduced for ion-electron and ion-ion 
collisions. Then the S-matrix has been obtained within the second order perturbation theory. The 
needed cross-sections are obtained through integration over the impact parameter of the transition 
probabilities. The needed cut-offs are determined in order to maintain the unitarity of the scattering S-
matrix, and Debye screening is taken into account. A very fast computer code has been created. This 
formalism, and the computer code, have been updated and optimized several times: [3] for complex 
atoms, [4] for the inclusion of Feshbach resonances in the elastic ion-electron cross-sections, [5] and 
further papers, and [14] for transitions arising from very complex configurations. 
3.7.2. The atomic structure. In the semiclassical picture, oscillator strengths and needed energy levels 
enter the expressions of the inelastic cross-sections. They are input data of the numerical code.  
The STARK-B data issued from our oldest papers (eighties and nineties), the Coulomb approximation 
with quantum defect (Bates & Damgaard approximation, [15]) was used, together with measured or 
calculated energy levels.  
In the more recent papers modern ab initio methods are used (cf. [14]). The different atomic structure 
computer codes or the data can be downloaded on line. Thus the calculations of widths and shifts can 
be made from the beginning to the end without any additional external input or experimental 
adjustment. The chosen atomic structure package enters our computer semi-classical code and that 
allows, when these methods are applicable, to obtain widths and shifts for one-two hundred of lines: 
– TOPbase, the Opacity Project atomic database, contains accurate calculated oscillator strengths and 

energy levels for abundant neutral atoms and ions of astrophysics. They have been obtained within 
the close-coupling scattering theory by means of the R-matrix method with innovative asymptotic 
techniques [17] [18]. L-S coupling is assumed. So, TOPbase data have been especially used to light 
and low and moderately ionized atoms and ions. 

– The Cowan code [19] is an online atomic structure package consisting of a set of computer programs 
for calculation of energy levels, radiative transition wavelengths and probabilities, electron impact 
excitation and photoionization cross sections, etc. The Hartree-Fock-Slater multi-configuration 
expansion method with statistical exchange is the normal option since it is most computationally 
efficient. The relativistic corrections are treated by perturbations. So this method is especially suited 
to moderately heavy atoms which are little and moderately ionized. 

– SUPERSTRUCTURE (SST) [20] is well suited for computation of large quantities of atomic data 
for highly charged ions. The wave functions are determined by diagonalization of the nonrelativistic 
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Hamiltonian using orbitals calculated in a scaled Thomas-Fermi-Dirac-Amaldi potential. Relativistic 
corrections are introduced according to the Breit-Pauli approach. Atomic data are obtained in 
intermediate coupling.  

Si V and Ne V line widths and shifts data have been calculated with both Bates & Damgaard and SST 
atomic data [21] [22].  The difference does not exceed 30%. C II widths and shifts data have been 
calculated with both TOPBase and Bates & Damgaard atomic data [23], and the difference does not 
exceed a few percent, except when configuration interaction plays an important role by making 
permitted a forbidden transition. This gives an idea and an order of magnitude of the importance of the 
chosen atomic structure on the Stark broadening data.  
3.7.3. The Modified Semi-Empirical Method (MSE). A number of applications were also achieved with 
the Modified Semi-Empirical (MSE) method [24] [25] [26] and other papers cited in [27]. It is less 
accurate, though simpler to use due to the considerably smaller set of atomic data needed in 
comparison with the SCP theory. It can effectively replace the SCP method when this one cannot be 
used due to a lack of atomic data. The MSE data have not still been introduced in STARK-B. 

4. Organization of the database 
Since STARK-B is devoted to modeling and spectroscopic diagnostics in various plasmas, the domain 
of temperatures and densities covered by the tables is wide and depends on the ionization degree of the 
considered ion. The temperatures can vary from several thousands for neutral atoms to several 
millions of Kelvin for highly charged ions. The electron or ion densities can vary from 1012 (case of 
stellar atmospheres) to several 1022 cm-3 (some white dwarfs, subphotospheric layers and some 
laboratory and fusion plasmas). The datamodel, especially the definition of configurations, terms and 
levels follow the VAMDC standards, in order to allow interoperability with other atomic databases. 
It is important to notice that the provided wavelengths (Å units) are most often calculated from the 
energy levels that are used in the calculations. Consequently, these wavelengths can be different from 
the measured ones, especially if energy levels originate from TOPBase, SST or Cowan code. The lines 
can be identified through the configurations, terms and levels. In addition, the widths and shifts data 
are provided in units of wavelengths (Å) and not in angular frequency units. So, if widths and shifts 
data are needed for measured wavelengths (λmeasured), or for fine structure data whereas the data are 
only provided for multiplets (cf. section 3.5), one has to multiply the STARK-B data by 
(λmeasured/λSTARK-B)2. 
We refer to section 3.4 for the cases of departures from the impact approximation and from the 
isolated line approximation at high densities. 
Currently, STARK-B contains Stark widths and shifts for spectral lines of the following elements and 
ionization degrees: 
Ag I, Al I, Al III, Al XI, Ar I, Ar II, Ar VIII, Au I, B II, B III, Ba I, Ba II, Be I, Be II, Be III, 
Br I, C II, C III, C IV, C V, Ca I, Ca II, Ca V, Ca IX, Ca X, Cd I, Cd II, Cl I, Cl VII, Cr I, Cr II, Cu I, 
F I, F II, F III, F IV, F V, F VI, F VII, Fe II, Ga I, Ge I, He I, Hg II, I I, In II, In III, K I, K VIII, K IX, 
Kr I, Kr II, Kr VIII, Li I, Li II, Mg I, Mg II, Mg XI, Mn II, N I, N II, N III, N IV, N V, Na I, Na X,  
Ne I, Ne II, Ne III, Ne IV, Ne V, Ne VIII, Ni II, O I, O II, O III (in progress), O IV, O V, O VI, O VII, 
P IV, P V, Pb IV, Pd I, Rb I, S III, S IV, S V, S VI, Sc III, Sc X, Sc XI, Se I, Si I, Si II, Si IV, Si V, Si 
VI, Si XI, Si XII, Si XIII, Sr I, Te I, Ti IV, Ti XII, Ti XIII, Tl III, V V, V XIII, Y III, Zn I. 
Apart O III data, all the data corresponding to our already published papers have now been 
implemented. 
The homepage (Fig.1) proposes several menus, among which “Introduction”, “Data Description” and 
“Access to the Data”. “Introduction” briefly recalls the approximations and methods of calculation. 
“Data Description” describes the data that are in the files. A graphical interface is provided in “Access 
to the Data” (Fig.2): first, the consumer clicks on the wished element in the Mendeleev periodic table 
and then on the ionization degree of interest. Yellow cells contain data, while white cells are empty. 
Next, with a few clicks, the user chooses the colliding perturber(s), the perturber density, the 
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transition(s) by quantum numbers and the plasma temperature(s). The consumer can also make a query 
by domain of wavelengths instead by transitions. Then a table displaying the widths and shifts is 
generated. Bibliographic references are given and linked to the publications via the SAO/NASA ADS 
Physics Abstract Service [55] and/or within DOI. They can be freely downloaded if the access is not 
restricted. The widths and shifts data can be downloaded in ASCII and in VOTable format (XML 
format), adapted to Virtual Observatories. 

HOMEPAGE INTRODUCTION DATA DESCRIPTION ACCESS TO THE DATA UPDATES CONTACT

STARK-B
Database for "Stark" broadening of isolated lines of atoms and ions in the impact approximation

The STARK-B database is now fully opened though not yet complete.

Last data update : 2012-07-03

  

Stark-b http://stark-b.obspm.fr/index.php/home

1 sur 2 08/07/12 19:27

  

HOMEPAGE INTRODUCTION DATA DESCRIPTION ACCESS TO THE DATA UPDATES CONTACT

Choose an element and an ionization
degree

 

 

 

 

 

  

Stark-b http://stark-b.obspm.fr/index.php/table

1 sur 2 08/07/12 19:15

 
 Figure1.  The STARK-B home page:   Figure 2. “Access to the data”: 
 http://stark-b.obspm.fr     the graphical interface 
The database will be completed when new data will be calculated and published (e.g. C II results of 
[23]). The implementation of MSE data is planned for a next future. The implementation of our 
quantum data will be another future step. The further developments also concern insertion of little 
apps (fitting along temperatures, along principal quantum number for a given multiplet, charge of the 
ion collider along isoelectronic sequences, of the radiating ion, homologous ions…) by using fittings 
or systematic trends in order to obtain data that are missing on the database.  

5. The STARK-B database and VAMDC (Virtual Atomic and Molecular Data Centre) 
Many fields in astronomy, physics, energy production and industry depend on databases for atomic, 
molecular and particle-surface interaction processes. A reliable exchange of such data has become 
crucial for decades. Nowadays, many databases do exist, but they are organized and presented in 
different manners, with heterogeneous standards, rules and selection criteria. This is a barrier for an 
efficient search for data and their use. The free exchange of atomic and molecular data requires the 
definition both of standards which model the data structure and of tools that implement these standards 
and that help to carry out science using these data. Developments in computer technologies offer 
opportunities for new distributed tools and applications in various fields of physics. The convenient 
and reliable exchange of data is clearly an important component of such applications. So VAMDC [7] 
[8] was created in summer 2009 for 3.5 years in the framework of the FP7 "Research Infrastructures - 
INFRA-2008-1.2.2 - Scientific Data Infrastructures" initiative. It is an European collaboration between 
groups involved in the generation and use of atomic and molecular data. VAMDC involves 15 
administrative partners representing 24 teams from 6 European Union member states, partners in non-
EU countries (Serbia, the Russian Federation and Venezuela), and external partners in the US. It 
includes scientists in atomic and molecular physics with a strong coupling to the users of their data 
(astrochemistry, atmospheric physics, plasmas) and scientists and engineers from the Information and 
Communication Technologies community used to deal with interoperable e-infrastructure. The core of 
the VAMDC-infrastructure is founded on the databases detailed in [7]. VAMDC aims to build a 
secure, documented, flexible and interoperable e-science environment-based interface to existing 
atomic and molecular data. The VAMDC portal (http://portal.vamdc.eu/) has been released in the mid-
April 2012 for the external users. It can be tested and is frequently updated from the development 
version that is still in progress. The results of the queries can be downloaded in XSAMS format (XML 
Schema for Atoms, Molecules and Solids). The XSAMS schema provides a framework for a 
structured presentation of atomic, molecular, and particle-solid-interaction data in an XML file. XML 
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(Extensible Markup Language) is the current standard for exchange of such data. It enables an 
automated exchange of complex contents between heterogeneous information systems through 
interoperability. STARK-B is one of the databases of VAMDC and participates to this undertaking. 

6. Conclusion 
Nowadays, numerical databases in Atomic and Molecular Physics are essential for both the modeling 
and the interpretation of spectra provided by observations and laboratory measurements of various 
plasmas. The free exchange of atomic and molecular data requires the definition both of standards 
which model the data structure and of tools that implement these standards and that help to carry out 
science using these data. The continuation of such developments and services of powerful and 
constantly updated online databases, like STARK-B, is crucial. 
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Abstract. The aim of  this research  is to show that the radiative  processes in strongly 
non- symmetric ion- atom collisions significantly influence on the opacity of  the solar 

photosphere  in UV region. Within this work only the He+H
+
 and H+A

+
 ion-atom 

systems, where A is the atom of one of the metal (Mg, Si and Al), are taken in to 
account. It is caused by the fact that the needed characteristics of the corresponding 

molecular ions, i.e. molecular potential curves and dipole matrix elements, have been 

determined by now. Here the non-symmetric radiative processes are considered under 

the conditions characterizing the non-LTE standard model of the solar atmosphere 
(Vernazza J, Avrett E and Loser R 1981 ApJS 45 635), which gives the possibility to 

perform all needed calculations and determined the corresponding spectral absorption 

coefficients. It is shown that the examined processes generate rather wide quasi-
molecular absorption bands in the UV and VUV regions, whose intensity is 

comparable and sometimes even larger than the intensity of  known one’s caused by 

the H+H
+
 radiative collision processes, which are included now in the solar 

atmosphere models. Consequently, the presented results suggest that the non-

symmetric ion-atom absorption processes have to be also included in standard models 

of the solar atmosphere. 

1.  Introduction 
The significant influence of some ion-atom radiative collision processes on the optical characteristics 

of the stellar atmospheres was already established. Here we keep in mind such symmetric radiative 

processes as photo absorption/emission and radiative charge exchange, which can be described by 
 

2                                                                                                                     (1)

                                                         

A A A

A A A A









 

 

  

                                                          (2)

 

where A = H(1s) or He(1s
2
), A

+
 and A2

+
 are the corresponding positive, single charged atomic and 

molecular ions in the ground electronic states, and ελ - the energy of the photon. It was shown that 
these processes can influence to the opacity of atmospheres of Sun (see e.g. [2] and [3]). However, the 

mentioned papers have leaved opened the questions of the significance of the non-symmetric radiative 

processes.  
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The main aim of this work is to draw attention to the possible significance of the non-symmetric 

radiative processes as factors which influence to the opacity of stellar atmosphere in UV and VUV 

region. Here we will consider the processes of absorption charge exchange and photo-dissociation of 
the type  
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where B is the ground state atom with the ionization potential IB which is less than the ionization 

potential IA of the atom A, AB
+
 - the corresponding molecular ion in one of the electronic states which 

are asymptotically correlated with the state of the system A + B
+
.  

Let us note that the processes (3) and (4) represent the analogues of the processes (1) and (2), while 

the process (5) has not it’s symmetric analog. In this work the non-symmetric radiative processes are 

considered under the conditions characterizing the models of the solar atmosphere presented in [1].  
Namely, all data needed for the calculations of the spectral absorption coefficients are provided in 

tabular form only for the chosen models. In accordance with this model is possible that A = He(1s
2
) 

and B = H(1s), and  A = H(1s) and B = Mg, Si and Al. Let us note that for the ions HeH
+
 and (HeH

+
)∗  

the corresponding potential curves and the dipole matrix elements (as the functions of the internuclear 

distances) are taken from Green et al. [4] and [5], while for all other considered molecular ions the 

mentioned quantities  are calculated within this work.  
The corresponding spectral absorption coefficients, as the function of λ, the local temperature T and 

the relevant particle densities are determined in the region 40nm≤ λ ≤ 230nm. 

 

2.  Results and discussion 

The non-symmetric processes (3) – (5) are schematically shown in figure 1, where: bf-, ff-, and fb 

denote the bound-free, free-free and free-bound radiative transitions; ∆I = IA − IB; E = Eimp and E′impa 
are the impact energies of the corresponding ion-atom systems; Uin (R) and Ufin(R) - are the adiabatic 

potential curves of the initial  and final  molecular electronic states ; v , v’ , J, and J’  - the quantum 

numbers of the corresponding bound (ro-vibration) and free states. 
The contribution of the considered non-symmetric ion-atom absorption processes  (3) - (5) to the 

opacity of the solar atmosphere is described here by the spectral absorption coefficient κia;nsim(λ; T). 

The behavior of  κia;nsim(λ; T) for  several values of  λ is illustrated by figure 2, where h is the distance 
of considered layer from the referent one (h=0) in accordance with Vernazza et al. (1981) [1].   

The behavior of the quantity G = κia;nsim(λ; T)/ κia;tot(λ; T), where κia;tot(λ; T) characterize the total 

contribution of all ion-atom absorption processes, i.e. (1) - (5), is shown in  figure 3.  Than, in figure 4 
is presented the behavior of the quantities  Fsim = κia;sim(λ; T)/ κea(λ; T) and Ftot =  κia;tot(λ; T)/κea(λ; T), 

dash and full lines respectively. Here κia;sim(λ; T) characterize the contribution of the symmetric ion-

atom absorption processes (1) and (2),  and κea(λ; T) -  the contribution of the concurrent electron-atom 
processes (H

−
 continuum), which were treated until recently as the absolutely dominant. 

Even the results presented in these figures shows that the neglecting of the contribution of the non-
symmetric processes (3) - (5) to the opacity of the solar atmosphere, in respect to the contribution of 

symmetric processes (1) and (2) would caused significant errors.  

From the presented material it follows that the considered non-symmetric ion-atom absorption 
processes can not be treated only as one of the channel among many equal channels of the influence 

on the opacity of the stellar atmospheres and should be included together with the processes studied in 

our previous papers [6-10]. 
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Figure 1. Schematic presentation of the non-symmetric  processes (3-5) caused by the bound-free, 
free-free and free-bound radiative transitions.                                                                      

 

Figure 2. Quiet Sun. Spectral absorption coefficient κia;nsim(λ; T) for the spectral region 115nm < λ 
< 195nm.  

 

From here it follows that the non-symmetric absorption processes (3)-(5) should be ab initio 

included in the same models. 
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       Figure 3. The behaviour of the quantity G = κia;nsim(λ; T)/ κia;tot(λ; T).                                                                                              
 

  

Figure 4. The behaviour of the quantities Fsim = κia;sim(λ; T)/ κea(λ; T) and Ftot = κia;tot(λ; T)/κea(λ;T). 
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Abstract. Using semiclassical perturbation approach in the impact approximation, we have
obtained Stark broadening parameters for 149 C II multiplets. Energy levels and oscillator
strengths are taken from the TOPbase database. Results are obtained as a function of
temperature, for a perturber densities of 1014, 1017 and 1018 cm−3. In addition to electron-
impact full half widths and shifts, Stark broadening parameters due to singly ionized carbon-
impacts have been calculated, in order to provide Stark broadening data for the important
charged perturbers in the atmospheres of carbon white dwarfs. The complete results will
be published elsewhere, as well as the comparison to the existing experimental and other
theoretical data. As an example of obtained results, we present data for a part of multiplets
with wavelengths in the visible part of the spectrum.

1. Introduction
Recently, Dufour et al. [1], [2] discovered a new type of white dwarfs with the surface composition
mostly composed of carbon. In order to consider their origin and evolution, it is necessary to
develop a new generation of accurate models. Broadening by electron impact and C II ion
interactions (Stark broadening) is the dominant line broadening mechanism at the temperatures
and pressures of interest (effective temperatures within 19,000-23,000 K, electron density within
1015cm−3-1018cm−3), so that the inclusion of accurate Stark broadening parameters is essential
for this type of white dwarf atmosphere modelling.

In order to provide data needed for analysis and investigations of such stars, we have
undertaken to calculate a great number of widths and shifts of C II lines colliding with electrons
and C II ions for plasma conditions of interest for these carbon white dwarfs. For this work, we
have used the impact semi-classical perturbation (SCP) method [3], [4], [5] for electron and ion
collisions. We have used the needed atomic data from the TOPbase, (R-matrix with innovative
asymptotic techniques), [6] http://cdsweb.u-strasbg.fr/TOPbase/. It is suitable for CII and
offers a great number of levels and line strengths for the transitions.
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Table 1. Calculated C II full widths at half intensity maximum and shifts for wavelengths 3500
Å- 7500 Åcovering the visible part of the spectrum for the electron density Ne = 1014 cm−3. In
the first column, we give multiplets, wavelengths of the multiplets in Å and C values which give
an estimate for the maximum perturber density for which the line may be treated as isolated
if it is divided by the corresponding full width. Non-empty cells preceded by an asterisk mean
that the impact approximation reaches its limit of validity (0.1 < NV ≤ 0.5). Empty cells which
are denoted by an asterisk mean that the impact approximation is not valid. The energy levels
(terms) and the wavelengths of the multiplets are those of TOPbase.

Multiplet T We de WCII dCII

[K] [Å] [Å] [Å] [Å]

2s2 4s 2S - 2s2 3p 2Po 5000. 0.106E-02 0.571E-03 0.417E-04 0.454E-04
10000. 0.758E-03 0.464E-03 0.587E-04 0.556E-04

3935.7 Å 20000. 0.678E-03 0.378E-03 0.730E-04 0.657E-04
C=0.82E+17 30000. 0.657E-03 0.327E-03 0.832E-04 0.739E-04

50000. 0.643E-03 0.278E-03 0.948E-04 0.799E-04
80000. 0.643E-03 0.232E-03 0.101E-03 0.835E-04

2s2 6s 2S - 2s2 4p 2Po 5000. 0.838E-02 0.461E-02 0.614E-03 0.593E-03
10000. 0.702E-02 0.431E-02 0.776E-03 0.718E-03

5362.0 Å 20000. 0.664E-02 0.358E-02 0.923E-03 0.803E-03
C=0.51E+17 30000. 0.664E-02 0.330E-02 0.932E-03 0.880E-03

50000. 0.703E-02 0.280E-02 0.111E-02 0.934E-03
80000. 0.725E-02 0.238E-02 0.118E-02 0.103E-02

2s2 7s 2S - 2s2 4p 2Po 5000. 0.108E-01 0.644E-02 0.103E-02 0.991E-03
10000. 0.940E-02 0.645E-02 0.125E-02 0.112E-02

4326.7 Å 20000. 0.875E-02 0.543E-02 0.152E-02 0.132E-02
C=0.19E+17 30000. 0.900E-02 0.477E-02 0.153E-02 0.135E-02

50000. 0.933E-02 0.430E-02 0.164E-02 0.151E-02
80000. 0.942E-02 0.358E-02 0.187E-02 0.149E-02

2s2 7s 2S - 2p3 2Po 5000. 0.236E-01 0.141E-01 0.222E-02 0.215E-02
10000. 0.205E-01 0.143E-01 0.268E-02 0.246E-02

6368.7 Å 20000. 0.187E-01 0.120E-01 0.332E-02 0.288E-02
C=0.41E+17 30000. 0.191E-01 0.106E-01 0.333E-02 0.294E-02

50000. 0.196E-01 0.965E-02 0.359E-02 0.327E-02
80000. 0.196E-01 0.807E-02 0.401E-02 0.325E-02

2s2 8s 2S - 2s2 4p 2Po 5000. 0.149E-01 0.945E-02 0.163E-02 0.160E-02
10000. 0.135E-01 0.961E-02 0.218E-02 0.177E-02

3864.2 Å 20000. 0.128E-01 0.797E-02 0.224E-02 0.197E-02
C=0.98E+16 30000. 0.133E-01 0.709E-02 0.227E-02 0.211E-02

50000. 0.138E-01 0.628E-02 0.284E-02 0.220E-02
80000. 0.139E-01 0.519E-02 0.297E-02 0.267E-02

2s2 8s 2S - 2p3 2Po 5000. 0.293E-01 0.187E-01 0.321E-02 0.315E-02
10000. 0.266E-01 0.190E-01 0.429E-02 0.347E-02

5414.9 Å 20000. 0.249E-01 0.159E-01 0.439E-02 0.389E-02
C=0.19E+17 30000. 0.258E-01 0.141E-01 0.448E-02 0.416E-02

50000. 0.267E-01 0.126E-01 0.552E-02 0.435E-02
80000. 0.267E-01 0.104E-01 0.587E-02 0.529E-02
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Table 1. Continued

Multiplet T We de WCII dCII

[K] [Å] [Å] [Å] [Å]

2s2p(3Po) 3p 2P - 2s2 4p 2Po 5000. 0.203E-02 -0.676E-03 0.204E-03 -0.474E-04
10000. 0.161E-02 -0.520E-03 0.232E-03 -0.601E-04

5089.1 Å 20000. 0.142E-02 -0.420E-03 0.255E-03 -0.729E-04
C=0.20E+17 30000. 0.136E-02 -0.373E-03 0.266E-03 -0.808E-04

50000. 0.132E-02 -0.315E-03 0.270E-03 -0.913E-04
80000. 0.130E-02 -0.272E-03 0.281E-03 -0.972E-04

2s2 3p 2Po - 2s2 3s 2S 5000. 0.139E-02 -0.281E-04 0.605E-04 -0.648E-05
10000. 0.104E-02 -0.334E-04 0.814E-04 -0.105E-04

6741.6 Å 20000. 0.837E-03 -0.287E-04 0.924E-04 -0.146E-04
C=0.63E+18 30000. 0.784E-03 -0.310E-04 0.989E-04 -0.167E-04

50000. 0.750E-03 -0.348E-04 0.106E-03 -0.191E-04
80000. 0.730E-03 -0.308E-04 0.109E-03 -0.214E-04

2s2 3p 2Po - 2s 2p2 2P 5000. 0.589E-03 0.172E-03 0.357E-04 0.744E-05
10000. 0.459E-03 0.111E-03 0.482E-04 0.110E-04

5165.8 Å 20000. 0.377E-03 0.851E-04 0.549E-04 0.150E-04
C=0.37E+18 30000. 0.350E-03 0.768E-04 0.589E-04 0.167E-04

50000. 0.329E-03 0.675E-04 0.628E-04 0.191E-04
80000. 0.315E-03 0.586E-04 0.649E-04 0.214E-04

2s2 4p 2Po - 2s2 3d 2D 5000. 0.251E-02 0.717E-03 0.276E-03 0.555E-04
10000. 0.199E-02 0.523E-03 0.313E-03 0.718E-04

5921.7 Å 20000. 0.177E-02 0.397E-03 0.344E-03 0.865E-04
C=0.19E+18 30000. 0.174E-02 0.345E-03 0.355E-03 0.956E-04

50000. 0.174E-02 0.290E-03 0.368E-03 0.107E-03
80000. 0.174E-02 0.239E-03 0.369E-03 0.118E-03

2p3 2Po - 2s2 3d 2D 5000. 0.816E-03 -0.281E-04 0.237E-04 -0.124E-04
10000. 0.644E-03 -0.297E-04 0.328E-04 -0.172E-04

4115.6 Å 20000. 0.541E-03 -0.247E-04 0.384E-04 -0.210E-04
C=0.31E+17 30000. 0.503E-03 -0.177E-04 0.414E-04 -0.232E-04

50000. 0.471E-03 -0.168E-04 0.457E-04 -0.263E-04
80000. 0.447E-03 -0.143E-04 0.498E-04 -0.296E-04

2s2 5p 2Po - 2s2 4s 2S 5000. 0.384E-02 0.234E-03 0.661E-03 0.892E-04
10000. 0.356E-02 0.195E-03 0.731E-03 0.109E-03

5390.0 Å 20000. 0.366E-02 0.132E-03 0.758E-03 0.130E-03
C=0.72E+17 30000. 0.381E-02 0.116E-03 0.784E-03 0.144E-03

50000. 0.402E-02 0.104E-03 0.788E-03 0.156E-03
80000. 0.413E-02 0.107E-03 0.794E-03 0.167E-03

2s2p(3Po) 3s 2Po- 2s2 4s 2S 5000. 0.450E-02 -0.135E-02 0.510E-03 -0.519E-03
10000. 0.383E-02 -0.109E-02 0.643E-03 -0.615E-03

4669.4 Å 20000. 0.343E-02 -0.907E-03 0.759E-03 -0.708E-03
C=0.44E+16 30000. 0.323E-02 -0.788E-03 0.882E-03 -0.778E-03

50000. 0.302E-02 -0.655E-03 0.864E-03 -0.830E-03
80000. 0.283E-02 -0.551E-03 0.980E-03 -0.864E-03
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Table 1. Continued

Multiplet T We de WCII dCII

[K] [Å] [Å] [Å] [Å]

2s2 6p 2Po - 2s2 4s 2S 5000. 0.514E-02 0.253E-02 0.944E-03 0.389E-03
10000. 0.490E-02 0.215E-02 0.100E-02 0.462E-03

3887.0 Å 20000. 0.497E-02 0.167E-02 0.108E-02 0.535E-03
C=0.11E+17 30000. 0.523E-02 0.144E-02 0.112E-02 0.581E-03

50000. 0.551E-02 0.120E-02 0.121E-02 0.656E-03
80000. 0.566E-02 0.990E-03 0.110E-02 0.681E-03

2s2 6p 2Po - 2s2 4d 2D 5000. 0.173E-01 0.740E-02 0.286E-02 0.107E-02
10000. 0.168E-01 0.639E-02 0.308E-02 0.126E-02

6739.8 Å 20000. 0.170E-01 0.515E-02 0.323E-02 0.145E-02
C=0.35E+17 30000. 0.177E-01 0.447E-02 0.340E-02 0.161E-02

50000. 0.184E-01 0.376E-02 0.341E-02 0.169E-02
80000. 0.186E-01 0.312E-02 0.322E-02 0.181E-02

2s2 7p 2Po - 2s2 5s 2S 5000. 0.356E-01 0.168E-01 0.688E-02 0.307E-02
10000. 0.358E-01 0.140E-01 0.721E-02 0.352E-02

7473.6 Å 20000. 0.386E-01 0.107E-01 0.779E-02 0.396E-02
C=0.35E+17 30000. 0.410E-01 0.928E-02 0.763E-02 0.427E-02

50000. 0.436E-01 0.762E-02 0.760E-02 0.455E-02
80000. 0.451E-01 0.608E-02 0.799E-02 0.468E-02

2s2 7p 2Po - 2s2 4d 2D 5000. 0.197E-01 0.968E-02 0.362E-02 0.161E-02
10000. 0.194E-01 0.849E-02 0.380E-02 0.183E-02

5388.4 Å 20000. 0.204E-01 0.671E-02 0.413E-02 0.206E-02
C=0.18E+17 30000. 0.213E-01 0.596E-02 0.403E-02 0.224E-02

50000. 0.223E-01 0.489E-02 0.405E-02 0.244E-02
80000. 0.228E-01 0.401E-02 0.421E-02 0.248E-02

2s2 8p 2Po - 2s2 5s 2S 5000. 0.467E-01 -0.165E-02 0.865E-02 -0.345E-02
10000. 0.480E-01 -0.104E-02 0.939E-02 -0.402E-02

6335.0 Å 20000. 0.517E-01 -0.331E-03 0.980E-02 -0.447E-02
C=0.63E+16 30000. 0.544E-01 -0.130E-03 0.988E-02 -0.474E-02

50000. 0.570E-01 0.170E-03 0.108E-01 -0.536E-02
80000. 0.584E-01 -0.950E-04 0.105E-01 -0.607E-02

2s2 8p 2Po - 2s2 4d 2D 5000. 0.272E-01 0.202E-03 0.494E-02 -0.194E-02
10000. 0.278E-01 0.448E-03 0.536E-02 -0.227E-02

4770.3 Å 20000. 0.295E-01 0.671E-03 0.554E-02 -0.252E-02
C=0.36E+16 30000. 0.308E-01 0.941E-03 0.560E-02 -0.266E-02

50000. 0.320E-01 0.842E-03 0.612E-02 -0.296E-02
80000. 0.326E-01 0.651E-03 0.604E-02 -0.346E-02

2s2 3d 2D - 2s2 3p 2Po 5000. 0.173E-02 -0.845E-04 0.120E-03 -0.117E-04
10000. 0.132E-02 -0.470E-04 0.147E-03 -0.179E-04

7226.4 Å 20000. 0.109E-02 -0.278E-04 0.166E-03 -0.246E-04
C=0.72E+18 30000. 0.102E-02 -0.436E-04 0.177E-03 -0.272E-04

50000. 0.976E-03 -0.357E-04 0.185E-03 -0.311E-04
80000. 0.951E-03 -0.307E-04 0.191E-03 -0.349E-04
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Table 1. Continued

Multiplet T We de WCII dCII

[K] [Å] [Å] [Å] [Å]

2s2 4d 2D - 2p3 2Do 5000. 0.348E-02 0.939E-03 0.367E-03 0.279E-03
10000. 0.323E-02 0.833E-03 0.439E-03 0.334E-03

6022.4 Å 20000. 0.303E-02 0.678E-03 0.528E-03 0.395E-03
C=0.29E+17 30000. 0.293E-02 0.634E-03 0.564E-03 0.425E-03

50000. 0.281E-02 0.553E-03 0.596E-03 0.466E-03
80000. 0.270E-02 0.465E-03 0.648E-03 0.513E-03

2s2 5d 2D - 2s2 4p 2Po 5000. 0.139E-01 0.368E-02 0.172E-02 0.142E-02
10000. 0.129E-01 0.306E-02 0.213E-02 0.166E-02

6289.5 Å 20000. 0.123E-01 0.242E-02 0.223E-02 0.184E-02
C=0.79E+16 30000. 0.121E-01 0.215E-02 0.252E-02 0.203E-02

50000. 0.117E-01 0.177E-02 0.297E-02 0.217E-02
80000. 0.113E-01 0.144E-02 0.340E-02 0.245E-02

2s2 5d 2D - 2p3 2Do 5000. 0.440E-02 0.152E-02 0.583E-03 0.500E-03
10000. 0.412E-02 0.121E-02 0.736E-03 0.583E-03

3713.2 Å 20000. 0.392E-02 0.103E-02 0.771E-03 0.652E-03
C=0.28E+16 30000. 0.381E-02 0.924E-03 0.868E-03 0.711E-03

50000. 0.366E-02 0.765E-03 0.102E-02 0.759E-03
80000. 0.349E-02 0.629E-03 0.116E-02 0.853E-03

2s2 6d 2D - 2s2 4p 2Po 5000. 0.128E-01 0.363E-02 0.179E-02 0.137E-02
10000. 0.127E-01 0.257E-02 0.213E-02 0.161E-02

4658.2 Å 20000. 0.129E-01 0.224E-02 0.223E-02 0.175E-02
C=0.62E+16 30000. 0.129E-01 0.196E-02 0.253E-02 0.204E-02

50000. 0.128E-01 0.149E-02 0.251E-02 0.229E-02
80000. 0.125E-01 0.129E-02 0.258E-02 0.224E-02

2s2 6d 2D - 2p3 2Po 5000. 0.297E-01 0.900E-02 0.413E-02 0.323E-02
10000. 0.294E-01 0.677E-02 0.495E-02 0.379E-02

7114.0 Å 20000. 0.296E-01 0.595E-02 0.514E-02 0.411E-02
C=0.14E+17 30000. 0.297E-01 0.508E-02 0.598E-02 0.478E-02

50000. 0.293E-01 0.397E-02 0.588E-02 0.538E-02
80000. 0.283E-01 0.341E-02 0.600E-02 0.526E-02

2s2 7d 2D - 2p3 2Po 5000. 0.305E-01 0.105E-01 0.475E-02 0.338E-02
10000. 0.316E-01 0.804E-02 0.575E-02 0.390E-02

5761.9 Å 20000. 0.335E-01 0.692E-02 0.592E-02 0.432E-02
C=0.82E+16 30000. 0.342E-01 0.569E-02 0.594E-02 0.444E-02

50000. 0.343E-01 0.459E-02 0.712E-02 0.478E-02
80000. 0.336E-01 0.395E-02 0.751E-02 0.580E-02

2s2 7d 2D - 2s2 4p 2Po 5000. 0.150E-01 0.496E-02 0.235E-02 0.165E-02
10000. 0.156E-01 0.374E-02 0.283E-02 0.192E-02

4037.8 Å 20000. 0.165E-01 0.321E-02 0.293E-02 0.212E-02
C=0.41E+16 30000. 0.169E-01 0.262E-02 0.293E-02 0.217E-02

50000. 0.171E-01 0.210E-02 0.354E-02 0.236E-02
80000. 0.167E-01 0.181E-02 0.369E-02 0.285E-02
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So, we have modified the SCP code of Sahal-Bréchot by coupling it to the energy
level and oscillator strength data for C II data in the TOPbase ([6], http://cdsweb.u-
strasbg.fr/TOPbase/), in order to calculate Stark broadening parameters for a large number
(149) of C II multiplets.

2. Results and discussion
The Stark broadening parameters (Full Width at Half intensity Maximum - FWHM) have been
obtained for 149 C II multiplets and the complete results are available on line in electronic form
as Supporting information for Ref. [8], given in tables S1, S2 and S3. There is presented, as
well, the comparison with existing experimental and other theoretical results and analysis of
determined Stark broadening parameters. The results are presented for temperatures from 5000
up to 80000 K and electron densities 1014 (Table S1 in Supporting information for Ref. [8]), 1017

(Table S2, see Ref. [8]) and 1018 cm−3 (Table S3, see Ref. [8]). As an example of obtained results
here are selected from the tables in electronic form given as additional information for Ref. [8],
Strak broadening parameters for 27 C II multiplets for wavelengths 3500 Å- 7500 Åcovering the
visible part of the spectrum, for the electron density Ne = 1014 cm−3. They are presented in
Table 1. Values of the parameter C, given also in Table 1, divided by the corresponding full
widths, give an estimate for the maximum perturber density for which the line may be treated as
isolated (see Eq.(5) in Ref. [7]). For each value given in tables, the collision volume V multiplied
by the perturber density N is much less than unity and the impact approximation is valid. Values
for NV > 0.5 are not given but denoted by an asterisk and values for 0.1 < NV ≤ 0.5 are given
but preceded by an asterisk.

The results will be also implemented in the STARK-B database, http://stark-b.obsmp.fr
[9], [10], the result of a collaborative project between LERMA (Laboratoire d’Étude du
Rayonnement et de la Matière en Astrophysique, Observatoire de Paris) and AOB (Astronomical
Observatory, Belgrade). The STARK B database is currently developed at Paris Observatory.
It is in free access, and is on line since the end of 2008. It is a part of the atomic and molecular
databases of the Paris Observatory, and there is a link to the Serbian Virtual Observatory
(SerVO, http://servo.aob.rs/ darko). A mirror site is planned at AOB. STARK-B is, as well,
one of databases of VAMDC (Virtual Atomic and Molecular Data Centre - http://vamdc.eu
and http://portal.vamdc.eu) [11], [12], the FP7 European project created in summer 2009 for
3.5 years. Its aim is to create and maintain an interoperable e-Infrastructure for exchange of
atomic and molecular data, to serve as a forum for data producers and users, and to develop
standards and softwares for exchange of atomic and molecular data. ore details on VAMDC and
STARK-B are given in Ref. [10] in this issue.
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Abstract-The influence of the dipole polarizalion and quadrupole potentials on the Stark broadening of 
isolated neutral lines in a plasma has been investigated within the semiclassical approximation. It has been 
shown that both the perturbing electron trajectories and the minimum impact parameter may undergo a 
noticeable change when reaction of the emitter on the impact electron is taken into account. The effects on 
the halfwidths of selected lines have been examined within the impact approximation. Calculated results are 
compared both with available experimental data and other theoretical results. The importance of including 
long-range effects is also discussed. 

1. INTRODUCTION 

ALTHOUGH there exist a number of quantum-mechanical theories of the Stark broadening of 
lines in plasma [e.g. BARANGER, TRAN MJNH and VAN REGEMORTER,“’ BASSALO and CAT~ANI,(~)], 
the semiclassical theory of GRIEM, BARANGER, KOLB and OERTEL’~’ (GBKO) has been most widely 
used in actual calculations. The essential part of this approximation is that, instead of dealing 
with cross sections for the electron-atom (ion) scattering [as in BARANGER’s”’ and SAHAL- 
BRECHOT’S’~’ work], one calculates relevant probabilities for transitions from upper and lower 
levels of the line to various perturbing levels, caused by the time-dependent perturbations 
involving impact electrons moving along well defined classical paths. This method is extensively 
used in the theory of electron-atom (and ion-atom) collisions [SEATON”‘] and it is particularly 
useful in describing the mechanism of line broadening, where “weak collisions” are usually 
dominant and can be successfully treated by the perturbation method. 

In an early stage of the application of the GBKO theory, several further approximations 
were made which, though not inherent to the, theory, were introduced to simplify numerical 
calculations. One of these was the neglect of the influence of an emitter on the motion of 
perturbers. This approximation turned out to be very crude in the case of the ionized emitters, 
and introduction of hyperbolic paths instead of rectilinear ones resulted in a considerable 
improvement of calculated halfwidths and shifts of ionized emitter lines. On the other hand, 
because of the much shorter range of a neutral atom potential which an impact electron sees, 
the rectilinear-path approximation has been retained in treating the electron-atom perturbing 
collisions. This approximation was justified by the fact that even those multipole potentials with 
longest range, like the polarization and quadrupole potentials, are weak enough for large 
electron-atom separations which are mainly encountered in the process of line broadening 
(weak collisions). 

However, under some conditions, the assumption of the straight-line trajectories may break 
down for electron-atom collisions within some range of the impact parameter of the impinging 
electron. These deviations may affect the halfwidth of the emitted line in two ways, via the 
Stark broadening functions A2 and by an appearance of a critical impact parameter, which 
separates “normal” trajectories from those passing through the origin. 

In the next section, we present some analytical calculations regarding the electron motion in 
the presence of the leading terms of the excited atom long-range potential. The critical 
parameter and new A2 functions are then calculated. Numerical results for the halfwidths of 
lines from a multiplet of N(I) are given in the third section. In the last section, the importance 
of long-range potential effects is discussed as well as applicability of the method used. 

tThis work was supported by the RZN of SR Serbia. 
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2. ANALYTICAL CALCULATIONS 

(1) An electron-excited-atom, long-range interaction 
If one disregards contributions of the inner electrons, the interaction potential between the 

impact electron and an excited atom in the ith state can be expanded into the multipole series 

V(R) = F & <il rApA(cos e)l i>, (1) 

where R is the position of the impact electron and r, 0 are coordinates of the atomic electron (0 
being the angle between R and r). For a nonhydrogenic system, the series starts with the A = 2 
term. We shall assume that the colliding electron moves so slowly that one may take the line 
joining the electron with the atom to be the quantization axis. Then the quadrupole (A = 2) term 
in eqn (1) is given by [LANDAU and LIFSHITZ@‘] 

vGi= 4i J(J+ l)-3M* 2J-1 

where qi is the quadrupole moment of the excited atom in the ith state, J is the total angular 
momentum quantum number, and M = -J, -J + 1,. . . , J. 

Distortion of the atom in the presence of the weak external electric field of the impact 
electron gives rise to the polarization potential, which behaves asymptotically as 

VP(r)- -3, rim, (3) 

where (Y is the atomic polarizability. Excluding virtual transitions to those higher states to 

which real excitations are energetically possible, we may calculate the so called effective 
polarizability [e.g. DAMBURG and GELTMAN’~‘], viz. 

(Y-22 IUilrM* 
n 3(E” - Ei)’ 

En - Ei > i k2, 

where Ei is the energy .of jth state of the atom and k is the impact electron velocity at infinity. 
As can be seen from eqns (2) and (4), cy is an essentially positive quantity whereas Vqi may 
assume both positive and negative values. 

(2) Electron motion in the long-range atomic potential 
Let an electron be moving in the field of an excited atom. We shall examine this motion 

under the following conditions: (a) The electron impact parameter is much larger than the mean 
radius of the excited target: r, = (n:)‘, where n: is the effective quantum number of the ith 
excited state. (b) the electron velocity is small enough so that, together with (a), conditions for 
an adiabatic collision are fulfilled. 

Under these conditions, we may assume that, first, an asymptotic form of the atomic 
potential can be used, and secondly the relative change lARI/R of the impact electron is slow 
enough so that the atom can adjust itself adiabatically to this change. In particular, polarization 
of thl atom remains along the quantization axis. Otherwise, dynamical effects must be taken 

into account [see, e.g. LABAHN and CALLAWAY”“]. 

(a) The Vogf and Wannier theory and eleclron-excited atom scatteting. In their paper, VOGT and WANNER”” analyzed 
scattering of a charged particle on a neutral atom in a gas, taking into account the polarization potential interaction of the 
form of eqn (3). They analyzed in detail the motion of the electron and ion in this long-range potential, both classically and 
quantum mechanically, and in the former case defined a classical capture cross section determined by the critical impact 
parameter pC, which exists for any value of the particle mass. However, in the limiting, zero energy case, the quantum 
mechanical treatment revealed a marked difference between electron and ion behaviour for small impact parameters. It 
was found that, in the case of ion scattering, the origin may be treated as a sink, regardless of the shape of the ion-atom 
interaction potential near the origin (more precisely, at the distance from the origin comparable with the diameter of the 
atom). The wave function can be written as [see eqn (22) in their paper] 

J, = exp i(Alr + pz/A), A = ~atn, p = kmdla, (9 

where cx is the target polarizability, m the reduced mass and k the impact-particle velocity. For ions, the reduced mass is 
always large and when p is very small (k--s I), the first term in the exponent of $ in eqn (5) describes an infall near the 
origin (r+O). whereas the long-distance behaviour of 9 is governed by the second term: pz/A. These conditions are not 
fulfilled in the case of electron-atom scattering (in any case, not for the ground state) and a small distance. repulsive 
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potential must be accounted for [CASE(“)]. The crucial quantity is A: if it is sufficiently large, the change of phase of Q near 
the atom is very rapid and the outgoing waves add incoherently, which thus differs from to the case of an electron 
scattering. In the latter case, A is small and the coherently scattered waves may produce effects similar to those observed 
with Ramsauer-Townsend effect for electron-noble gas elastic scattering. 

In the finite energy case (k# O), the corresponding capture cross section obtained quantum-mechanically showed small 
oscillations around the classical values and assumed twice the value at k = 0. This result is of importance since it shows 
that, apart from the zero-energy limit, the classical trajectory method should be applicable in treating ion-atom, low energy 
collisions. However, in Stark broadening, it is electron-atom scattering which is dominant, and we must examine this 
process in some detail in view of the Vogt and Wannier theory. 

The long-range potentials are important in electron-atom scattering even when the target is 
in the ground state, particularly for low impact energies. Moreover, if the atom is in an excited 
state, this interaction is an especially prominent one. All constants determining strengths ?f 
various polarization and multipole potential constants become larger as the effective quantum 
number of the excited target, n*, increases. Therefore, the electric dipole polarizability, given 
by eqn (4), behaves as 

a - (n*)6, 

while the quadrupole moment, 4, rises proportionally to (9) and consequently as (r~*)~. For 
large n *, when the valence electron is loosely bound, the slow incoming, perturbing electron 
and the atomic electron should be treated on an equal footing, i.e. the reaction of the excited 
target on the electron may be comparable in magnitude with the impact-electron perturbation. 

As outlined above, the Vogt and Wannier theory did not seem, at first sight, relevant to the 
Stark broadening theory. However, two points must be emphasized here. 

(1) Unlike the ground states of inert gases, an excited atom has a very unstable configura- 
tion, which may be greatly perturbed by close electron collisions. Therefore, though the ray 
patterns need not necessarily correspond to a “fall in” case, the probability for the collision to 
be an elastic one for p c pe might be negligible compared with the amplitudes of various 
inelastic processes. A low-energy impact electron can cause only virtual excitations, for a target 
in the ground state. These transitions effectively cause the polarization potential. In an excited 
state, the atom may undergo superelastic collisions even with a zero-energy impact electron. 
Whatever the fate of the infalling electron is, it is bound to produce a large perturbation of the 
excited atom for p < pC. Hence, all collisions with p < pC may be regarded as strong ones. 

(2) Even if we disregard inelastic processes, the condition for a capture to take place may be 
realized for p < pC and, consequently, the elastic cross section is again diminished. To illustrate 
this, let the target atom be in an excited state with effective quantum number n*. The mean 
radius of the atom is of the order (n*)’ and the constant A from eqn (5) is 

A - (n *)3 - r,,3’2. (6) 

The “period” 7 of 4 is given, at a distance r = r,, by 

r(r,) = 2ar.‘/(A - 2.8r,J. (7) 

The relative change of the phase of $ at r = r, is given by 

~(r,)/r,, = l/(br,“* - 1) - l/n*, 6 = A/2 (8) 

if bn* % 1, which may be realized for highly excited states. In this case, one has again 
incoherent superposition of outgoing waves and no qualitative difference arises between 
electron and ion scattering for p < pC. Hence, we may expect the Vogt and Wannier theory to be 
applicable also for the electron impact. 

We conclude that, for electron-excited-atom collisions, for p <pC, both classical and 
quantum mechanical descriptions of the process will lead to strong collisions. 

(b) Electron trajectories. An electron path in the field with potential VU?) = Vqi + VP is 
given by the elliptic integral [e.g. GOLDSTEIN( 

#=kpj:-$, &r)=k2r4-k2p23-Qr+a, 
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where p is the impact parameter and 

Q=a 
J(J + 1) - 3M2 

JQJ- 1) 

is the projection of the quadrupole moment onto the quantization axis. Unlike the case of the 
polarization potential, when the simple analytical expression for the critical impact parameter 
can be derived [VOCT and WANNIER~“)], viz. 

(11) 

now it is more convenient to calculate pC numerically, as is shown in Appendix I. With p < pC, 
the particle moves through the origin, which is the common feature of singular potentials of the 
form V(r) = a/r”, 2 < X 5 4, a < 0. 

(c) The Stark-broadening functions. In the theory of Stark broadening for neutral emitters, 
second order perturbation theory is usually used and an electron-atom collision is treated as a 
time-dependent perturbation of the emitter by the impinging electron moving along a straight 
line. In the dipole approximation, the interaction-potential matrix is then given by 

‘dr) = i Rir) (~(t)l~(~)l (I -- (12) 

where R(t) and r(t) are instantaneous positions of the impact and atomic electrons, respec- 
tively. However, as we have shown, the electron motion is better represented by curvilinear 
paths (see Fig. 21) than by straight lines. This deviation from the uniform electron motion 

modifies the GBKO Stark broadening functions A*(z) [e.g. GRIEM”~‘]. 

Instead of calculating the AZ functions via the electron trajectories given by eqn (9), we 
have simplified the problem by approximating the actual paths by broken lines, as indicated in 
Fig. 3. Then the new A2 functions depend on two arguments: .$ = ptt+r/k and B, where 0 is 
half of the angle between the asymptotic electron velocities v(- M) and v(+ m), viz. 

e=r-kp 
I 

m 

Lt(r)l-“* dr. (13) rmln 

If one denotes roots of t(r) by rmin = a > b > c > d, eqn (13) can be’written as 

2P 

e=Ir-V+c)(b-d) ’ 
KCcj E2 3 (a - d)(b - c) 

(a - c)(b - d)’ 

Fig. 1. Minimum impact parameters for the impact electron: (I) semiclassical (no interaction): (2) 1: (3) 
polarization potential only; (4) polarization plus attractive quadrupole interaction; (5) average critical 

impact parameter p”I (see the text); vO, the most probable velocity (Maxwellian distribution). 
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where K(E) is the complete elliptic integral of the first kind [ABRAMOVITZ and STFJXN”~‘]. How 
the A2(Z, t?), a?(Z, 0) and b,(Z, 0) functions are calculated is shown in Appendix II. 

(3) Electron impact line broadening 
The half-halfwidth and shift of the neutral line can be calculated by a formula derived from 

the GBKO theory by CARPER and OERTEL,“@ viz. 

I 
m 

w + id = N, uf(u) do{o(pL - x2) 
0 

+i d2 z R$[a2(]Z$“l, 0) + ib2(Z$“, e)] 
I’ 

(14) 

F , R&[a2(lZ$“], 0) - ib2(Z$“, @)I}. 

In the GBKO theory, Pmin is imposed by the unitarity of the scattering matrix S through the 
equation 

10 - WlWl~-‘IfNl = 1. (19 
However, if this value is smaller than %, the latter is taken instead and the first term on the 
right-hand side of eqn (14) is set equal to zero. On the other hand, as we have seen, all collisions 
with p < pc may be regarded as strong ones and consequently pc should be used instead of Pmin. 
Hence, for a fixed velocity k, we have calculated X‘, pmi. and PC and then employed the largest 
of these. 

3. NUMERICAL CALCULATIONS 
We have considered several lines in order to estimate the effect of the polarization and 

quadrupole (if present) potentials on the Stark broadening. Matrix elements for dipole tran- 
sitions are taken from WIESE. (“) We have used the computer program developed by OERTEL 
[from the paper by COOPER and OERTEL”~‘]. Although the program provides facilities for 
calculating quadrupole transition contributions, we have used only optically allowed transitons 
perturbing levels. As is shown by contributions in Ref. (16), quadrupole transitions are usually 
negligible. Moreover, (16) if these contributions are large, the perturbation expansion may break 
down. The upper integration limit for p is taken to be at infinity since the shielding effect may 
be neglected, as discussed by JONES. (‘*) Calculations have been carried out for the temperature 
range 5006-40,000 K. Although the lowest temperature is too low for the usual laboratory 
experimental conditions, we have carried out computations for this temperature, since it is 
expected that long-range potential effects are most prominent for low impact velocities. The 
unsymmetrized form of the Z-arguments of the a2 functions has been used, although the 
computer program provides facilities both for symmetrized and unsymmetrized versions. We 
have made this choice because, in our approach, the reaction of the emitter on the perturber is 
already effectively taken into account, to some extent, by the nonuniform motion of perturbing 
electrons. 

Since the reliability of both theoretical and experimental values for shifts is rather dubious, 
only halfwidths of neutral spectra1 lines have been calculated. 

N(I), 3s4P - 3p4Do, A = 8692 A (multiplet 1) 

We have chosen this line for the following reasons. The effective polarizability of the upper 
level of the transition is fairly large and the emitter possesses a non-zero quadrupole moment in 
the upper level state, so that we can investigate the relative contribution of quadrupole 
interactions. Furthermore there are experimental results available for the halfwidth. 

The structure of multiplet 1 is given in Table 3. Lines 1, 2, 4, 5, 6 and 7 have non-zero 
quadrupole moment in the initial state, as may be seen from Table 3. According to eqn (lo), 
lines 1 and 5 may have three different projections of the quadrupole moment of the upper state, 
whereas the 2, 4 and 7 lines possess two projections only; finally line 6 has four different 
projections. For lines 3 and 8, only the polarization potentials come into play. We shall examine 
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lines 2, 4 and 7 in greater detail. The quadrupole moment of the upper state 
1~~2~*2p*(~P)3p(~O~)~~~ can be calculated according to eqn (2) by taking into account the 
quadrupole moment of the excited 3p electron. The factor (ilr21i) in eqn (2) has been calculated 
according to a standard formula [e.g. JONES”“]. 

We have calculated the minimum impact parameter according to eqn (11) (i.e. without Q) 
and numerically (see Appendix I). We present numerical values for a temperature T = XKKI K in 
Fig. 1, together with values obtained from eqn (15). 

As can be seen from Fig. 1, the influence of the quadrupole interaction on pE is negligible in 
this particular case. Of course, if the effective polarizability LY is small enough, the relative 
contribution of the quadrupole interaction may be comparable with that of the polarization 
potential contribution but, in this case, both can be neglected. One peculiar feature of the 
polarization potential interaction, shown in Fig. 1, are steps in the potential curve due to sudden 
changes of magnitude of u as a function of the impact-electron velocity [see eqn (4)]. As for 
the semiclassical Pmio curve, one sees in Fig. 1 that in some low-velocity region, the curve is not 
smooth because of numerical difficulties in solving eqn (15) as discussed in Appendix I. 
However, this velocity region does not contribute to the calculated halfwidths, since it is x 
which counts there if long-range effects are neglected. 

Clearly, for velocities smaller than some v = vl (see Fig. l), the critical impact parameter pc 
is larger than semiclassical Pmin and should be used instead. 

We shall now investigate numerically the influence of the deviation of perturber paths from 
rectilinear trajectories. The set of trajectories for a particular case, a = 568.6 a.u. (this effective 
polarizability corresponds to v < vo in Fig. 1) is given in Fig. 2; for a particular impact 
parameter, trajectories with additional contributions for Q = + 10.54 a.u. are also given. As can 
be seen from Fig. 2, it is only for p not much different from pc that the deviation from the 
straight path is significant. Moreover, in case p h pc it is the scattering angle which changes 
rapidly but the curves may be approximated by a broken line, as is indicated in Fig. 3. This is a 
general feature of all noncoulombic long-range interaction. We have calculated the A,((ZI, 0) 
function, by using applicable formulae in Appendix II for particular numerical values of the 
relevant parameters for our lines and along several paths from Fig. 2. Thk results are given in 
Table 1, where the functions A2((Z() are also presented for comparison. 

As can be seen from Table 1, introduction of the long-range potential gives rise to a change 
of many orders of magnitude in the numerical values of the AZ functions. However, the new A2 

Fig. 2. Electron trajectories for the long-range potential of N(I)Op4D”). 
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Y 

Fig. 3. - - - -, The perturber path in a long-range potential; -, the approximate perturber path. 

I 

Table 1. The A, functions for Stark broadening, 

(x = 568.6 a.m. 

= 0.274 a.~ 
I = 0.09611 a.". (=2.102.10' cm/set) 

"3 
"1 (=6-10' cm/set 

Pb.u3 35 30 25 15.71 

2 19.084 16.36 13.63 3 

A2([z!) 1.59.10-15 3.168*10-13 fi.206.10-11 0.02537 

Q(a.ti 0 I 0 +10.54 0 -10.54 0 

@brad) 1.517 1.462 1.422 1.265 0.976 1.363 

A,(lzt,W 8.120.10-6 4.474.10-5 1.236e10-4 5.121.10-4 1.771.10-3 0.01942 

Table 2. Half-halfwidths of N(I), multiplet 1, (3s4P - 3p4Do), A = 8692 A, N, ='1016 cm-l. 

T(K) Jot% G& " WP&) P(X) 

5000 0.0339 0.0334 0.0315 0.0371 

40000 0.0866 0.0805 0.0869 0.0868 

functions are still negligibly small and consequently are not expected to influence noticeably th 
final results. This is due to the fact that values of the argument 2 are too small for th 
particular choice of the relevant parameters. 

In order to investigate the possible effect of the long-range potential influence, we hav 
picked up a more suitable set of parameters and then calculated the A,(lZl, 6) functions. Th 
numerical results are also given in Table 1 (u = us). 

As can be seen from Fig. 1, the velocity v3 is rather far away from the most probabi 
velocity u. and consequently the change in A2 values (see Table 1) should not cause noticeabl 
change in the final values of the halfwidth. However, this may not be the case for lines wit 
large effective polarizabilities a with denser perturbing levels. 

We have computed half-halfwidths for five different temperatures. The results are given i 
Table 2 where wco are the half-halfwidths computed by using the program of COOPER an 
OERTEL,“@ the wG are taken from Griem’s boqk,‘14’ wp are our numerical results wit 

QSRT Vol. 19.No.4-C 
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polarization potential interaction only, and wLR are values with the complete long-range 
interaction (polarization + quadrupole interaction). These last results have been obtained by 
setting pE = &(Q+) + pc(Q-)l instead of using an average over p,(Q). This approximation is of 
course justified, if the function under the integral does not vary greatly in the lower integration 
region. The approximation also affects the strong collision term but, according to our estimates, 
the error thus introduced is only about 2%. 

For some lines from multiplet 1 there exist experimental results by MORRIS, KREY and 
GARRISON”” obtained at T = 13,000 K and N, = 10’6cm-3. More recent results (the recom- 
mended values) for lines of multiplet 1 (lumped together) by HELBIG, KELLEHER and WIESE,“~’ for 
the temperature range lO,OOO-16,000 K are also available. We present these in Table 3, together 
with the theoretical results extrapolated graphically to these temperatures. 

As is seen from Table 3, the experimental situation is not clear since MORRIS, KREY and 
GARRISON”~’ obtained different values for different lines within the multiplet whereas HELBIG, 
KELLEHER and WIESE,‘*” whose measurements should be regarded as more reliable, recommend 
a unique value for the entire multiplet. Since our analysis has shown, in this particular case, that 
the quadrupole interaction is negligible, it should be used as additional evidence of the 
negligible variation of w within this multiplet. This conclusion should remain unaltered even if 
one carried out calculations by making use of proper matrix elements R$ for each particular 
line within each multiplet, instead of using lumped values as we have done. The theoretical 
results in Table 3 do not differ greatly from each other and are slightly larger than the value of 
HELBIG, KELLEHER and WIESE.‘*~’ 

4. DISCUSSION 
It is clear from the above analysis that the overall effect of the long-range interaction on the 

halfwidths of spectral lines of neutral emitters will crucially depend on the effective 
polarizability a of the upper level of transition, and on the magnitude of an (eventual) 
quadrupole moment of the same state. Obviously the most favourable case would be that when a 
remains large in a sufficiently large velocity region, particularly if the latter comprises the velocity 
distribution maximum. This will be achieved if one of dominant terms in eqn (4) is sufficiently far 

Table 3. Half-halfwidths for N(I), multiplet I at T = 13,000 K, IV, = 10’” cm-‘; experimental values: tv”‘--Mo~~u 
et a/.;“9’ wH---HELBlG et 01.; (“’ theoretical values: w~-GRIEM;“~’ W~~--COOPER and OERTEL,““’ wP-present work 

(using the polarization potential only). 

7 312 8747.4 

8 312 l/2 8728.9 
I 

2 = 0.0450 

multiplet 1 WG = 0.0500 

3S4P - 3p4l.P 
8692. 

WC0 = 0.0462 

wp = 0.0478 

1 
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away from the upper level of the transition. However, if there are some close perturbing levels of 
the upper state and/or of the lower, one, the corresponding semiclassical Pmin may also be large and 
consequently the long-range interaction effect need not be noticeable. In any case, if a! is 
everywhere small, or if it is large but in the velocity region far away from the distribution function 
maximum, the effect we have investigated is negligible. As an example of the second case we have 
investigated He(I) line A = 4713.2 A, where the effective polarizability has its maximum value: 
a = 6.92 * lo4 a.u. Halfwidths of this line have been computed for the same temperatures as in the 
case qf N(I) line from the previous section, and no significant change from the values computed 
according to the Cooper and Oertel method has been revealed. The same conclusion is obtained in 
case of lines Li(I), A = 5707.8 and 8126.4 A and Mg(I), A = 11828 A. 

As expected, the most prominent change in calculated halfwidths is obtained in the low 
temperature region, where the average velocity is small enough. However, if the average 
velocity is too low, Pmin = A dominates both pz$ and pc. 

According to our results from the previous section, it turns out that the choice of pmi,, in the 
velocity region v < v2 (see Fig. 1) does not affect the calculated halfwidth appreciably. 
However, one might make use of this negative result and compute Pmin in this region only by pc 
and jr, what is much simpler and more safe from the numerical point of view and consequently 
saves some computing time. 

We have not taken into account quadrupole polarizabilities of the atoms. One might think 
that this polarizability could play an important role in the velocity region where LI drops to very 
small values. However, since the distance of the minimum approach is generally much larger 
than 1 a.u., the contribution from the quadrupole polarization potential, which falls down as re6, 
would be negligible compared to the quadrupole potential interaction (if present). If Q = 0. and 
a 2 O., the quadrupole polarization potential could be the dominant one, but its effect would be 
very small in any case. 

We chose N(I), multiplet 1, for our analysis partly because of the availability of the 
experimental results. However, one might find other lines where long-range interaction effects 
are more prominent ones, and where the quadrupole interaction could give rise to a noticeable 
change in halfwidths of different components within a multiplet. This last effect could be the 
best criterion for an estimate of the importance of the long-range effects for the spectral lines 
from neutrals. 
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APPENDIX I 

Elecrron motion in the joint polarization and quadrupole potential 
If the projection of the quadrupole moment of an atom onto the line connecting its nucleus with the incoming electron 

(quantization axis) is denoted by Q. then the leading terms of the long-range interaction potential are given by 

where u is the effective atomic polarizability (a > 0). The equation for the electron path is again given by an elliptic 
integral [GOLDSTEIN”“] 

&=kp = 
I 

ttYr)l-“” dr, (1.2) R 

where k is the impact velocity and p the impact parameter. If Q = 0. one has the following formulae for the electron 
trajectories: 

4 =; F(A/m), 
z 

sinA=:, m =?<l. p>p,, 

m=\/?arccothF, p=pc= 
J 

I k(1114. 

d=+ F(A/m), 
< - 

(1.5) 

where F(A/m) are elliptic functions of the first kind [ABRAMOVITZ and STEGIJN”‘~] and r, and r, are positive roots of t(r). In 
the general case (Q# 0) it is more convenient to calculate the integral in eqn (1.2) numerically. as it was done for drawing 
the electron paths in Fig. 2. As for the impact parameter R. which separates “normal” trajectories from those passing 
through the origin, one looks for the roots of the polynomial t(r) again. However, since the coefficients of the polynomial 
contain four parameters, an analytical solution of the equation e(r) = 0 would be cumbersome. On the other hand, a 
straightforward numerical search for the roots would be inconvenient too, because, first, we do not need all possible roots, 
and second, any likely improper construction of the initial conditions causes much computational trouble (as revealed in Fig. I ). 
We have, therefore, adopted another procedure for finding the largest (positive) root. 

One finds, first, analytically, the largest root R,., of a polynomial of the third order q(r) = dt/dr, which corresponds to 
the rightmost minimum of f(r) (the other minimum is, in our case, always situated in the negative r region), and then 
checks the sign of t(R,,,). Starting with a sufficiently large value of p (for fixed values of k, Q and a), we adopt for the p< 
that value of p at which t(R,,,) has just become positive, i.e. for which real positive roots of I(r) cease to exist. In other 
words, for p 5 pc the point of closest approach disappears and the particle passes through the centre. 

APPENDIX II 

Stark broadening functions 
From the definition [GBKO,@’ SAHAL-BRECHOT,“’ COOPER and OERTEL,“~’ GRIEM”~‘] GBKO Stark broadening functions 

for the straight-line perturber paths are 

(11.1) 

(11.2) 

(11.3) 

Here, P indicates Coshy’s principal value of the integral. 
In calculating AZ functions we adopt the procedure used by SAHAL-BRESCHOT.‘~’ with the straight-line path substituted 

by the broken rectinlinear line [see Fig. 31. If one denotes the angle between two parts of the trajectory by 28, one obtains, 
after some simple calculations 

where Z = pa/k and 

Az(lZI, 6) = (AZ+ B2) cos* 0 t (C2 + D’) sin* 0 t (BC - AD) sin 20, (11.4) 

A= m x ‘OS ” dX = g = ;1Zl[L,(lZl) - &([Zl)] f I, 
(1 t xy 

B= “” zx 
(1 t x2)“* dX = ~Z)[LI([ZI) - 11(1Z))l+ IZI, 

c = - I-wocl4). (11.7) 

D = IZIK;(IZl), (11.8) 

where L, is the modified Struve function, 1, is the modified Bessel function of the first kind and K. is the modified Bessel 
function of the second kind [ABRAMOVITZ and STEGUN(“)]. Inserting A2 into eqns (11.1) and (11.3) and then eqn (11.3) into eqn 
(11.2) one obtains finally az(lZI, 0) and b,(Z, 0) needed for eqn (14). 
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Abstract--The temperature dependence of Gaunt factors has been deduced from experimentally deter- 
mined Stark widths of Ar(II) and Ca(If) spectral lines at various electron temperatures. 

OUTLINE OF THRESHOLD GAUNT FACTOR STUDIES 

THE ~GNrrUD~ of the Stark-broadening parameters for a spectral line in plasmas at low 
electron temperatures often depend on the presence of a very few perturbing levels. In these 
cases, the Stark widths can be evaluated from Griem's semiempirical formula °) if the atomic 
characteristics of the nearest perturbing level are known. Conversely, it should be possible for 
these cases to deduce from experimentally determined Stark-broadening parameters the elec- 
tron-atom scattering cross sections, which are proportional to the free-free Gaunt factors. 

Recently, H~.Y ~2'3~) and HEY and BRYAN (4~ have used the indicated procedure to deduce, from 
experimentally determined Stark widths, new semiempirical Gaunt-factor thresholds for single- 
and multiple-ionized atoms. In order to obtain reliable values for the Gaunt factors, these 
authors took into account the complexities of the particula| atomic structure (e.g. deviations 
from LS coupling, configuration mixing, and optically forbidden transitions). In this way, a 
number of effective Gaunt factors of singly- (N(II), O(II) and F(II)), double- (N(III), O(III), 
CI(III) and A(III)) and triply-ionized (A(IV)) atoms were obtained. The Gaunt factors at the 
threshold were found to be constant and independent of the electron temperature for a single 
ionization stage of an element. 

In the evaluation of effective Gaunt factors, H~.'/~3~) and HEY and BRYAN ¢4~ used experi- 
mentally measured Stark-widths (s-9) obtained in a relatively narrow temperature range (21,000- 
26,000K) by assuming that a semiempirical formula describes correctly the Stark-width 
dependence on temperature. This assumption is, however, questionable in some cases and the 
resulting effective Gaunt factors should be used with caution in application to other tempera- 
ture ranges. 

RESULTS AND DISCUSSION 

In order to illustrate the temperature dependence of effective Gaunt factors deduced from 
the semiempirical formula, we have analyzed, in as wide a temperature range as possible, the 
available experimental results for the line widths of several multiplets of A(II) and one multiplet 
of Ca(II). In choosing these multiplets, two different criteria were applied: (a) there exists a 
large number of accurate experimental data in a wide temperature range [see, e.g. KomEvI~ and 
WIESE <=°)] and (b) the elastic scattering term is dominant in the evaluation of line widths (the 
closest perturbing level is so far away that all perturbing levels may be lumped together), so 
that one can use the following approximative formula (m> for the Stark half-halfwidth (in angular 
frequency units): 

where 

ni2 [5ni 2 + 1 - 31~(li + l)]ao 2 (ilr2[i) = 2(Z + 1) 
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and 
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ni 2 = ( Z  + 1)2EHI(I  - E i ) .  

In the above formulae, gse is the effective semiempirical Gaunt factor, N, is the electron 
concentration, T is the electron temperature, ao equals the Bohr radius, ii represents the orbital 
quantum number of the bound valence electron, EH is the ionization energy of the H-atom, Ej 
and I are empirical excitation and ionization energies of'the ion, AEi and AE t are the energy 
separations of the upper (i) and lower (/) energy levels to the nearest perturbing levels: m is the 
mass of the electron, k is Boltzmann's constant, and Z = 1 stands for singly-charged ions. 

From eqn (1) and selected experimental results, it was possible to deduce effective Gaunt 
factors; the results are given in Figs. 1 and 2. In spite of the large scatter of the experimental 
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data, we notice that, instead of a constant value for the effective Gaunt factor of 0.2, much 
better agreement would be obtained with a temperature-variable Gaunt factor. 

In Figs. 1 and 2, we also give values of Gaunt factors evaluated by JONES et  al. (H) on the 
basis of a comparison between results obtained from the semiempirical formulas and the 
semiclassical approach, assuming the latter being exact. This assumption was previously proved 
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in a number  of exper iments  where the semiclassical results and experimental  data  agreed within 
-+20% [see, e.g. JONES, (21) GPaEM, ~3) KONJEVI~ and WIESE"°)]. The results for effective Gaunt  
factors deduced in this manner  agree better  with the experimental  results of Figs. 1 and 2 and 
they are well within the typical experimental  errors of -+20--40%. However ,  the theoretical 
Gaun t  factors show a different t rend with temperature.  This result  indicates that even the 
semiclassical theoretical approach (see Fig. la)  does not  describe correct ly the dependence  of 
line width on temperature  in some cases. Similar discrepancy has been  noted at elevated 
temperatures  when comparing experimental  and semiclassical results for neutral-atom lines [see, 
e.g. KomEw~ and ROBERTS<t4)]. Compar isons  were based on a relatively small number  of 
experimental  data (only s - p  transitions).  However ,  the results in Figs. 1 and 2 indicate that the 
effective Gaunt  factors deduced from experimental  data may be used with confidence only 
within the same temperature  region. Outside of this temperature region, uncertaint ies  will 
increase.  

Final ly,  we may  conclude that, in order to clarify the dependence  of semiempirical effective 
Gaunt  factors on the temperature  (i.e. possible discrepancies be tween semiempirical  and 
semiclassical theoretical approaches and the experiments) ,  reliable experimental  data over  a 
wide temperature  range are urgent ly needed. 

Acknowledgement--The authors are indebted to Dr. J. HEY for making available the results in Ref. (5) prior to publication. 
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Abstract--Measurements of the Stark widths of doubly and triply ionized sulfur lines were made in a low 
pressure, pulsed arc plasma of electron density 5.1 x 10 j6 cm -3 at an electron temperature of 28,500"K. The 
experimental S(III) and S(IV) Stark-profile halfwidths were compared with calculated values obtained with 
Griem's semiempirical and approximate semiclassical approach. The experimental results agree better with 
the semiclassic~l results. 

INTRODUCTION 

THE EXPERIMENTAL study of line broadening of prominent S(III) and S(IV) lines represents an 
extension of the systematic study of Stark broadening of doubly and triply ionized atoms. This 
work started in 1975 with the measurements of line widths of A(III) and A(IV) ~ and further 
continued with the measurements of N(III), 20(III) ,  3 CI(III), 4 Si(III) and Si(IV). 5 

The intention of this work is to supply Stark-broadening data for some prominent lines of 
S(III) and S(IV). The experimental results are then compared with the theoretical results 
calculated from Griem's semiempirical 6 and approximative semiclassical approach. 7 

THEORY 
The main problem we have encountered in the theoretical evaluations of linewidths of 

multiply ionized atom lines is a lack of the data for higher perturbing energy levels. Fortunately, 
the energy gaps between energy levels of multiply ionized atoms are usually large enough to 
permit successful use of approximate methods which take into account only one or a few 
nearest perturbing levels. Therefore, for theoretical calculations of the Stark linewidths of 
S(III) and S(IV) we have used Griem's semiempirical 6 and approximate semiclassical formula 
for multiply ionized atoms. 7 All perturbing levels in Griem's semiempirical approach were 
lumped together. 6 

When using an approximate semiclassical formula for multiply-ionized atoms [Eq. (526) in 
Ref. 7], lower level broadening is included in the weak collision term together with the Bates 
and Damgaard factors, as suggested by GRIEM. 7 

Data for atomic energy levels neccessary for these computations were taken from MOORE. 8 
The data for an additional level 4dap of S(III) were taken from the work of DYNEFORS and 
MARTINSON. 9 

APPARATUS AND PROCEDURE 

The apparatus and procedure were described in more detail previously. ~-5.1° The plasma 
source was a low pressure (0.15 torr) pulsed arc, 20 cm long, with a pyrex discharge tube 24 mm 
internal diameter. Holes of 1 mm diameter were located at the centres of both electrodes for 
laser intefferometric measurements of Ne and for end-on plasma observations. The discharge 
was driven by a 150 ~tF condenser bank charged to 1.4 kV. 

The light from the pulsed arc was observed end-on by a photomultiplier-monochromator 
system (with 1 m focal length and inverse linear dispersion of 4.16 ,~ ram-I). This instrument has 
a measured instrumental half-widths of 0.046 A with 10/~m slit width. Scanning of S(III) and 
S(IV) lines was accomplished by repeated pulsing of the arc while advancing the monoch- 
romator in steps of 0.02 A. The output of the photomultiplier, together with the discharge- 

tThis work was partially performed under a grant from the U.S. National Bureau of Standards. 
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current waveform, were recorded on a dual-beam oscilloscope. All signals were analyzed at the 
maximum of electron density. In order to obtain optically thin S(III) and S(IV) lines, SF6 was 

diluted with nitrogen. The ratio 1 : 25 was determined after a number of experiments in which 
SF6 was gradually diluted while line shapes and line intensities within multiplets were carefully 
observed (see Ref. 1). A helium-neon laser interferometer at 6328 ,~ (with a plane external 
mirror) was used to determine the axial electron density. The peak electron density was 
5.1 × 1016 cm -3, with estimated measurement errors not exceeding _ 7%. 

An electron temperature of 28,500 K -+ 12% was determined from the Boltzmann plot of the 
relative intensities of five S(III) lines (2756.89, 2856.02, 2964.80, 3370.38, 3387.53A); the 
transition probabilities were taken from the book of Wmse et al. I' For these measurements, the 
spectral response of the photomultiplier-monochromator system was calibrated by using a 
standard tungsten coiled-coil quartz-iodine lamp. The quoted electron temperature and density 
were taken at the peak of the electron density. 

The experimentally observed line profiles are the result of the superposition of a Stark 
profile, an instrumental profile, and the profiles induced by other broadening mechanisms. On 
the basis of well known formulae, 12 we have estimated the contribution of various broadening 
mechanisms to the widths of the S(III) and S(IV) lines. It was found that only the contribution 
of Doppler broadening is comparable with electron impact broadening. Therefore, the experi- 
mental line profiles consist of two parts: electron impact broadening (Lorentzian) and Doppler 
and instrumental broadening (Gaussian). To obtain the Stark profile from the measured profile, 
it was necessary to use a deconvolution procedure for the Lorentzian and Gaussian profiles. ~3 

RESULTS AND DISCUSSION 
The experimentally determined full halfwidths of S(III) and S(IV) lines (in ,~), at an electron 

concentration of 5.1 x 1016 cm -3 and an electron temperature of 28,500 K, are given in Table 1. 
The estimated measurement error for these linewidths is +_ 18%. This estimated error does not 
include the uncertainty in electron-density and temperature measurements. For the same 

Table 1. Experimentally determined full halfwidths for S(III) and S(IV) in .~ (W,,), compared with semiempirical 
(Ws~) and semiclassical (Wsc) theoretical results, Ne = 5.1 x 10 '4 cm -3 and Te = 28.500°K. 

IO=1 

SIII 

SIV 

Trans~tlon array (No.) 

3p3d_3p(2pO) 4p 3pO_3p 3370.38 0.076 0.041 0.075 

(2) 3387 .]:3 0.077 0.041 0.075 

3D°-3P 3928.62 0.088 0.058 0.105 

(8) 3983.77 0.086 0.058 0.105 

3p4s_3p (~o) 4p 3pO~ 4332.71 0.125 0.084 0.212 

(4) 4361.53 0.126 0.084 0.212 

3pO_~ 3831.95 0.I01 0.069 0.176 

(5) 3899.09 0.098 0.069 0.176 

3p°-3S 3662.01 0.093 0.065 0.166 

(6) 

3p4p_3p(2po) ~ 3~:~o 2356.02 0.105 0.057 0.139 

(15 w)  2863.53 0.103 0.057 0.139 
2872.00 0.102 0.057 0.139 

3D-3D° 2718.88 0.103 0.054 0.131 

(16 UV) 2756.89 0.105 0.054 0.131 

3p-3D° 2950.23 0.107 0.064 0.155 

(18 UV) 2964.80 0.108 0.064 0.155 

4s-(is) 4p 2S-~° 3097.46 0.059 0.036 0.100 
(1) 
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experimental  conditions, two sets of theoretical data were calculated and are also given in the 
table. Results obtained with the semiempirical formula are given under Ws~, while the results of 
approximate semiclassical calculations are listed under Wsc. 

From the comparison of theoretical and experimental  results, we conclude that the 
semiempirical results are systematically lower than the experimental  data. On the other hand, 
the approximate semiclassical results are systematically higher (with the exception of the S(III) 
multiplet 2 where the agreement is excellent). However ,  in general, the semiclassical results 
agree better with the experiments.  

Theoretical results for the S(III) multiplets 4 and 5 have been calculated only up to 

20,000°KJ 4 Nevertheless,  the results under our experimental  conditions for an electron tem- 
perature of 20,000°K (multiplet 4, W = 0 . 1 4 4 , ~  and multiplet 5, W = 0 . 1 3 7 A )  are in better 
agreement than the results derived from either of the two theoretical approaches used. Since 
theoretical linewidths decrease with the electron temperature at 28,500°K, the agreement should 
be even better. 

Acknowledgement--The authors gratefully acknowledge the interest of Dr. W. L. WIESE in this work. 
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Abstract--In this paper, we report modifications of well known semiempirical and semiclassical ap- 
proximation formulas for Stark line-width calculations. Comparisons with experiments for douhly ionized 
atoms yield. as an average ratio of measured to calculated widths I.06 i- 0.31 for a modified semiempirical 
formula and 0.96kO.24 for a modified semiclassical formula. For triply ionized atoms these ratios are 
0.91 20.42 and 1.08~0.41, respectively. Comparison with other theoretical calculations have also been 
made. 

I. INTRODUCTION 

For evaluation of Stark widths and shifts of non-hydrogenic spectral lines of ionized atoms, 
various theoretical approaches have been used (see, e.g. Ref. 1). Comprehensive calculations of 
Stark-broadening parameters of spectral lines emitted by singly ionized atoms from lithium 
through calcium have been performed by Jones et al.;’ the results are included in Ref. I. These 
calculations were based on a generalization of semiclassical methods, as used previously for 
neutral helium lines.3 The experimental results for singly ionized atom line widths are generally 
in fairly good agreement’.4.’ (on the average, within 220%) with these calculations. Fully 
quantum-mechanical impact approaches, based on the original formulation by Baranger? have 
been used also for the calculations of the line widths for Be(H),’ Mg(II)‘.‘, and Ca(ID9,” 
resonance lines. Agreement with the experiments falls within the limits of accuracy of the 
semiclassical theory. 

Both semiclassical and fully quantum-mechanical methods can be used for the evaluation of 
isolated line widths of multiply charged ions. However. both approaches involve considerable 
labour, especially the quantum-mechanical method. 

Whenever large numbers of theoretical data of the Stark linewidths are required (e.g. for 
opacity evaluations), tedious calculations can be avoided if one uses simple, approximate 
formulas. For this purpose simple formulas with good average accuracy are especially con- 
venient. 

In 1968, Griem” suggested a simple semiempirical impact aljproximation based on 
Baranger’s” original formulation, together with the use of an effective Gaunt-factor ap- 
proximation proposed by SeatonI and Van Regemorter. I4 For singly ionized atoms, this 
semiempirical formula agrees on the average within 250% with experiments.’ For multiply 
ionized atoms, the agreement becomes worse and few attempts have been made to extend the 
applicability of this approach to higher ionisation stages.‘s-‘x This extension was done by 
adjustments of the effective Gaunt factors and by taking into account also the complexities of 
particular atomic structures (deviations from LS coupling, configuration mixing and optically 
forbidden transitions. Some limitations of these attempts”-‘x have been discussed recently by 
Dimitrijevic and Konjevic.” 

An approximate semiclassical approach for the evaluation of the Stark line widths of 
multiply ionized atoms has been suggested by Griem.’ This approach yielded results that 
compared well with the experimental results for C(III) and C(IV)‘O which, at that time, were the 
only reliable data. In the meantime, a number of experimental results for the Stark widths of 
the prominent spectral lines of Ar(II1) and Ar(IV)2’, N(III)“, 0(III)z3, Si(III)24.2s and Si(IV)“, 
Cl(III)26 and S(II1) and S(IV)*’ have become available and detailed comparison was possible. 

tThis work was partially performed under a grant from the US. National Bureau of Standards, Washington, DC 

451 



452 M. S. DIMITRIJEWC and N. KONJEVIC 

2 THEORY 

Within the impact approximation, Baranger” derived a quantum-mechanical expression for 
the width of an isolated ion line: 

+ We,, (II 

where W is the full half-width (FWHM) in units of angular frequency and N is the electron 

concentration. The symbols rri’i and CT~,, represent the inelastic cross sections for collisional 
transitions to i’, f’ from initial (i) and final (f) levels, respectively, of the optical transition. W,., 

is the line width induced by elastic collisions. The averaging in Eq. ( I) has to be performed over 
the electron velocity (v) distribution. 

Within the framework of the dipole approximation, one may use Bethe’s’” relation 

(2) 

to evaluate inelastic cross sections. In this expression lr = hlmv is the reduced de Broglie 

wavelength of an electron and R$ (in units of the Bohr radius a,,) is the square of the 
coordinate operator matrix element summed over all components of the operator, the magnetic 
substates of total angular momentum J’, and averaged over the magnetic substates of J. 

For higher electron temperatures, Griem” assumed that the contribution of elastic collisions 
to the line width [see Eq. (l)] can be neglected. The same author” made an attempt to take 
elastic collisions into account at the low temperature limit by using the threshold value of the 
inelastic cross section below the threshold. The Stark line width can then be calculated from the 

well known semiempirical formula” 

(3) 

Here, E = 3kT/2 is the energy of the perturbing electron and AE~j = IEj,..EiJ is the energy 
difference between levels j and j’: g(x) = 0.20 for x I 2 and g(x) = 0.24, 0.33.0.56,0.98, and I .33 

for x = 3, 5, 10, 30, and 100. 
If the nearest perturbing level in Eq. (3) is so far from Ei or E, that the condition E/AEV, 5 2 

is satisfied, g becomes a constant.” Then, the summation in Eq. (3) can be performed 

straightforwardly leading to considerable simplification of the relation. The line width (FWHM) 
in A units then becomes 

W(A) = 0.4430’ IO-” A2(cmPJ(cme3) cRz, + R21 T,,2 ,, f . 

R$ = C Rfj = i (%)‘[_(t~f + 1 - 3li(ij + I)], 
i’ 

(4) 

(5) 

where ni is the effective principal and ii the orbital angular momentum quantum number, while 
(Z- I) is the ionic charge. 

As we have pointed out previously, the semiempirical relation” agrees on the average within 
~50% with experimental data for singly-ionized atoms. Griem’ suggested that the same 
expression with an effective Gaunt factor threshold value of 0.2 can be used for multiply- 
ionized atoms with an error + 100%. However, the comparison with the experimental values of 
the line widths of doubly- and triply-ionized atoms ‘5-‘8~20~26~27~29 shows that the theoretical results 

are systematically lower. This observation is an indication that the threshold value of 0.2 for the 
Gaunt factor is rather small for higher ionization stages. 

For the transitions with the principal quantum number n unchanged, Kobzev” suggested 
an empirical value of g = 0.9- l/Z at threshold. We have adopted this suggestion. There- 
fore, in Eq. (3). the contribution of the collisional transitions with An = 0 is treated separately. 
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For higher electronic energies, the Gaunt factor is calculated from the following equation: 

g(x) = 0.7 - 1.1/z+ g(x). (6) 

If one uses Eq. (3) to calculate Stark line widths, a lack of atomic data causes difficulties in 
the evaluation of the needed matrix elements. These difficulties are especially serious for 
multiply-ionized atoms for which data on higher perturbing levels are sometimes completely 
missing in the literature. To overcome this problem, we have separated the transitions with 
An = 0. Also, the LS coupling approximation is assumed. In this case, only two matrix elements 
are calculated: one for the transition array I + I+ l(Rf,l+,) and the other for I + I - l(R:,_r). The 
same technique has been used by Griem’ for semiclassical calculations of multiply charged ion 
line widths. 

Equation (3) becomes now 

R2 21 * * max (1, 1’) ( > 1.1’ 22 2, + 1 [n* - mix* (1, UM*, 

(7) 

(8) 

(9) 

For the inelastic part in Eq. (7) the nearest perturbing level is estimated from 

A&.,+I = 2PEH/n3. 

At the high temperatures, say 3kT/2AE > 50, all Gaunt factors in Eq. (7) are calculated in 
accordance with the GBKO high temperature limit,3 viz. 

Sri = gvj = @ 1 
T [2+*n ($3 (10) 

Our semiempirical formula, Eq. (7), is very similar in form to the equation for isolated line 
widths of multiply-charged ions derived by Griem’ using the semiclassical approach, i.e. 

w=~~~~~du[[(R**n~),i.,,+,+(R2*n~)i ,,,, _,+@qJ,+, 

+ (R2 In z),r,,,_,l,,_, + F (RfdAn*o(*n z),,..,+,+ 7 (R~‘~)A.#O(*n~)g,+~} + wc- 

For An = 0, 

(*n~),,,,=*n[5-~+~~f![*+2E~~(~~l)~’~, 
5, ,, = (2 - lk2w, 

mu’ ’ 

(1 I) 

(12) 

(13) 

0, = max &q~~l, op. WA Awl. (14) 

Here, E is the eccentricity of the hyperbolic perturber path, w~,~, is the frequency separation 
between 1,l’ levels, wp = (4aNe*/m)“* is the plasma frequency, wF is the fine structure splitting, 
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and AWi is the ion splitting. For the strong lines of doubly- and triply-ionized atoms. W, ~= 

max{/w,,,,j, w,} may be used in most cases. 

For the transitions with LII= 0 in Eq. f 12). 5 - (4.511 L) (corresponding to ,L( = 0.9. l.l/;/ 
near threshold) must be replaced by I .4. the value of which corresponds to ,r = 0.2 for energies 

up to about three times the threshold energy.‘,” Furthermore, since the n -*n + I transitions 

dominate between all An f 0 contributions.’ one should take hw, --_ 2Z’E,/n ‘. 

In Eq. (I 1). W, is the line width induced by strong collisions and higher multipole 

interactions.’ i.e. 

Griem’ has tested Eq. (I I) by comparing with one experiment”’ (for C(II1) and C(IV) lines at 

58,ooo” K) and with the semiclassical calculations of Sahal-B&hot and Segre.” On the basic of 

this comparison, he assigns a + 50% error to the results of Eq. (11). In the meantime, 21 large 

number of new experimental data”-” have become available at electron temperatures in the 

range 2O,O(W-?O,ooo” K. For most of these lines, the electron energy is lower than or near the 

threshold for inelastic transitions to the closest perturbing level. For these energies. elastic 

collisions are dominant and widths from Eq. (1 I) “may be relatively too large. because the 

possible cancellation of elastic contributions to the width was ignored”.’ In order to compen- 

sate in some way for this effect. we used 1.4 instead of 5 -43/Z on the r.h.s. of Eq. (12). on the 

basis of the following argument: below the inelastic transition threshold, the elastic contribution 

is taken into account twice via the strong collision correction and via the extrapolated Gaunt 

factor. At higher temperatures, the difference between these two versions of Eq. (I I) is small. 

well within theoretical uncertainties for this relation. 

1 RESULTS AiiD (‘OMI’ARISONS WITH EXPERIMENTS 

The results of theoretical calculations on electron impact line widths for the prominent. 

isolated lines of Be(II1) through Ar(II1) and B(IV) through Ar(IV) will be published elsewhere 

and only the comparison with experimental and other theoretical results will be given here. 

It is not necessary to discuss here uncertainties in all of the approximations involved in our 

calculations since the criteria for their application are described in detail elsewhere.‘,‘.“.“~” 

However, it should be noted that the principal shortcomings of the methods applied for the 

evaluation of line widths lie in the uncertainty in the estimation of strong and elastic 

contributions. The use of ;I common Gaunt factor threshold value for all elements is ;I very 

crude approximation which, however, introduces great simplification whenever it is necessary 

to calculate, with modest accuracy. large numbers of line widths. 

The sources of errors which are not inherent in the various theoretical approaches are 

related to the calculation of the matrix elements and to the lack of atomic data. 

For evaluation. of the radial integrals, tables of Bates and Damgaard75.3h have been used. 

Cases with an initial atomic state with equivalent electrons were avoided. If such ;I state causes 

the perturbation corresponding coefficients of fractional parentages” are included whenever 

possible. 

Data for atomic energy levels were taken from Refs. N-44. Some additional information 

was found for S(111).4’ For S(III), data on the 4f and 5p levels are unavailable which may affect 

the results for the multiplets I5-IX UV. Results for the multiplets 2 and 6 of Ar(IV) are 

probably of lover accuracy since data for the 4d level are missing. 

In order to compare experimental with theoretical results, a critical evaluation has been 

made of the available experimental data. The basis for the experimental review was :I 

comprehensive bibliography on atomic line shapes and shifts.& The criteria imposed for the 

selection of experimental line widths are as follows: (a) an independent and accurate deter- 

mination of plasma electron density must exist, (b) a reasonably accurate determination of the 

electron temperature should have been performed. and (c) a discussion of other interfering 

broadening mechanisms and appropriate experimental problems must be described. The im- 

portance of these criteria has been discussed in detail previously.‘.4’ 
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Table I. Comparison of measured and calculated linewidths of doubly-ionized atoms. The values for the 
experimental widths W,,, are normalized for an electron density N, = I X lO”cm-‘. The element, transition, 
multiplet number, averaged wavelength for the multiplet (in Angstrom units), and the electron temperatures are 
given. Ratios of measured, W,, to theoretical results are given in the following order: WsEM, modified semiem- 
pirical formula, Eqs. (7)-(10); W,,, semiempirical formula, Eqs. (4) and (5); W,,, modified semiclassical formula, 

Eqs. (II)- with 1.4 instead of 5 -4.5/Z on the r.h.s. of Eq. (12); W,, semiclassical formula, Eqs. (II)-( 

r- 

Ion 

c III 3s3S-3p3PO(l) 

3s'lPD-3p,'D(7) 

3p'P"-3d'D(2) 

4p3Po-5d30(10) 

3p'P0-4d'D 

3d'CI-4f'f" 

4f'F"-59'G(l8) 

N III 3s*s-3p2PD(l) 24300 0.17 

3&P'-3d2D(2) 24300 0.21 

3s4PO-3p4D(5) 24300 0.18 

0 III 3s3Po-3p3D(2) 25900 0.14 

3s3PO-3p3P(4) 25900 0.11 

3p30-3d3Fo(8) 25900 0.12 

3p3P-3d300(14) 25900 0.14 

Si II 4s3S-4p3Po(2) 

4p3Po-4d3D(5) 

4p3PD-%3S(6) 

s III 

Cl 11 

Ar II 

3d3Po-4p3P(2) 28500 0.15 

3d3Do-4p3P(8) 28500 0.17 

4s3Po-4p3D(4) 28500 0.25 

4;3PD-4p3P(5) 28500 0.20 

4s3PO-4p35(6) 28500 0.18 

4$D-4d3F0(15UV 28500 0.20 

4p3D-4d3D0(161JV 28500 0.20 

4p3P-4d3Do(181!V 28500 0.21 

3d4P-4p4Po(7) 24200 0.19 

~s~P-~P~D'(') 24200 0.10 

4s4P-'p4Po(2) 25203 0.17 

4s4P-4p4SD(3) 24200 0.17 

4s*P-4p2Do(5) 24200 0.19 

~s'~D-~~'~F~('C 24200 0.18 

~s'~D-~~'~D~(I' 24200 0.14 

3d"3Po-4p"3P(6) 21100 0.13 

4s5sO-4p5P(l) 21100 0.15 

~s'~D'-~~'~D(Z) 21100 0.13 

~s'~D'-~P'~F(~) 21100 0.14 

Transition 
(mult. No.) 

- 

T 

T !Kl 

58000 

58000 

58000 

58000 

58000 

58000 

58000 

WmR 
t lx1017cm-z 

0.24 

0.52 

0.48 

1.55 

0.11 

0.12 

1.02 

16400 0.38 

25600 0.31 

25600 0.35 

25600 0.32 

1 

1 

1 

1 

C 

1 

C 

1 

1 

C 

C 

L 

3.66 / 0.63 
1.02 1 0.76 

1.71 0.60 

1.28 ~ 0.51 

3.82 1.47 

0.76 1.35 

1.18 2.30 

1.03 1.94 

1.09 2.06 

1.15 1.99 

0.93 1.59 

0.67 1.11 

0.68 I 1.14 

0.72 1.04 

0.61 1.02 

1.16 1.86 

0.96 1.51 

0.88 1.49 

0.86 1.46 

0.84 1.44 

1.56 1.84 

1.64 ’ 1.91 

1.43 1.67 

.04 1.72 

.oo 1.68 

.08 1.81 

.lO 1.86 

1.92 1.50 

.05 1.72 

I.90 ~ 1.49 

18 1.72 

.02 1.66 

References: a-20, b-22, c-23, d-24, e-25, f-27, o-26, h-21. 

WIT 
%ii 
-- 
0.89 
1.95 

1.07 

0.71 

0.80 

0.70 

0.66 

-_ 
Wrn 

T -- 
0.70 

1.59 

0.90 

0.64 

0.74 

0.66 

0.64 

-~ 
3kT 
EE 

5.88 

6.23 

5.14 

47.0 

40.0 

40.0 

40.0 

R 1 ef 

0.90 0.62 2.78 b 

0.68 0.52 1.18 b 

1.26 0.88 1.97 b 

1.12 0.78 1.65 c 

1.17 0.82 1.67 c 

0.97 Cl.76 1.12 c 

0.80 0.62 1.18 c 

0.76 0.51 0.78 

0.71 0.49 1.22 

0.64 0.48 3.36 

0.61 0.44 3.03 

d 

e 

1.00 0.77 1.17 

0.83 0.64 1.32 

0.90 0.63 1.32 

0.88 0.62 1.21 

0.86 0.61 1.27 

1.09 0.89 1.32 

1.13 0.92 1.32 

l.rlO 0.81 1.17 

e 

e 

f 

f 

f 

f 

f 

f 

f 

f 

0.94 0.72 

1.06 2.74 

1.13 0.79 

1.16 0.81 

0.96 0.67 

1.10 0.77 

0.94 0.66 

0.99 0.78 

1.09 0.75 

0.87 0.60 

1.02 0.70 

h 

I 

, 

1 __ 



456 61. S. DIMITRIJFLK and N. KONJEVIC 

Selected experimental data are compared with calculated line widths and the results for 

doubly- and triply-ionized atoms are given in Tables I and 2. respectively. In Table 3. we show 

;I comparison with other theoretical results for doubly- and triply-ionized atoms. 

4. DIS(‘USSION ,AND (‘ONC‘I I’SIONS 

From the results shown in Tables I and 2, it appears that, for the specified temperature and 

electron density regions, agreement of modified semiempirical (ratios given under W,,,/ W,,,,, I 

and semiclassical (ratios W,,,/ W,;,,) results with experiments is quite good. The errors seem to 

be random and are caused by uncertainties in both, calculations and experiments. The average 

values of the ratios of measured to calculated widths of ionized atoms are as follows: for 
doubly-charged ions, RsEM = 1.06 c 0.3 1, RSF = 1.53 ‘- 0.46, RGM = 0.96? 0.24, RG = 0.72 2 0.19; 

for triply-charged ions, RsEM = 0.912 0.42, RSE = 1.56+0.85, RGM = 1.08?0.41, R(; = 

0.72 20.32. Indicated error represents an average quadratic error 6 calculated from ii = 

J[ 
? Ai?/m(m - 1) where A, is difference between ith average ratio for the multiplet and 
1= I 3 

average ratio for all multiplets. 

The average ratios of measured to theoretical data for various elements are given in Table 4. 

The discrepancy with the experiments rarely exceeds 30%. 

The principal deficiency in the comparisons with experiments comes from the lack of 

experimental line widths at elevated electron temperatures. 

Comparisons with other theoretical data and. in particular, with the semiclassical cal- 

culations of Sahal-B&hot and Segre” indicate reasonably good agreement with both modified 

approaches. It is difficult to explain large discrepancies in the case of AMII) (multiplet No. 2) 

and Si(II1) (multiplet No. 6 UV). 

At the present time there are not enough experimental data to show which modified 

approach is the better one, especially at high temperatures. If one draws a conclusion based on 

;I single experiment for C(II1) and C(IV) lines,” the modified semiclassical approach seems to 

describe the experiment better. However, it should be emphasized here that there is not much 

difference between the results derived from the modified and unmodified semiclassical expres- 

sion at higher electron temperatures. 
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Table 3. Comparison of the calculated Stark linewidths W,,,,,, WY,. WC,. and W,; for an electron density of 

I x IO" cm-’ with the results of other theoretical calculations, W. That for W,, are given only when the condition 
kT/hE 2 3 is satisfied. 

Ion 

\l III 

;i III 

; III 

c IV 

Si IV 

TransItIon 
(mult.no.) 
wavelenqth # 

4s2s-4p2PO 

(2) 

5705.9 

4p2P0-4d*D 

(3) 

4523.2 

3p3PO.453s 

(5UV) 

1111.6 

3p3PO-4s3s 

(6lJV) 

996.1 

4s3s-4p3PO 

(2) 

4560.2 

4s's-4p'Po 

(4) 

5739.7 

3s2Po-4p3D 

(4) 

4287.1 

k3PO-4p3P 

(5) 

3840.0 

2s*s-2p2P0 

(lUVi 

1549.1 

3s%-3p2PO 

('I 

5801.5 

3A3p2PO 

('UV) 

1396.7 

3p2P0-3d20 

(3UV) 

11'26.4 

t 

I 

TCKI 

__~_. 

W 
SEI" 

!ef 

10000 
20000 

1.48 

1.04 

0.86 1.20 

0.61 0.95 

1.87 3.30 a 

1.40 0.22 a 

10000 

?OOOO 

30000 

1.33 

II.97 

0.86 

1.37 

1.14 

1.04 

1.90 1.08 a 

1.47 3.96 a 

1.30 0.92 a 

10000 0.008 

20000 0.006 

4oor)o 0.004 

10000 0.017 

20000 0.012 

40000 0.008 

10000 0.728 

11600 C.688 

20000 r.514 

58000 0.295 

11600 0.118 

58000 0.052 

0.0076 

0.0054 

0.0038 

0.0109 

0.0077 

0.0063 

0.438 

0.418 

0.310 

2 

4 

0 

9 

0 

7 

0.0684 

n.014x 0.016 

0.0110 0.012 

C.0086 (1.009 

0.0165 0.024 

0.0129 0.018 

0.0106 0.013 

0.604 0.932 

0.578 0.884 

0.473 0.693 

D.3b4 0.472 

0.0960 0.151 

0.0638 0.084 

0 

0 

0.0079 b 

0.0059 b 

0.0046 b 

0.0090 b 

0.0068 b 

0.0095 b 

0.474 ‘ 

0.463 d 

0.397 c 

0.275 d 

0.839 d 

0.629 d 

1 ooon 0.472 0.277 0.388 0.598 0.384 

70000 0.334 0.196 0.303 0.444 0.298 

c 

c 

10000 0.389 0.229 0.322 0.459 0.344 c 

20000 0.275 0.162 0.251 0.368 0.266 c 

10000 0.007 

20000 0.005 

40000 n.oo3N 

60000 0.003 

60000 0.398 

3 / ( I.0038 
2 I 1 1.0027 
6 I I.0019 
0 I 1.0016 

I.0057 

1.0042 

I.0032 

3.0028 

1.0102 b 

1.0064 b 

1.0051 b 

1.0094 e 

I I I.295 

I.008 

1.006 

I.0041 

1.004' 

1.455 I.516 I e 

10000 

20000 

40000 

10000 

20000 

4ooco 

0.014 

0.010 

0.007 

0.010 

0.076 

0.005 

3.0073 0.0104 

3.0052 0.0076 

3.0037 0.0059 

11 

0 I 
0 I 

9 1 
8 1 
4 ( 
1 

I 

I 

I 

/ 
3.0145 i b 

3.0103 1 b 

3.0083 b 

3.0066 0.0116 

3.0047 0.0086 

0.0033 0.0066 

3.015 

3.011 

3.008 

3.0128 b 

3.0101 b 

J_ 

References: a-48, b-31, c-49, d-50, e-51. 
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Table 4 Average ratio\ of measured and calculated linewidth\ for various doubly-ionized atom5 
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Abstract-Regularities and similarities in plasma broadened line widths have been studied by a comprehen- 
sive analysis of existing experimental data. Regularities are expected on the basis of general atomic 
structure considerations, and should be evident for spectral series, for corresponding transitions in 
homologous atoms and in isoelectronic sequences. Furthermore, similarities of line widths are expected for 
multiplets, supermultiplets and, to a lesser degree, for transition arrays. A comprehensive examination of 
literature data has been undertaken, which shows generally a close adherence of the measured data to the 
expected regularities. A few notable exceptions are also given. 

INTRODUCTION 

The broadening of spectral lines of heavy elements in plasmas is principally determined by two 
factors, the plasma environment and the atomic structure of the emitting atom or ion. Since 
atomic structures exhibit a great many regularities and similarities, one must expect that these 
find their way into the width and shift parameters of plasma broadened lines. However, an 
interesting question is how clearly and rigorously these show up. Also, it is important to find out 
if regularities are apparent to such a degree that accurate interpolations and extrapolations of 
new data as well as meaningful assessments of existing data are possible, 

The fundamental formulas for plasma-broadened (or Stark-broadened) lines, in conjunction 
with atomic structure considerations, provide a general guide as to what types of regularities 
might be expected for the line shapes. But the existing numerical calculations of line shape 
parameters involve a considerable number of approximations and consequently may not reveal 
the full extent of the systematic behavior (nor the irregularities). For example, in theoretical 
calculations it is usually assumed that all lines within a multiplet exhibit the same width. On the 
other hand, experiments are now readily capable of assessing the validity of this assumption. 

In earlier short reports,‘” we have briefly developed the general framework for plasma 
line-broadening regularities and have presented some examples of regularities and similarities for 
the widths of plasma-broadened, isolated lines of various elements. Puric et t~l.,~ by appeal to 
the dependence of Startk widths on atomic oscillator strengths and their regularities, have 
studied systematic trends of Stark widths of homologous atoms and have reported in detail on 
the alkalis and alkali-like ions. Miller et al.’ extended similar studies to some other ions. More 
recently, Puric et al.” noticed that periodicities in line widths follow periodicities in the 
ionization potentials, and they attempted to demonstrate a systematic dependence of line width 
on the “effective” ionization energy. 9~‘o A special study by Helbig et al.” has demonstrated 
some systematic trends for neutral nitrogen lines. The purpose of this paper is to put some of 
these earlier ideas and observations on a firmer and more general basis by presenting a 
comprehensive set of experimental data and to demonstrate the strong dependence of Stark 
widths on atomic structure. For this we use experimental data exclusively, since, as noted 
above, plasma line broadening calculations contain at their present level of refinement numerous 
approximations and may therefore not show the regularities clearly. Thus, the main data 
sources are comprehensive experiments, which have produced consistent sets of data for large 
groups of lines and are expected to show especially clearly the variations from line to line. The 
experimentally established regularities should not only provide guidance for further theoretical 
work, but should also be useful for extrapolations and interpolations of needed data, and should 
indicate the limitations of such procedures. 
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GENERAL CONSIDERATIONS OF ATOMIC STRUCTURE 

Regularities and similarities have been observed in atomic data from the beginning of 
spectroscopy, and have been shown to exist for wavelengths and energy levels, as well as for 
oscillator strengths, collision cross sections and other quantities. All these regularities are 
readily understood and expected from general principles of atomic structure. For plasma line 
broadening, such regularities should follow from regularities in the cross sections for elastic and 
inelastic collision processes between the free plasma electrons and the radiating atoms (or ions) 
that experience the broadening. The theoretical result for the width Aw of an isolated line 
broadened by plasma electrons (ion broadening is usually unimportant) may be expressed quite 
generally as ‘*v’~ 

In this expression, N, and v, denote the electron density and velocity, respectively; and the 
average extends over the velocity distribution of the perturbing electrons. The atomic quantities 
entering here are the cross sections Qii’ and Qb for inelastic scattering (i.e., electron impact 
excitation and de-excitation) between either the initial (i) or final cf) state of the line and 
interacting states i’ and f’. Interactions with optically allowed neighboring states are most 
important. Also, the expression contains an “effective” elastic scattering cross section Qi/, 
involving essentially the difference of scattering amplitudes between initial and final states. 

While scattering cross sections as atomic quantities exhibit regular behavior, it is not clear if 
regularities in Stark broadening parameters are equally evident, since a variety of scattering 
processes contribute to the line shapes: (a) elastic as well as inelastic collisions are included, 
and in addition to the usually dominant electron-atom (or electron-ion) collisions also ion-atom 
(or ion-ion) collisions are sometimes significant; (b) collisions involve both the upper state and, 
usually to a lesser degree, the lower state of the transition; (c) sums over cross sections, i.e., 
total cross sections of excited states i and f are involved. 

The most pronounced regularities should be expected for such simple atomic systems as the 
alkalis, alkaline earths, etc. Regularities should become less evident as the degree of complexity 
of the atomic structure increases. Thus, it should be interesting to investigate the extent of 
regularities and their changes as one proceeds from simple to complex atomic systems. 

In the following, we present a large set of experimental data, ordered in various ways 
described below, which show the various regularities in plasma line broadening parameters. On 
the basis of the above discussed general theoretical description of line broadening in terms of 
scattering processes, especially scattering with optically interacting neighboring states, three 
types of regularities and similarities are expected:rM3 

I. Regularities within a given spectrum: (a) for atoms or ions of simple structure, systematic 
trends along a spectral series; and (b) for complex spectra, similarities within multiplets, 
supermultiplets and transition arrays. 

II. Similarities for analogous transitions in homologous atoms. 
III. Systematic trends for given transitions along isoelectronic sequences. 

Each of these regularities will be discussed and the numerical data reviewed. The numerical 
samples have been chosen after an extensive search through all existing experimental material 
and, in our judgement, represent the best available data. We have used two critical reviews’4*‘5 
of experimental line-broadening data, published in 1976, as main guides for this selection. In 
addition, we have selected more recent material according to the same criteria as in the 
above-cited reviews. The new papers are listed either in the most recent NBS bibliography on 
“Line Shapes and Shifts”“j or in an up-to-date NBS master list.” For a detailed discussion of 
the selection criteria, see the section “Critical Factors” in the introduction of Ref. 14. When 
several data sources of comparable quality were available, we have usually used only the most 
comprehensive one. Comprehensiveness is a very important requirement here, since it is 
especially the variations in the data, on a common relative scale, that matter most. At this 
point, it should be emphasized that Stark widths are not atomic constants, but parameters that 
depend on density and temperature. Thus, a large body of data, all consistently measured under 
the same conditions, even if temperature and density might be somewhat uncertain on an 
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absolute basis, are very valuable for the detection of regularities and similarities. The demon- 
stration of regularities, based on a combination of results from several independent experiments, 
is much less satisfactory, unless the experimental conditions are not too different and there are 
sufficient points of overlap to check for mutual consistency so that one may make adjustments 
in the data to account, for example, for uncertainties in the absolute scale. 

We shall now review the experimental data in the order of the three above-stated types of 
regularities, combined with a more detailed discussion of the expected regularities. 

1. Similarities and systematic trends within a given spectrum 
(a) Spectral series trends in simple spectra. This regularity applies especially to simple 

atomic systems with one or two electrons outside closed shells, where the spectral series 
structure is readily apparent. Since the lines of a spectral series occur between a fixed lower 
state (n, I) [n = principal quantum number, I = orbital angular momentum quantum number] and 
upper states with increasing n’ = n, n + 1, n + 2, . . . but with constant orbital angular momen- 
tum quantum number (either I+ 1 or I - l), the set of interacting states remains the same, 
except for stepwise changes with n’. Expected is a gradual increase in the Stark widths with the 
principal quantum number n’ of the upper state, since the energy differences between the upper 
level and the principal interacting levels decrease with n’ and thus cross sections increase as n’ 
(or the effective principal quantum number n*‘) increases. However, for large n’, the increas- 
ingly smaller energy differences to perturbing levels become comparable to the line widths. Thus, 
in the plasma fields, these levels become degenerate and experience a first order Stark effect.” 
The experimental literature contains very little material on spectral series data. An extensive 
data set exists from the work of Gridneva and Kasalov’* for the diffuse series of the alkali Cs. 
For He, Kelleher” has recently measured Stark widths for three successive transitions of two 
singlet and triplet series. The Cs and He data, given in Figs. 1 and 2 respectively, show clearly a 
smooth dependence of the widths on n’. 

A 
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10 11 12 13 14 15 16 17 

Fig. 1. Stark widths for the 6p-nd series c’P$ +2D,,2 and 2D’$2 lines) of CsI vs the principal quantum number 
n’ of the upper state. 
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Fig. 2. Stark widths for He1 2s-n’ p and 2p-II’ s series vs the principal quantum number n’ of the upper state. 

(b) Trends for transition arrays in complex spectra. For complex atoms, the spectral series 
structure is not apparent; however, a similar analysis may be made for the dependence of the 
Stark widths on principal and orbital angular momentum quantum numbers n’ and 1’ of the 
jumping electron. Since these quantum numbers have constant values for an entire transition 
array (n, I + n’, I’, with 1’ = 12 1) which may contain numerous lines, data are actually needed 
for all these lines (or at least the stronger ones) so that an average width for the array may be 
established. If these data are available, one may compare different transition arrays. Upper 
states are of dominant importance, so that it is especially interesting to observe trends for 
transition arrays of the same (or similar) lower n, 1 and a succession of n’, 1’ states, where 1’ 
stays constant (I’ = I+ 1 or I- 1) and n’ runs through successively larger numbers (generaliza- 
tion of a spectral series). However, data for such a comprehensive analysis, which involves line 
averaging for each of the different transition arrays, are available only for very few cases. The 
most extensive example is provided by several transition arrays of 01 (Table 1). Several 
experimental investigations had to be combined for this analysis, 20-23 but these were carried out 
at similar electron densities and temperatures (4.9 x lOI < N, < 10” cme3; 11000 < T < 
12800 K), and the data partially overlap. Clearly, the Stark widths increase in distinct steps with 
principal quantum number n’ for constant 1’ and also with orbital angular momentum quantum 
number 1’ for constant n’. This is to be expected on account of increasing Stark perturbations, 
since interacting energy levels becdme more closely spaced with increasing n’ and 1’. At higher 
n’, the transition from an isolated line to a hydrogen-like line will again take place as discussed 
under (a). 

(c) Individual transition arrays and supennultiplets. Transition arrays are groups of lines and 
multiplets with common upper and lower configurations, usually denoted by the n and 1 
quantum numbers of the valence electrons. Furthermore, for multiplets within supermultiplets, 
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Table 1. Stark widths for various transition arrays in 01. Plasma conditions: N, = 5.7 x lOI cm-‘: T = 12 CIMI K. 
The arrays are ordered in increasing n and I of the upper configurations. 

Transition At-ray+ half-:~~ks~r~'2 s-l]' Multiplets utilized Ref. 

3s' - 3p' 0.16 'DO _ ‘D 20 

3s" - 3p" 0.15 3PO - 30, 'PO - 1s 20 

3s - 4p 1.0 550 _ sp, 350 _ 3p 21 

4s - 4p 1.0 3po _ 3p, 550 - 5p 22 

4p - 4d 6.4 3p _ 3D0, 5p _ 5DO 22 

3d - 4f 4.5 3Do - 3F, 5Do - 5F 22 

3p - 5s 2.9 3p _ 350, 5p _ 550 21 

3P - 5d 27 5p _ 5Do 23 

3p - 6s 10 5p _ 5s0, 3p _ 350 21.23 

the parent term and the spin multiplicity (2S+ 1) remain the same; here, S is the spin angular 
momentum quantum number, which is the vector sum of single-electron spin quantum numbers 
s (s = l/2). For such groups of multiplets, one expects Stark widths of roughly the same size, 
since the excitation energies of all energy levels having a common electronic configuration 
usually lie within a relatively narrow range and interactions occur with the same entity of other 
levels so that the Qs should be similar for all multiplets within a transition array. Nevertheless, 
appreciable variations in Q may occur for different multiplets within an array, since the 
relatively small energy differences between the upper (or lower) term of a multiplet and the 
important neighboring perturbing terms may vary significantly from multiplet to multiplet 
(multiplets within an array are principally characterized by different resultant orbital and spin 
angular momentum quantum numbers L and S). 

For specific transition arrays and supermultiplets, the number of transitions involved is 
fairly small, so that numerous experimental Stark widths are available. While there is to our 
knowledge no case where a complete set of lines within a transition array or supermultiplet is 
covered, often the measured part is most significant. A large sample of the available data,2”32 
which should represent a good cross section of the recent experimental material, is presented in 
Table 2, parts 1 and 2. In practically all cases, similarities for the line widths within the various 
groups are clearly observed. Within transition arrays (examples l.a-l.e), the variations are 
about 30-40%, while, for supermultiplets containing smaller groups of lines (examples l.a-1.e 
and 2.a-2.b), they are usually in the range from 15 to 30%. However, the CI transition array 
3sAp, for which Nubbemeyer and Wende*’ observe variations up to a factor of 3, provides an 
exception. The closeness of the high lying 4p ‘S and 4p ‘D terms to the 5s ‘PO and 4d ‘Do 
perturber terms may offer a partial explanation for this’ behavior. 

(d) Multiplets. Descending further down the hierarchy of complex spectra, the smallest 
distinct grouping of lines occurs as a multiplet. This applies especially to lighter atoms, where 
LS coupling is well approximated and with which most of the available line-broadening 
experiments and calculations are concerned. These lines arise between those closely spaced 
upper and lower levels which have the same n, I, S, L and n’, I’, s’, L’ but for which the total 
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ible 2. Similarities of line half-widths within transition arrays, supermultiplets and multiplets. 

Designation Multiplet Line Full half-width Ref. 

Wavelength [i] Aw [lo" ~~‘1 

. Transition arrays (all incomplete): 

(a) Transition arra ‘Y 

2~~(~P)3s - 2p23p+ 

2p2('D)3s - 2p23P 

3s - 3p of 0 II: 

4p _ 450 

4 P - 4Po 

4P _4Do 

2p _ 2po 

2P _ 2Do 

2D _ 2Po 

2 0 - 2Do 

2D _ 2Fo 

3911.96 1.44 

4347.43 1.13 

4590.97 1.18 
4596.17 1.14 

Experimental conditions: T = 25 900 K; N, = 5.2 x 1016 cmm3 
-____ -_____ -___ 

(b) Transition array 4s - 4p of CL II: 

3p3(450)4s - 3P34P 

~P~(~D')~s - 3p34P 

3p3(2PO)4s - 3p34P 

550 _ 5p 

350 _ 3p 

3Do _ 3D 

3Do _ 3F 

3Do _ 3P 

'Do _ 'D 

3po _ 3D 

3712.75 1.45 
3727.33 1.35 

4366.90 1.14 
4317.14 1.15 

4649.14 1.03 

4650.84 1.07 

3973.26 1.41 

4414.91 1.34 

4810.06 2.12 
4819.46 2.19 
4794.54 2.38 

5221.34 2.14 

5078.25 2.59 

4896.77 2.44 

4291.76 2.66 
4304.07 2.65 
4336.26 2.41 
4343.62 2.60 

4132.48 3.31 

4785.44 1.98 
4768.68 1.99 
4778.93 1.90 

Experimental conditions: T = 18 600 K; N, = 6.8 x 10 
16 cm-3 

---- _-_---- _--- 
(c) Transition array 4s - 4p of CP III: 

3p2(3P)4s - 3P24P 

3p2(lD)4s - 3p24p 

4p _ 450 

4p _ 4po 

4P _ 4Do 

2D _ 2Do 

'D _ 2Fo 

3191.45 1.78 

3283.41 1.70 
3289.80 1.69 
3340.42 1.69 

3602.10 1.54 
3612.85 1.49 
3656.95 1.45 
3705.45 1.36 

3392.89 
3393.45 

3530.03 

1.39 
1.33 

1.59 

Experimental conditions: T = 24 200 K; N, = 5.8 x 1016 cmT3 
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Table 2. (ConM). 

Designation Mu1 tiplet Line Full half-wldth Ref 

Wavelength $1 AW [lo" s“] 
---------_-_---_ 

(d) Transition array 3s - 4p of C I: 

2~(~P')3s - 2~4~ 3Po - 3s 4812.84 9.0 
4817.33 9.3 
4826.73 9.7 

3po _ 3P 4766.62 8.3 
4771.72 6.6 
4775.87 6.2 

'PO - 1s 4932.00 19 

'PO _ ‘p 5380.24 7.2 

'po _‘D 5052.12 15 

Experimental conditions: T = 11 100 K; Ne = 5 x 1016 cm-3 

(e) Transition array 4s - 4p of Ar II: 

3p4(3P)4s - 3p44p 4p _ 450 

4p _ 4po 

4p _ 93 

2p _ 250 

2p _ 2po 

2p _ 200 

3850.58 4.19 
3928.63 4.03 

4806.02 3.51 
4847.82 3.61 

4348.06 3.99 
4426.01 3.85 
4430.19 3.84 

4579.35 

4726.86 

4545.05 
4657.89 

3.78 

4.05 

4.56 
4.17 

Experimental conditions: T = 13 800 K; N, = 1.2 x 1017 cmm3 
------------___- 

!. Supermultiplets (see also transition array samples): 

(a) 4s - 4p and 4p - 4d triplets of S III: 

3p(2P")Ss - 3p4p 

3~(~P')4p - 3p4d 

3po _ 313 

3po _ 3p 

3Po - 3s 

3D - 3Fo 

3D _ 3Do 

3p _ 300 

4337.71 1.26 
4361.53 1.25 

3831.95 1.30 
3899.09 1.22 

3662.01 1.31 

2856.02 2.43 
2863.53 2.37 
2872.00 2.33 

2718.88 2.63 
2756.89 2.60 

2950.23 2.32 
2964.80 2.32 

Experimental conditions: T = 28 500 K; N, = 5.1 x 1016 cms3 

(b) 3s - 3p quartets of N I: 

4p _ 400 

4p _ 4po 

4p _ 450 

8718.84 
8711.71 
8703.26 
8686.16 
8683.40 
8680.27 

8216.32 
8210.71 
8242.37 
8223.12 
8184.85 
8188.01 

7468.31 
7442.30 
7423.64 

4.35 
5.18 
4.83 

4.33 
4.84 
4.91 
4.54 
4.45 
4.19 

5.14 
5.07 
5.10 

191 
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c Designation Multiplet Line Full half-width Ref 

Wavelength [il Aw [lo" s-'1 

Experimental conditions: T = 13 000 K; N = 1.61 x 1017 cma3 
_---- _-----e_---- 

3. Multiplets (see also earlier samples): 

(a) Si I: 

3p(2Po)4s - 3PSP 3po _ 3p 5645.61 43.8 23 
5665.55 42.9 ,I 
5690.43 44.8 II 
5701.11 37.7 II 
5708.40 41.1 II 

Experimental conditions: T = 11 000 K: Ne = 1.0 x 1017 cme3 
-- --_--_ ___--- 

(b) P I: 

3p3 - 3p2(3P)4s 2po _ 2p 2533.99 3.26 31 
2535.61 3.22 /I 
2553.25 3.21 ,I 
2554.90 3.18 II 

Experimental conditions: T = 12 700 K; Ne = 9.3 x 1016 cme3 

(c) s II: 

p2(3P)4s - 3p24p 4P _ 4Do 5453.81 2.47 32 
5432.77 2.68 II 
5428.64 2.49 I/ 
5509.67 2.61 <I 
5473.59 2.83 II 

Experimental conditions: T = 11 100 K; Ne = 7.0 x 1016 cme3 

'For the listed transitions, the parent term does not change and is therefore 
only given once. 

angular momentum quantum numbers J vary, thus producing the individual lines. In compre- 
hensive Stark broadening calculations,‘* usually only one width has been determined per 
multiplet and all line widths are assumed to be the same. This is normally to be expected (for an 
exception see below) since, aside from differences in J, the interacting levels are the same for 
all these lines and thus the cross sections should be essentially identical. In all 3 sections of 
Table 2, many experimental results are listed which bear this out. A few special experimental 
checks on line widths in multiplets have been made,28*33 which support the theoretical assump- 
tion very nicely. These results are reproduced in Figs. 3 and 4, and indicate that within the 
experimental precision, which is in the few-percent range, the line widths in multiplets are the 
same. 

However, irregularities occasionally occur when some principal perturbing levels are 
embedded right in the upper (or lower) levels of the multiplet. This is the case, for example, for 
the ArII multiplet 4s2P-4p’ *P with four lines in the range 2892 to 3034 A. Two perturbing 3d’ 
2D3,2 and 3d’ ‘D5,2 levels lie very close to the upper 4~’ 2P1j2 and 2P3,2 levels, respectively, but 
by significantly different amounts, and thus cause significantly different interactions and widths 
for the individual lines. Variations of 60% in widths have been measured by Behringer and 
Thoma” for the four lines of this multiplet and detailed calculations by Hey” resulted in 
variations of 35%. 

2. Similarities for homologous atoms and ions 
Homologous atoms and ions, i.e. species with the same electronic charge and the same 

number of valence electrons (e.g., all neutral alkalis, etc.) often exhibit similar atomic struc- 
tures. Therefore, the cross sections for scattering into interacting levels should exhibit similari- 
ties for analogous atomic states which differ only by the addition or subtraction of an electron 
shell (n + n f l), and systematic trends such as gradual variations are expected in such cases. 
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Several interesting sets of experimental data illustrate this type of regularity, of which we 
present two cases in Piis. 5 and 6. Figure 5 shows the situation for the resonance lines, ns-np, 
of the alkalis (n is the principal quantum number of the ground state) according to the data of 
Puric et al.’ and Lakicevic ef aLM We illustrate the positions of lower and upper energy levels 
as well as the two nearest perturbing levels nd [(a + 1)d in the case of Li] and (n t 1)s. The 
interaction of the upper level with these levels is both a function of closeness of the perturbing 
levels as well as the interaction strength. The latter, which is proportional to the optical line 
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the increasingly larger Stark widths. 
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strength,13 is about 4 to 5 times stronger between the np and nd levels than between the np and 
(n + 1)~ levels, Thus, the nd level should dominate if it is about the same distance (or less) from 
the upper level as the (n + 1)s level. Indeed, as the nd level moves gradually closer to the np 
level, the distance (n + l)s-np remains nearly constant and the line width for the ns-np 
transition increases strongly. Detailed studies of this and other transitions of alkalis and 
alkali-like ions have been carried out by Puric et al. since 1973.4-6 

In Fig. 6, the situation for the (n + l)s-(n + 1)~ transitions of Group III ions (SiII, GeII, 
SnII, and PbII is illustrated in a similar fashion (n is again the principal quantum number of 
the ground state). The data are all taken from shock tube emission experiments by Miller et 
a/.7*37-4o For SnII, the closest interacting level, nd, almost coincides with (n + l)p, and is thus 
expected to cause a greatly increased line width there in contrast to the other three ions, which 
is indeed observed by experiment. 

Miller et a/.’ have also recently studied several corresponding transitions for homologous 
ions of some other element groups and arrive again at clearly recognizable trends in their 
experimental data. 

3. TRENDS ALONG ISOELECTRONIC SEQUENCES 

For the corresponding lines of ions in an isoelectronic sequence, systematic trends with 
nuclear charge 2 are expected since the cross sections scale with nuclear charge. While such trends 
are expected to show up quite clearly, one may often encounter transitions for which significant 
changes in the neighboring level structure take place along the sequence. Isoelectronic sequence 
studies of Stark widths have to be limited to ionic species and cannot include neutral atoms, since 
the interaction between charged radiators and perturbers is different from that involving neutral 
radiating atoms. 

Some experiments have produced data for several times ionized atoms (however, nowhere 
near the regime where relativistic atomic structure effects would become important) so that a few 
transitions in some sequences may be followed through two or three ions. The very scarce data 
at this time demonstrate clearly that the widths decrease strongly with increasing ionic charge. 
A sample is shown in Table 3.26V32V4’ 

4. OTHER TRENDS 

Puric et aI.* have recently demonstrated a systematic dependence of the widths of 
resonance lines with the periodicity of ionization potentials. They attributed this phenomenon 
basically to the circumstance that energy level schemes compress or expand as the ionization 
potential decreases or increases, and that specifically the energy gaps between the closest 
perturbing levels and the upper level of the resonance are following the periodicity of the 
ionization potentials. 

In a more recent paper, Puric et al. (1981)” have attempted to demonstrate a general 
dependence of the line width Aw (for non-resonance transitions) on a “reduced” ionization 
potential I’. By a best fit of experimental and theoretical data points, they have obtained a power 

series dependence of Aw on I’ and they show some examples of ns-np and ns-(n + 1)~ 

Table 3. gcalinp of Stark widths with nuclear charge. Sample: PI isoelectronic sequence. Widths are given for 
N, = IO" cm-‘,by scalis g measured densities linearly. EJ [Perimental densities are within a factor of 2 of this value. 

s II 

Cl III 

Ar IV 

Multiplet Stark half-width 

[lo'* s-'] 

3~*(~P)4s 4P - 3p24p 4Do 0.38 

4s 4P - 4p 400 

4p _ 4po 

0.25 

4s 4P - 4p 4Do 

4p _ 4po 

0.28 

0.15 

0.15 

Ref. 

32 

26 

26 

40 

40 
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transitions where this dependence appears. However, it is not clear that this dependence should 
hold up for a larger sample of data, since all other aspects of atomic structure are neglected and 
the group I elements (alkalis) with simple atomic structure are included along with much more 
complex elements, such as from groups IV and V. In fact, they state earlier’ that they have 
averaged data over all selected elements to come up with a single functional dependence of 
width on ionization potential. They thus effectively smooth out trends and variations. 

SUMMARY 

General considerations of atomic structure and Stark broadening indicate that many 
similarities and systematic trends should exist for plasma line broadening parameters. However, 
since it is uncertain just how rigorously these regularities show up, a large sample of 
experimental line-broadening data (in large part, accurate data from comprehensive experi- 
ments) has been analyzed for the predicted trends. The following conclusions may be drawn: 

(1) Line widths in multiplets usually agree within a few per cent, and possibly better 
than one per cent. Exceptions are cases where some perturbing levels are accidentally extremely 
close to the upper (or lower) levels of a multiplet. 

(2) Line widths in supermultiplets are usually the same within about 30%. 
(3) Line widths within transition arrays stay normally within a range of about 240%. 
(4) For complex spectra, line widths show pronounced stepwise increases with increasing n 

and 1 of the upper states. However, present experimental material is too sparse to make 
quantitative statements. 

(5) For simple spectra, where the line widths within a spectral series can be observed, the 
widths show a smooth increase with the n of the upper state, so that interpolations or limited 
extrapolations along a series should produce additional reliable data. 

(6) For most of the transitions studied in homologous atoms, clear systematic trends are 
discernible for analogous lines (e.g. resonance lines). Therefore, interpolations or extrapolations 
to other homologous atoms appear feasible. 

(7) For ions along isoelectronic sequences, clear trends of stepwise decreases in the widths 
are seen in the experimental data. However, the available material is very meager and does not 
extend far enough along the sequences to be considered reliable enough for extrapolations. 
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Abstract-In this paper, we present results of semiclassical calculations of Stark broadening 
parameters for some lines of heavy neutral atoms. Comparisons with experiment show large 
discrepancies previously undetected for lighter elements. Critical evaluation of experimental data 
indicate that in most cases the experiment must be blamed for these discrepancies. 

1. INTRODUCTION 

Stark broadening of spectral lines by plasmas has been used as an important plasma 
diagnostic tool for a number of years. In the early 196Os, a considerable effort was made to 
improve existing theories of Stark broadening of spectral lines in plasmas. Most of this work 
was concerned with the Stark broadening of hydrogen lines. Because of the large linear Stark 
effect, these studies were useful for plasma diagnostic purposes. However, it is not always 
convenient to seed a plasma with hydrogen, and sometimes it is not possible to do so. 
Further, because of the large Stark effect, hydrogen lines may not be useful for diagnostic 
purposes, since they become so broad at high electron densities that it is difficult to 
determine a line shape because of interference with neighboring lines. Therefore, there has 
been interest in the Stark broadening of non-hydrogenic lines of neutrals and ions. Because 
of the quadratic Stark effect, these can be used for diagnostic purposes at high electron 
densities, especially where seeding a plasma with hydrogen is not possible. 

The first calculations of Stark-broadening parameters of prominent lines of non- 
hydrogenic atom were published in 1962’ (see also Ref. 2). Since then, numerous experi- 
ments were performed (for a review of experimental data which were available as of 1976, 
see Refs. 3 and 4) in order to provide new Stark-broadening parameters and to check 
theoretical predictions. At the same time, further sophistications of the theory were made 
(see, e.g., Refs. 3 and 5). New, comprehensive theoretical calculations of Stark-broadening 
parametrers for lines of non-hydrogenic neutral atoms (He through Ca, as well as Cs) were 
published in 19716 and in 1974.’ For these elements, the comparison with experiments 
showed average agreement within f 20%. 3.4 Although some experimental data for heavier 

elements were available at that time, there were no theoretical data with which these could 
be compared. 

In this paper, we present the results of semiclassical calculations of Stark-broadening 
parameters for spectral lines of elements heavier than Ca. These results represent an 
extension of the data tabulated by Griem.3 The calculations were made for elements for 
which experimental results were available, so that comparison with experiment became 
feasible; the results of this comparison are presented in this paper. 

2. THEORY AND RESULTS 

The basis for the calculation of Stark-broadening parameters was the computer code 
developed by Jones et a1.7 for the lines of singly-charged ions. We made it suitable for neutral 
atoms in accordance with the Benett and Griem version of the semiclassical theory.6 The 
computer solves the following set of equations: 

w + id = N, 
s 

of(u) dv(w, + wq + idd), 

tThis work was partially performed under a grant from the U.S. National Bureau of Standards, Washington, 
D.C. 

45 



46 M. S. DIMITRIJEVI~ and N. KONJEVI~ 

where the index d denotes the dipole contribution wd + idd, 

and the index q denotes the quadrupole contribution wq, 

wq=$($)‘,. l)(i i i)‘Ri+(24+ 1) 

Here, w is the half halfwidth (HWHM), d is the shift, N, is the electron density, f(u) is 
the Maxwellian distribution of the electron velocity (v) and Ry is the Rydberg constant; 
i, f denote the initial and final states of the isolated line, respectively; i’, f’ are the 
corresponding perturbing states within the dipole approximation. The quantity cj 
determines the signs of individual contributions to the shift, viz., 

tj = (E, - Ef)/IEj - E/I, 

where E, and E,” are the energies of the corresponding states. In the above expressions, R$, 
is the square of the coordinate-operator matrix element in units of ui (a, is the Bohr 
radius), Ri. is the sum of the matrix elements of the radius-vector squares, f is the 
absorption oscillator strength for the transition i-f summed over upper states in which 
the outer electron has constant quantum numbers n and 1 and the atom has constant total 
spin quantum number S. The minimum impact parameter pmin allowed by the unitarity 
condtion3 is given by 

where ati, b,, Ati and Bjf are the GBK03*8 Stark-broadening functions of the arguments 
z,~ and ;;i, 

z,], = p (E, - EJzlu, i, = 0.75 z,r, 

and p is the impact parameter; in the expression for z,T;in, pmin is used instead of p. 
The necessary coordinate-operator matrix elements have been calculated by using the 

Coulomb approximation.9r’0 For atomic states with equivalent electrons, the corresponding 
coefficients of fractional parentage” are included. Data for atomic energy levels were taken 
from MooreI and Kaufman and EdlCn.‘3 The completeness of a particular set of 
perturbing energy levels with respect to the sums of dipole matrix elements Ri. is tested 
by means of the parameter AS/S as defined by Jones et al.:’ 



where 
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R; = F [5n,+ + 1 - 3{(1, + l)] 

41 

and n,? is the corresponding effective principal quantum number. For a complete set of 
perturbers, AS/S = 0. 

Calculated Stark broadening parameters for elements heavier than calcium are given 
in Table 1 for 4 electron temperatures and for an electron density of 10” cmW3. It should 
be noted that theoretical calculations were performed only for the lines to which 
LS-coupling approximation could be applied. 

3. ANALYSIS OF EXPERIMENTAL DATA AND COMPARISONS 

The starting point for the search for experimental papers available as of 1976 was Ref. 
4. For the period 1976-78, Ref. 14 was used. For the same period, and from 1978 
through the end of 1981, the authors of this article made a thorough search of the literature 
for additional experimental work on the Stark broadening of neutral-atom lines. Not all 
experiments are included in the final results. The criteria imposed were as follows: (a) an 

Table 1. Calculated Stark-broadening parameters in A at 10” crnm3 vs electron temperature. The letter 
W denotes full halfwidths, and d denotes the shift. The parameter W,/ W is the ratio of the strong collision 
term to the total width; the ion-broadening parameter a, which scales’ as Nd/4, is a measure of the 
quasistatic broadening by ions. Also shown is the Gaunt factor g which, when used in the averaged version 
of the semi-empirical method,’ would result in the width; kT/AE is the ratio of the thermal energy at 
T = 104K to the energy separation from the nearest perturbing level, and AS/S is a measure of the failure 
to satisfy the sum rules for the squares of the dipole matrix elements (S is the sum of the squares of these 

elements). 

Element 

Br I 

Cd I 

Cd I 

Ge I 

Hg 1 

Pb I 

I Transition T(k) W(f) 

5s4D-6p400 

\ = 4677 8. 

G/S = -0.63 

kT/AE= 2.61 

5p3@-6s35 

). = 4941 8. 

AS/S = -0.14 

kT/AE = 0.98 

5p3P0-5d3D 

a = 3539 8. 

AS/S = -0.12 

kT/AE = 7.28 

4p's-5S'PO 

i = 4228 9 

AS/S = -0.06 

kTlAE = 1.16 

6p3Po-7s3S 

A = 4864 8 

AS/S = -0.25 

kT/AE = 0.34 

6p2 3 P-7s3PO 

;\ = 3748 R 

AS/S = -0.05 

kT/AE = 0.86 

5000 

10000 

20000 

40@00 

5000 

10000 

20000 

40000 

5000 

10000 

20000 

40000 

5000 

10000 

20000 

40000 

5000 

10000 

20000 

40000 

5000 

10000 

20000 

40000 

1.102 

1.192 

1.372 

1.558 

0.514 0.233 0.077 0.96 0.08 

0.534 0.271 0.075 0.85 0.12 

0.616 0.302 0.067 0.71 0.20 

0.724 0.304 0.060 0.59 0.33 

0.796 -0.222 0.12 0.56 0.17 

0.838 -0.161 0.11 0.47 0.26 

0.892 -0.0915 0.11 0.41 0.39 

0.926 -0.0350 0.11 0.37 0.57 

0.388 0.178 0.077 0.94 0.11 

0.408 0.205 0.074 0.81 0.16 

0.468 0.222 0.067 0.66 0.26 

0.540 0.216 0.060 0.54 0.43 

0.402 -0.192 0.072 0.96 0.07 

0.420 -0.224 0.069 0.87 0.11 

0.486 -0.251 0.062 0.73 0.17 

0.574 -0.258 0.055 0.61 0.29 

0.218 0.101 0.074 0.96 0.09 

0.230 0.117 0.071 0.85 0.13 

0.270 0.129 0.063 0.71 0.21 

0.320 0.128 0.056 0.59 0.35 

d(fi) 

0.453 

0.492 

0.497 

0.451 

a ws/w 

0.100 0.79 0.05 

0.094 0.66 0.08 

0.085 0.54 0.12 

0.077 0.45 0.20 
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Table 1. (Contd). 

Element Transition T(k) W(A) 

Rb I 

Sn I 

Zn I 

zn I 

Zn I 

Zn I 

- 

5s2s-5p2P0 

h = 7852 1 

AS/S = -0.02 

kT/AE = 1.05 

5P 2 's-6S'PO 

h = 4526 fi 

AS/S = -0.08 

kT/AE = 0.95 

4p3P0-5s3s 

h = 4767 R 

AS/S = -0.14 

kT/AE = 0.91 

4p3P0-4d3D 

1 = 3325 fi 

AS/s = -0.12 

kT/AE = 4.72 

4p3Po-6s3S 

x = 3055 x 

@S/s = -0.04 

kT/AE = 2.61 

4p3P0-5d3D 

h = 2787 a 

ASS/s = -0.08 

kT/AE = 27.46 

d(f) 

0.374 

0.393 

0.388 

0.343 

(I wp 9 

5000 0.906 
10000 1.110 

20000 1.438 

40000 1.816 

0.11 0.88 0.06 

0.092 0.77 0.10 

0.076 0.65 0.18 

0.064 0.56 0.32 

5000 0.382 0.184 0.086 0.96 0.07 

10000 0.412 0.210 0.081 0.85 0.10 

20000 0.492 0.230 0.07' 0.72 0.17 

40000 0.594 0.228 0.062 0.60 0.30 

5000 0.408 0.195 0.076 0.96 0.08 

10000 0.432 0.226 0.073 0.85 0.12 

20000 0.502 0.251 0.065 0.72 0.19 

40000 0.596 0.253 0.057 0.59 0.32 

5000 0.520 0.137 0.12 0.63 0.13 

10000 0.582 0.0999 0.11 0.53 0.20 

20000 0.662 0.0548 0.097 0.45 0.33 

40000 0.726 0.0163 0.091 0.40 0.51 

5000 0.812 0.367 0.16 0.91 0.09 

10000 0.920 0.404 0.15 0.76 0.15 

20000 1.122 0.420 0.13 0.62 0.26 

40000 1.338 0.396 0.11 0.51 0.44 

5000 

10000 

20000 

40000 
-- 

3.96 0.364 0.24 0.47 0.35 

4.04 0.288 0.24 0.38 0.51 

4.08 0.230 0.24 0.32 0.73 

3.96 0.191 0.24 0.29 0.99 

independent and accurate determination of plasma electron density; (b) a reasonably 
accurate determination of the plasma temperature; (c) a discussion of other, interfering 
broadening mechanisms and appropriate experimental problems. Detailed discussions on 
these selection criteria are given elsewhere.4,‘5 

Selected experimental results for the Stark width w, and shift d,,, are given in Table 2, 
where they are also compared with theoretical results (w,/w,,, and d,/d,,,). Table 2 also 
shows the experimental conditions (electron density and temperature). In the first three 
columns, the transitions are spectroscopically identified by quantum numbers and 
multiplet designations and by their wavelengths. 

Even a brief survey of results given in Table 2 reveals very poor agreement between 
the semiclassical theory and experiments. Rubidium resonance lines are the only exception. 
This result is in contradiction to the findings for lighter elements.3%4 

In order to explain for this discrepancy, we have critically evaluated the experimental 
data. For this purpose, the most comprehensive results (see Table 2) for Cd(I) and Zn(1) 
have been used and are given in Table 3 in angular-frequency units. In addition, Table 
3 shows line strengths S (in atomic units) of multiplet components. 

The comparisons of Cd(I) and Zn(1) Stark linewidths within multiplets indicate that, 
for the same experimental conditions, there were large width variations. These may be 
caused by improper treatment of self-absorption,4315 especially for stronger lines (see, the 

S-values in Table 3). The weaker lines, which are least affected by this effect, exhibit 
smaller widths. According to the present theories on Stark broadening, widths of lines 
within a multiplet should be practically identical. They interact with the same set of 
perturbing levels; the energies of different upper (or, alternatively, of different lower) levels 
are nearly the same. Also the radial integrals for the interacting states are, for all practical 
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purposes, the same for the entire multiplet. These general assumptions of Stark-broadening 
theory in relation to isolated lines of neutral, singly- and multiply-ionized atoms have been 
confirmed previously. 4~15 Rare exceptions to this rule may be multiplets with large 

energy-level separations in comparison to the nearest perturbing level.” Since this 

exception does not apply to the particular Cd(I) and Zn(1) multiplets tabulated here, one 
would expect similar linewidths within these multiplets. 

The analysis of experimental data in Table 3 can be performed from the point of view 
of similarities and systematic trends of spectral linewidths. 25~26 This subject has recently 

been investigated in detail.26 General considerations of atomic energy structure showed 
that, for lines belonging to spectral series, one should expect a gradual increase in the Stark 
widths with increasing principal quantum number of the upper state, since the density of 
levels and thus the number of significant perturbers increases with principal quantum 
number. This result was convincingly proved experimentally for Cs(I) and He(I) lines.26 
Such behavior of the linewidths should also be expected for the first two members of the 
4p-ns and 4p-nd series in Zn(1). This fact is also illustrated in Fig. 1 by means of an 
energy-level scheme. It is obvious that, in both cases (4p-ns and 4p-nd series), the nearest 
perturbing levels are closer to the upper energy level of the higher-lying, as compared to 
that of the lower-lying, of the two lowest members of the series. Therefore, the linewidth 
should increase. This behavior is consistent with the theoretical results, while the 
experiments23 on the 4p-ns series gives linewidths which are almost identical for the two 
lowest series members. The results for 4p-nd increase for a higher member, but the 
difference is smaller than expected. 

For Cd(I), an energy-level diagram (Fig. 2) can be used to illustrate that the linewidth 
of the 3Po-3D multiplet should be greater than that of 3Po-3S (see Table 3). The position 
of the nearest perturbing level is so much closer to the upper level of the former transition 
that one must expect larger linewidths for the 3Po-3D multiplet. This result has not been 
found experimentally (see Table 3), which means that the experiments should be repeated 
and the linewidths measured under optically thin conditions and with a homogeneous 
plasma source. 
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Fig. 1. Energy-level positions for two consecutive members of the 4p-ns and 4p-nd series of Zn(1) 
Theoretical results, expressed in frequency units, are also given. 
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Fig. 2. Energy-level positions of two Cd(I) multiplets. Theoretical msults, expressed in frequency 
units, are also given. 

Unfortunately, a similar analysis of experimental results for Br(I), Ge(I), Hg(I), Pb(1) 
and Sn(1) could not be performed since only a few lines were measured (see Table 1). It 
is characteristic of most of these data (Br(I), Ge(I), Pb(I), and Sn(1)) that the estimated 
accuracies are low, usually around f 50% or even lower. 4~16~‘8,20,22 Apart from the Cd(I) 
multiplet 3Po-3S, for Br(I), Ge(I), and Hg(1) there are exceptionally large deviations from 
the theory (see Table 2). For Br(I), a number of perturbing energy levels necessary for 
Stark-width calculations are missing from the available data tables (see the factor AS/S 
in Table 1). However, the incompleteness of perturbing levels can be used to explain only 
a part of the large discrepancies between theory and experiment. In the Hg(1) experiment,19 
the light source was a cylindrical quartz lamp filled with mercury. Since the 5460.7 A line 
was optically thick under these experimental conditions, the Stark-broadening constant C, 
was determined by fitting the experimental profiles and comparing their absolute intensities 
with theoretical values. From the best fits, the authors determined the transition 
probability and the value of C,. Since in this paper there was not attempted to estimate 
the accuracy of the reported data, and since the contributions of van der Waals broadening 
were considerable (these are claimed to be 20% of the Stark-broadening contribution) and 
were difficult to estimate because of uncertainty in the value of C,, the results for the Hg(1) 
5460.7 8, line is of low accuracy. 
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(Received 25 March 1983) 

Abstract--Using a semiclassical approach for the Stark broadening of atomic lines, we have 
calculated electron and proton impact line widths and shifts of 56 neutral He lines in the ultraviolet, 
visible and i.r. region of the spectrum. The comprehensive set of results obtained is used for 
investigation of Stark-broadening parameter regularities within the spectral series. 

1. INTRODUCTION 
Reliable Stark-broadening data for He lines (the most abundant element after H in the 
universe) are of  particular interest for a large number of  problems in the spectroscopy of  
laboratory as well as astrophysical plasmas. Since He is a simple atomic system and since 
many experimental Stark-broadening data are available for He lines, 1'2 these data provide 
an opportunity to test approximations included in the semiclassical-perturbation for- 
malism. Using this formalism, 3'4 we have calculated electron and proton impact line widths 
and shifts of  56 neutral He lines in the ultraviolet, visible and i.r. regions of  the spectrum. 
In addition to the proton-impact broadening data (which are useful in investigations of  
astrophysical plasmas), we have also used a semiclassical approach, 3,4 which differs in 
several respects from the other large scale calculations of  neutral He lines. 5'6 The 
semiclassical-perturbation formalism with convenient approximations to determine the 
effects of  strong collisions, 7 has been developed by Griem and collaborators 7 and has been 
adopted by many authors)  This first paper on the subject 7 contains numerical results for 
24 He(I) lines which are not greatly different from more recent calculations. 8 

The results have also been used to investigate Stark-broadening regularities within 
spectral series. From general considerations of  atomic energy structure, it has been shown 9 
that, for lines belonging to a spectral series, one should expect a gradual increase in the 
Stark widths with increasing principal quantum number of  the upper state. This result has 
been convincingly proved experimentally for some Cs(I) and He(I) lines. 9 On the basis of  
our comprehensive results, we have attempted to find out if systematic trends among 
Stark-broadening parameters within a spectral series are apparent. If  this is the case, 
accurate interpolations and critical evaluations of experimental results became feasible. 

2. THEORY 
The basis for calculations is the computer code which evaluates electron and ion 

impact-broadening parameters of isolated spectral lines, using the semiclassical per- 
turbation approach. 3 The formulae which lead to the full halfwidth (2 W) and the shift (d) 
are 

2 W = N  vf(v)dv ao(v)+ ~ gjg.(v)+o'¢, , (1) 
dO x , j ¢ i  j" # f  

;: f; d = vf(v) dv 2r~p do sin 24~p. (2) 
3 

The inelastic cross section ao.(v ) can be expressed by an integration over the impact 
parameter of  the transition probability Po as 

1 2 I n~ E aotv) = ~ R I  + 2~p dp E Po(P, v); (3) 
j ~ i  J R  I j ~ i  

~'Present address: Institute of Physics, P.O. Box 57, 11001 Beograd, Yugoslavia. 
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the elastic cross section is 

~ d 
a~l = 27rR22 + 8~rp dp sin 2 6, (4) 

2 

6 = (,~.~ + ~ ) ' / ~ ,  (5) 

j ~ i  f ¢ f  

Here, i and f denote, respectively, the initial and final levels and j , j '  the corresponding 
perturbing levels. The phase shifts ~bp and tkq, due respectively to the polarisation (~  r -4) 
and to the quadrupole potential (,,~ r-3), are given in Ref. 3 (Section 3, Chap. 2). 

All of the cut-offs (RI, R2, R3), as well as the symetrization procedures in the inelastic 
cross sections, are described in Ref. 4 (Section 1, Chap. 3). We recall here that we allow 
for Debye shielding by introducing the Debye cut-off Rd as an upper cut-off in the 
integration procedure. 

It is not necessary to discuss uncertainties arising from all of the approximations 
involved in our calculations, since the criteria for their application are given in detail 
elsewhere? We recall however, the conditions of validity for the isolated line approxi- 
mation. A line is isolated if nondegenerate energy levels broadened by collisions do not 
overlap. Denoting by 2 W~ and 2 W: the corresponding level widths, we can express the 
specified conditions by 

2 W~ < co~:, 2 W: < coy, (6) 

where to,4j = i ,f)  is the distance to the corresponding nearest perturbing level. If W < co;:, 
where W is the halfwidth of the line and c%~ is the energy distance to the nearest perturbing 
level [tog = min(to~r, to:I)], then the line is isolated. It is easy to show from Eq. (6) that 
2 W(.~) ~< C/1016, 

c = 1 o~ ,~(A)[ (E .  - E ~ ) ( c m -  ')1, (7) 

if we want to make certain that the line is isolated. If  halfwidths are available for the 
electron concentration N = 10 ~6 cm -3, 

N~cm- 3) = C/2W(in A at N = 10 t6 c m - 3 ) .  (8) 

For an electron concentration lower than N~, the line can be treated as isolated in the core, 
even if weak forbidden components due to the failure of this approximation still appear 
in the wings. 

Estimations of the validity conditions 3 show that the impact approximation may be 
applied for protons in stellar atmospheres (N ~< 10 L5 cm-3). In most laboratory experi- 
ments, protons are not the dominant ion perturbers. In that cases, or when the impact 
approximation is not valid, the ion broadening contribution may be estimated by using 
the quasistatic ion-broadening parameter 8 introduced by Griem et al. 7 

3. R E S U L T S  

Data for needed energy levels were taken from Ref. 10. The calculated values are 
divided in three parts. Our results for electron (We) and proton (Wp) impact full halfwidths 
and shifts (de and dp respectively) for He(I) resonance lines (which lie in the far ultraviolet) 
are shown in Table 1 for Ne -- 1016 c m  -3 and T = 10,000, 20,000, 40,000, 100,000, 150,000, 
and 200,000 K. Because of the impact approximation and the isolated-line approximation, 
the impact widths and shifts show linear behavior in Are if Debye shielding effects are 
negligible. An interpolation is necessary to obtain values for temperatures not listed in the 
table. 

The results for lines between 2500 and 7000/~ are shown in Table 2 for a number of 
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Table 1. This table lists Stark-broadening parameters for He(I) resonance lines at an electron density of  
l0 is crn-3 and temperatures from 10,000 K to 200,000 K. Transitions and averaged wavelengths for the 
multiplet (in A) are also given. Under 2W~ and 2Wp are given electron and proton impact full halfwidths, 
while d, and d e denote corresponding shifts. If we deride C by 2W,, we obtain an estimate for the maximum 
electron density for which the line may be treated as isolated and the tabulated values may be used. 
Asteriks denote cases when the frequency distance between the upper level and the nearest perturbing level 
is smaller than or equal to the electron plasma frequency. For these lines the behaviour of  N~ deviates 
from linear (especially for the shift); for another electron density, the influence of  Debye shielding must 

be taken into account (see, e.g., Ref. 8, Appendix IVa) 

Transition T[K] 2W e ~] d e [~] 

1~-2pIp ° 10000 0.326-3 0.113-4 
584.334X 20000 0.353-3 0,482-4 

40000 0.373-3 0.808-4 
C = 1.7+17 100000 0.399-3 0.933-4 

150000 0.408-3 0.799-4 
200000 0.409-3 0.721-4 

IsC~-3pIp ° ~  10000 0.668-2 -0,181-2 
537.030 R 20000 0.629-2 -0.125-2 

40000 0.577-2 -0.830-3 
C = 3.0+15 100000 0.501-2 -0.475-3 

150000 0.465-2 -0.372-3 
200000 0.438-2 -0.310-3 

2Wp [R] dp[~] 

0.966-4 
0.970-4 
0.974-4 
0.962-4 
0.939-4 
0.914-4 

-0.204-4 
-0.232-4 
-0.263-4 
-0.301-4 
-0.311-4 
-0.316-4 

0.239-2 -0.188-2 
0.270-2 -0.225-2 
0.308-2 -0.263-2 
0.367-2 -0.323-2 
0.388-2 -0.356-2 
0.395-2 -0.381-2 

1s2S_4p1pO4 10000 0.256-I -0.585-2 0.101-I -0.637-2 
522.213 ~ 20000 0.241-I -0.421-2 0.115-I -0.846-2 

40000 0.220-I -0.293-2 0.132-I -0.104-I 
C = 1.3+15 100000 0.189-I -0.179-2 0.157-I -0.134-I 

150000 0.174-I -0.143-2 0.165-I -0.149-I 
200000 0.163-'I -0.122-2 0.167-I -0.160-I 

1S21$-5pIp ° 10000 0.632-I -0.117-I 0.285-I -0.119-I 
516.617 ~ 20000 0.610-I -0.881-2 0.336-I -0.200-I 

40000 0.563-I -0.611-2 0.388-I -0.273-I 
C = 6.5+14 100000 0.487-I -0.374-2 0.458-I -0.373-I 

150000 0.449-I -0.300-2 0.475-I -0.423-I 
200000 0.420-I -0.258-2 0.476-I -0.457-I 

I~S-6pIp ° ~  10000 0.124 -0.139-I 0.589-I -0.944-2 
512.098 ~ 20000 0.124 -0.747-2 0.782-I -0.326-I 

40000 0.118 -0.247-2 0.928-I -0.548-I 
C = 3.7+14 100000 0.104 0.537-3 0.109 -0.835-I 

150000 0.974-I 0.914-3 0.111 -0.966-I 
200000 0.924-I 0.108-2 0,109 -0.105 

Is2S-7pIp ° "  10000 0.496 0.194 0.713-I -0.413-2 
509.998 ~ 20000 0.577 0.259 0.106 -0.344-I 

40000 0.661 0.328 0.130 -0.694-I 
C = 2.3+14 100000 0.777 0.432 0.129 -0.113 

150000 0.814 0.479 0.123 -0.111 
200000 0.830 0.506 0.125 -0.109 

temperatures, while the results for lines with 2 > 7000 A are presented in Table 3 for 
T = 2500, 5000, 10,000, 20,000, 40,000, and 80,000 K. In Tables 1-3, we also give a 
parameter denoted by C [see Eq. (7)], which can be used to determine if a line is isolated 
for the needed electron density. For the He(I) 5016 A line, we compare our results with 
different experimental determinations of the Stark widths. 2'11-2° This comparison is 
presented in Table 4. We see that the averaged disagreement between our results and 
experimental values is 30~ (12~ if Refs. 17 and 19 are disregarded). 

In Figs. 1-3, our results for the 2 = 10830/~ and 3. = 7281 J He(l) lines are compared 
with available theoreticaP '6'2~ and experimental 2 data. From these results, it appears that 
agreement between our calculations and experimental data is quite good. However various 
sets of theoretical assumptions will, in the semiclassical method, result in slightly different 
temperature trends. High-precision measurements for the high and low temperature limits 
are needed in order to clarify applicability of various procedures within the semiclassical 
approach. 

We also note that, in several cases, the inclusion of Debye shielding affects the shift 
calculations significantly. For example, for the 10996.6 A, line, we obtain d = 0.303/~ at 
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Table 2. Same as in Table 1 but  

M. S. DIMITRIJEVIC and S. SAHAL-BI~CHOT 

for the He(I) lines in the range 2500 _< 2, /~ _< 
from 5000 to 80,000 K 

Transi t ion T[K] 

2s~S-3pIp ° 

5015.68 

C = 2.6+17 

2sIs-4pIp ° 

3964.73 

C = 7.3+16 I 

2sls_5pIpO * 

3613,64 

C = 3.2+16 

2sls_6pIpO * 

3447.59 

C = 1,7+16 

2sls_7plpo * 

3354.55 

C = 1,0+16 

2p1p°-4s1S 

5047.74 

C = 1.4+18 

2pIp°-6s1S 

4168.97 

C = 2.8+17 

2pIp°-7sls 

4023.97 

C = 1.6+17 

2p1p°-8sIs 

3935.91 

C = 1.0+17 

2pIp°-3dID 

6678.15 

C = 4.7+17 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

2P IP°-4dID *i 

4921.93 

C = 1.3+16 

5000 
10000 
20000 
30000 
40000 
80000 

2We [~] de[g] 

0.627 -0.236 
0,597 -0.179 
O. 568 -0.132 
0.549 -0.110 
0.532 -0.950-I 
0.487 -0.666-I 

I .54 -0.459 
I .48 -0.345 
I .40 -0,249 
I .34 -0.208 
I ,29 -0,179 
1.16 -0.126 

. . . . .  ~ - 0  

3.07 -0.757 
3.10 -0,574 
3.00 -0.432 
2.87 -0.354 
2.77 -0.306 
2.50 .211 

5.0c~ -0,881 
5.63 -0,627 
5.64 -0.335 
5.4 c -0,189 
5.34 -0.109 
4.8 c 0.708-2 J 

28. 7.32 
35.7 14.6 
41.2 21.2 
45.4 24.9 
48. 27.6 

j 57.E 34.3 

I .02 0.730 
i I .0£ 0,745 

.11 0,668 

.13 0,584 

.14 0,528 

.12 0,417 
I 

5.8, 3.12 
6.3i 3.43 
6.81 3.49 
6.9~ 3.50 
6.9! 3.50 
6.7,, 3.39 

i 
7.9~ O, 534 
11. O, 590 

I 15.( 0,569 
17.( 0.524 
20. O. 480 
29.~ 0.380 

I .2. ~ 0.882 
26.2 0,949 
101 0.884 
146. O.794 
178. 0,721 
256. 0.571 

O. 714 - - ~ 0 . ~ 4 9  
0.666 I 0.222 
01602 I 0.180 
0.565 I 0.162 
0.538 I 0. !44 
0.485 F 0.106 

2.60 0.436 
2.48 0.368 
2.24 O. 298 
2.08 0.252 
I .96 0.221 
1.69 0,162 

0.187 
0.210 
0,237 
0.255 
0.270 
0.310 

0,507 
O. 585 
0.665 
0,719 
0,762 
0.872 

1 . 0 5  
1 . 4 0  
1 . 6 4  
1 . 7 9  
I .90 
2.17 

I .66 
2.67 
3.54 
3.94 
4.21 
4.79 

I . 20  
2.80 
3.75 
4.07 
4.29 
5.09 

0.231 
0.260 
0.291 
0,312 
0.327 
O. 368 

1.10 
1 .37  
1 . 5 6  
1 . 6 8  [ 
1.76 I 

. 1 . %  . 

o.167 [ 
0.188 / 
0.211 ! 
0.225 
0.236 
0.266 

O. 283 
0.320 
0.360 
0.385 
O. 404 
0,454 

0.231 
0.260 
0.295 
0.320 
0.339 
0,386 

2.04 
2.74 
2.95 
2.87 
2.74 
2.29 

7000 and for temperatures 

-0.131 
-0.164 
-0.197 
-0,216 
-0.231 
-0. 269 

-0.232 
-0.367 
-0.488 
-0.555 
-0.602 
-0,727 

-0.161 
-0.583 
-0.978 
-1.19 
-I .33 
-I .70 

-0.140-3 
-0.428 
-I  .48 
-2.07 
-2.48 
-3.46 

0,402-3 
0,295 
I .52 
2.18 
2.58 
3.37 

0.158 
0.203 
0.246 
0,270 
O. 288 
0,332 

0.280 
0.676 

I .03 
1.21 
I .34 
I . 64  

0,112 
0.145 
0. 176 
8.194 
O. 207 
0.240 

0.164 
0.228 
0,287 
0,321 
0.345 
O. 402 

0.171 
0.211 
0.250 
0.274 
0,292 
0.342 

0,261 
1.14 
2.01 
2.42 
2.65 
2.97 
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Transition T[K] 

2plp°-sdlD * 5000 
4387.93 ~ 10000 

20000 
C = 5.4+15 30000 

40000 
80000 

2plp°-6dlD * 5000 
4143.76 ~ 10000 

20000 
C = 2.8+15 30000 

40000 
8O000 

2plp°-7dlD 5000 
4009.27 ~ 10000 

20000 
C = 1.7+15 30000 

40000 
80000 

2s3S-3p3p ° 5000 
3888.65 R 10000 

20000 
C : 8,1+17 30000 

40000 
80000 

2s3S-4p3p ° 5000 
3187.74 ~ 10000 

20000 
C = 2.3+17 30000 

40000 
80000 

2s35-5p3p ° 5000 
2945.10 ~ 10000 

20000 
C = 1.0+17 30000 

40000 
80000 

2s3S-6p3p ° 5000 
2829.07 ~ 10000 

2000O 
C = 5.4+16 30000 

40000 
80000 

2p3p°-4s3S 5000 
4713.20 ~ 10000 

20000 
C = 2.0+18 30000 

40000 
80000 

2p3p°-5s3S 5000 
4120.80 ~ 10000 

20000 
C = 7.7+17 30000 

40000 
80000 

2p3p°-6s3S 5000 
3867.50 ~ 10000 

20000 
C = 3.8+17 30000 

40000 
80000 

2p3p°-8s3S 5000 
3652.00 ~ 10000 

20000 
C = 7.2+15 30000 

40000 
80000 

Table 2. (Contd) 

2W e [~] d e [~] 2Wp [R] dp [R] 

4.97 0,665 1.86 0.807-4 
5.10 0.558 5.32 0.359 
4.81 0.450 7.07 2.77 
4.53 0.382 7.31 4.25 
4,31 0.336 7.15 5.14 
3.75 0.250 6.11 6.56 

7.83 0.924 1.33 0.142-7 
8.75 0.856 6.80 0.284-I 
8.69 0.775 12.9 1,54 
8.36 0.707 14.4 4.35 
8.04 0.656 14.3 6.75 
7.14 0.528 12,6 11.2 

41.6 10.4 0.930 0.0 
50.5 20.7 1 . 7 1  0.726-9 
57.4 29.7 13.6 0.886-I 
62.0 34.6 25.6 1.67 
65.8 38.0 27.2 4.63 
77.4 46.7 32.9 16,5 

0.142 0.752-I 0.396-I 0.279-I 
0.166 0.609-I 0.434-I 0.332-I 
0.182 0.485-I 0.476-I 0.386-I 
0.187 0.400-I 0.504-I 0.418-I 
0.190 0.347-I 0.526-I 0.442-I 
0.190 0.251-I 0.585-I 0.603-I 

0.439 0.207 0.115 0.710-I 
0.500 0.170 0.128 0.922-I 
0.527 0.140 0.142 0.112 
0.533 0.116 0.152 0,124 
0.534 0.101 0.159 0.132 
0.519 0.721-I 0.178 0.153 

1.13 0.412 0.283 0,127 
1.27 0.367 0.325 0,199 
1.31 0.283 0.364 0.263 
1,31 0.234 0,389 0,299 
1.31 0.203 0.408 0,324 
1.25 0.146 0,461 0.384 

3.32 
3.74 
4.05 
4.18 
4.25 
4.28 

1.35 
1.48 
I .60 
1,68 
I .75 
I .91 

0.638 
0.842 
0.978 

I .05 
1.10 
I .25 

0.103 
0.355 
O. 588 
0.712 
0.796 
O. 989 

O. 588 
0.620 
0,641 
O. 645 
0.659 
O. 685 

0.409 
0.456 
0.439 
0.387 
0.349 
O. 280 

0.128 
0.143 
0.161 
0.172 
0.181 
O. 203 

O. 942- I 
0.117 
0.139 
0.152 
0.161 
0.185 

I .32 
I .35 
I .38 
I .42 
I .46 
I .48 

2.95 
3.13 
3.23 
3.28 
3.30 
3.22 

0.890 
0.931 
0.851 
0.737 
0.677 
0.540 

1.80 
I. 93 
1.81 
1.67 
1.57 
1.29 

0.262 
22.8 
59.5 
78.7 
91.2 
118. 

O. 288 
0.325 
0.365 
0.391 
0.410 
0.461 

0.607 
0.710 
0.802 
0.859 
0.901 

1.01 

0.170 
0.234 
0.294 
0.327 
0.351 
0.410 

O. 243 
0.422 
0.579 
0.666 
0,725 
0.867 

0.0 
0.0 
0.816-8 
0.672-I 

1.72 
14.4 
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Transit ion T[K] 

2p3p°-3d3D 

5875.70 

C = 1,8+18 

2p3p°-4d3D 

4471.50 

C = 1.5+16 

2p3p°-5d3D 

4026.20 

C = 6.4+15 

2p3p°-6d3D 

3819.60 

= 3.4+15 

?p3p°-7d3 D 

3705.00 

= 2.1+15 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

5000 
10000 
20000 
30000 
40000 
80000 

Table 2 (Contd) 

l 2We[A] de[R] 

0.277 -0.725-I 
0.298 -0.397-I 
0.296 -0.123-I 
0.295 -0.388-3 
0.293 0,457-2 
0.286 0.706-2 

1.63 -0.187 
1,61 I -0.131 
1.49 ' -0,837-I 
1.41 -0.556-I 
1.35 i -0.456-I 
1.20 J -0.279-I 

3.49 -0.425 
3.63 -0.315 
3.47 -0.209 
3,31 -0,161 
3.19 -0.136 
2.84 -0,878-I 

J 

5.99 -0.698 
6.65 -0,558 
6.61 -0,354 
6.41 -0.260 
6.21 -0.216 
5.59 -0.136 

i 

I 14.0 3.49 
17.2 [ a,87 
19.5 i 6.41 
20.5 7.40 
21.1 8.17 
22,1 I: I0 . I  

I 2%[~] 
0.591-I 
0.650-I 
0.719-I 
0.764-I 
0.799-I 
0.898-I 

1 . 3 4  
I . 6 9  
I . 8 2  
I . 7 4  
I . 6 3  
I , 1 7  

2.18 
3.76 
4.79 
4.79 
4,56 
3.37 

I .52 
4.54 
9.14 
9,73 
10.2 
8.61 

I ,31 
3.76 
9.76 
15.7 
16.5 
13.8 

d p[,~] 

-0.445-I 
-n,523-I 
-o.604-I 
-0.653-I 
-0.690-I 
-0.784-I 

0.316 
0.815 
1.31 
I .56 
I .74 
I .79 

0.180-2 
0.544 
2.20 
3.17 
3,68 
4.34 

0.583-4 
0,550-I 
1.79 
4.04 
6.10 
8.21 

0.136-7 
0.571-2 
0.711 
2.97 
5,37 
11,5 

Table 3. The same as in Table 1 but for 

Transit ion T[K] 

2sls-2plp ° 2500 
20581.3 ~ 5000 

10000 
C = 2.1+20 20000 

40000 
80000 

2plp°-3sls  2500 
7281.4 ~ 500O 

10000 
C = 7.1+18 20000 

40000 
80000 

3sls-3plp ° 2500 
74351.0 ~ 5000 

10000 
C = 5.8+19 20000 

40000 
80000 

3s18-4plp ° 2500 
15083.7 ~ 5000 

10000 
C = 1.1+18 20000 

40000 
80000 

* i  
3sls-5plp ° 2500 
11013.1 ~ 5000 

10000 
C = 2.9+17 20000 

40000 
80000 

i.r. He(I) lines with 2 > 7000 A, and for temperatures from 2500 
to 80,000 K 

j 2WEIR] i de[~ ] 2Wp[R] dp[~] 

0.717 -0.392 0.158 -0.101 
0.749 -0.477 0.169 -0.117 
0,793 -0.453 0.181 -0.134 
0,862 -0.439 0.196 -0.152 
0.974 -0.304 0,213 -0.173 

1.09 -0.236 0.231 -0.196 

0.491 0.359 0.107 0.789-I 
0.558 0.401 0.120 0.978-I 
0.594 0.426 0.135 0.116 
0.619 0.402 0.151 0.135 
0.638 0.317 0.170 0.155 
0.656 0.247 0.191 0.176 

180. -81,0 39.9 -22.0 
185. -83.5 45.2 -31.2 
182. -74.7 50,8 -39.6 
175. -63.8 57.3 -47.6 
170. -48.2 65,2 -55.8 
161. -38.0 74.5 -65,0 

23.5 -8.28 5.82 -I .19 
23.9 -7.84 7.42 -3.38 
23.2 -6.66 8.56 -5.36 
22,2 -5,02 9,73 -7.13 
20.8 -3.77 11 .I  -8.81 
18,9 -2.78 12.8 -10.6 

-. 487 -3 
- I  .49 
-5.42 
-9.10 
-12.4 
-15.8 
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Transition T[K] 

3sls-6plp ° * 2500 
9603.4 ~ 5000 

10000 
C = 1.3+17 20000 

40000 
80000 

3pIp°-4slS 2500 
21132.0 ~ 5000 

10000 
C = 2.5+19 20000 

40000 
80000 

3plp°-5sls 2500 
13411.8 R 5000 

10000 
C = 5.0+18 20000 

40000 
80000 

3plp°-6sls 2500 

11225.9 R 5000 
10000 

C = 2.0+18 20000 
40000 
80000 

3dlD-5plp ° ~ 2500 
12755.7 ~ 5000 

10000 
C = 3.9+17 20000 

40000 
80000 

2s3S-2p3p ° 2500 
10830.0 R 5000 

10000 
C = 1.1+20 20000 

40000 
80000 

broadening of neutral helium lines 

Table 3. (Contd) 

2~te[R] de[R ] 

33.1 -7.92 
39.7 -7.17 
43.9 -5.05 
44.2 -3.08 
42.0 -1.38 
38.7 -.462 

27.1 13.7 
28.7 15.6 
28.8 15.4 
28.4 13.1 
28.3 10.2 
27.2 8.07 

23,9 12.3 
26.3 14.4 
25.6 14.6 
25.8 12.4 
25.8 9.96 
24.6 7.61 

40.4 17.8 
45.2 23.0 
49.0 25.3 
52.0 25.7 
53.0 25.7 
51,1 24.8 

30.8 0.103 
36.9 0.120 
38.9 0.141 
38.1 0,153 
35.6 0.148 
32.1 0.127 

0.106 -0,503-1 
0.107 -0.620-1 
0.113 -0.631-1 
0.129 -0.606-1 
0.150 -0.466-1 
0.178 -0.401-1 

2p3p°-3s3S 2500 0.271 0.191 
7065,3 ~ 5000 0.317 0.231 

10000 0.349 0.262 
C = 1.2+19 20000 0.366 0.251 

40000 0.380 0.220 
80000 0.406 0.170 

2s3S-4p3p ° 2500 6.22 3.28 
12528.0 R 5000 7.03 2.37 

10000 8,19 1.84 
C = 3.6+18 20000 8.75 1.29 

40000 9.07 0,880 
80000 8.96 0.567 

10.4 4.77 
11.7 3.83 
13.3 3.26 
13.8 2.38 
13.9 I 1.68 
13.4 1.18 

19.1 7,65 
22.3 7.34 
25.3 7.23 
26.3 6.91 
26.2 6.27 
25.1 5.43 

11.0 5.76 
13.6 7.27 
15.4 7.57 
16.8 7.26 
17.8 5.65 
18.5 4.62 

3s3S-5p3p ° 2500 
9463.6 ~ 5000 

10000 
C = 1.0+18 20000 

40000 
80000 

3s3S-6p3p ° 2500 
8361.8 R 5000 

10000 
C = 4.7+17 20000 

40000 
80000 

3p3p°-4s3S 2500 
21120.0 ~ 5000 

10000 
C = 4.1+19 20000 

40000 
80000 

3p3p°-5s3S 2500 
12846.0 ~ 5000 

10000 
C = 7.5+18 20000 

40000 
80000 

1.38 0.0 
12.8 -.107-2 
20.7 -3.32 
27.5 -11.5 
32.7 -19.3 
37.2 -26.9 

5.04 2.32 
5.80 3.67 
6.53 4.87 
7.35 6.00 
8.28 7.11 
9.40 8.27 

4.07 1.02 
5.08 2.49 
5.81 3.80 
6.54 4.98 
7.35 6.09 
8.28 7.19 

5.78 0.427-I 
8.09 2.02 
10.1 4.95 
11.6 7.56 
13.0 9.91 
14.7 12.1 

1.87 0,284-1 
2.07 0,328-1 
2.14 0.374-1 
2.16 0.425-1 
2.17 0.482-1 
2.17 0,547-1 

0.301-1 -0,135-1 
0.309-1 -0,154-1 
0.320-1 -0,176-1 
0.333-1 -0.199-1 
0.348-1 -0,226-1 
0.362-1 -0.256-1 

0.613-1 0.475-1 
0.686-1 0.574-1 
0.768-1 0,673-1 
0.861-1 0,775-1 
0.966-1 0.884-1 
0.108 0.100 

1.53 0.722 
1,73 1.07 
1,93 1.39 
2.14 1.69 
2,38 1.98 
2.67 2.29 

2.28 0.483 
2.90 1.30 
3.34 2.04 
3.74 2.71 
4.19 3.33 
4.73 3.94 

3.56 0.770-2 
4.98 I .  06 
6.32 2.88 
7.27 4.53 
8.20 6.00 
9.29 7.38 

1.94 1.21 
2.17 1.59 
2.42 1.95 
2.70 2.30 
3,02 2.67 
3,38 3.05 

2,32 0.941 
2,71 1.62 
3.06 2.21 
3.43 2.77 
3.85 3.30 
4.33 3.85 
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Table 3 (Contd) 

T[K] 2We [R] I de[~J 
2500 20,5 | 10.8 
5000 23.0 [ 13.6 

10000 24.5 [ 14.5 
20000 25.5 I 13.6 
40000 26.2 I 11.7 
80000 25.6 I 9.59 

3p3pO-7s3S 

9702.7 
C = 1.5+18 

3d3D-4p3p ° 

19543.0 

C = 8.7+18 

3d3D-5p3p ° 

2985.o R 
C = 2.0+18 

3d3D-6p3p ° 

10996.6 

C = 8.1+17 

2500 
5000 

10000 
20000 
4 0 0 0 0  
80000 

2500 
5000 

10000 
20000 
40000 
80000 

2500 
5000 

10000 
20000 
40000 
80000 

2500 
5000 

10000 
20000 
40000 
80000 

49.4 
59.3 
68.3 
76.3 
81,9 
83.0 

12,7 
16.4 
19.4 
21.3 

L 21.9 

r 15.9 
1 20.4 

23.9 
25.8 
26.1 
25.1 

24.7 
32.8 
38.7 
41.8 
42.6 
41.7 

i 18.8 
28.8 
36.4 
42.2 
46.8 
48.7 

0. 595 
O. 699 
0.819 
0.897 
0.871 
0.749 

0.137 
0.160 
0.188 
0.210 
0.209 
0.184 

0.303 [ 
o.351 [ 
0.370 I 
0 344 I 
o: 283 _ ~  

2Wp[~] dp[R] 

3,36 0.432 
4.58 1.84 
5,35 3.19 
6.05 4.38 
6.80 5.48 
7.65 6.54 

3.33 0.378-8 
9.15 0.578 13.1 4.49 
15.7 8.70 
17.8 12.4 
20.0 15.8 

1.68 0.160 
' I .74 0.188 
1.76 0.216 
1.77 0.247 
1.77 0.280 
1.77 0.318 

1.83 0.379-I 
2.01 0.439-I 
2.07 0.502-I 
2.09 0.570-I 
2.10 0.647-I 
2.10 0.734-I 

2.43 0.673-I 
2.95 0.796-I 
3.16 0.922-I 
3.24 0.105 
3.26 0.120 
3.27 0.136 

Table 4. Various experimental results for the He(I) 5016/~ line are compared with the present calculations 

Wulff 11 

12 Berg et a l .  

B~t t icher et aT. 13 

Lincke 14 

Greig et a l .  15 

Greig and Jones 16 

Kusch 17 

Diatta et a l .  18 

Einfeld and Sauerbrey 19 

Chian 9 et a l .  20 

Kelleher 2 

1958 

i 1962 

1963 

1964 

1968 

1970 

1971 

1974 

1976 

1977 

1981 

3.2 

16.5 

1.0-2.0 

9.3 

1-10 

2.7-17 

0.8-4.6 

3.0 

2.0-3.5 

10 

0.3- I  .3 

0.85 

I .01 

1 . 3 3 - 1 . 1 1  

1.01 

1 . 3 5  

I .42-I .38 

1.96-2.19 

1.06 

2.01 

1.12 

1.09 

I ng l i s -Te l l e r  

H, He l ines 

LTE 

H~, 3889 

H B 

H B 

H B 

H~ 

He Continuum 

Inter ferometry 

H 

T = 5000 K while the result o f  Benett and Griem 5 (without the correction for Debye 
shielding suggested in the same paper) is d = 16.3 A for the same conditions. These lines 
may be used as experimental checks to see if the impact-parameter cut-off treatment o f  
Debye shielding is satisfactory or not. 

4. D I S C U S S I O N  OF R E G U L A R I T I E S  A N D  C O N C L U S I O N  

It was shown earlier, 9,22 on the basis o f  existing experimental data, that, for lines 
belonging to a spectral series, one should expect a gradual increase in the Stark width with 
increasing principal quantum number o f  the upper state. In the present paper, we use our 
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0.2 

w[~] 

0.1 

1 I I 0 I I I I I 

5 10 2 30 /,0 50 60 70 

T [ K ] x l 0  -3 

Fig. 1. Full halfwidths for He(I) 2~3S-2p3p ° multiplet (2 = 10,830 A), as a function of  electron 
temperature; N e = 1016 cm-3. Calculations: BG, lknet t  and Griem; s Co, Cooper and Oertel; 22 DSB, 

present calculations. 

w[~] 
0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 
5 

BO 

BCW 

DSB 

1'0 2~0 3~0 I.O 
T [ K ] x l 0  -3 

Fig. 2. Full halfwidths for He(I) 2p'P°-3slS multiplet (2 = 7281.4 ,~) as a function of  electron 
temperature; N e = 1016 cm -3. Experimental point: dk, Kelleher. 2 Calculations: BCW, Bassalo et al. 6 

Otherwise, the same notation applies as in Fig. 1. 

BCW 

d[,~] 

0./,~ 

0.3 

0.2 

0.1 

0 I I I 

5 10 20 30 40 
T [K] x 10 -a 

Fig. 3. The same title as in Fig. 2 applies but for the shift. 
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comprehensive set of  results of Stark-broadening data to investigate such width regularities 
within a spectral series and to see if regular behavior appears also for the shifts (see also 
Refs. 22 and 23 and cited references). 

The full halfwidth (in angular frequency units) and the ratio d/W for the 2s*S-nptP ° 
series as a function of  the principal quantum number of  the upper level (ni) are shown in 
Figs. 4 and 5. We see that the values for ni = 2 and 7 deviate considerably from the regular 
behavior, especially for the d/W ratio. 

By inspecting energy separations between the upper level and the principal perturbing 
levels (Fig. 6), we find that this value decreases gradually within a spectral series. Thus, 
we expect a gradual change of  the Stark-broadening parameters. 

The values for n~ = 2 deviate from the others because the 2d level does not exist. There 
is no simple explanation for the deviation of  the values for n~ = 7. The shift is very sensitive 
to oscillator strengths and may indicate the beginning of the failure of  the model for 
oscillator-strength calculations for highly excited levels. The results also show that 
systematic behavior depends strongly on plasma conditions, especially in the case of  the 
shift. 

As may be seen from Figs. 7-9, a regular increase of  widths and shifts also occurs 
within the 2s3S-np3p ° and 3p3P°-nsaS series. 

101~ 

? 

101a . , : ~ / / / p  

S/  
101z / /  

1011 

~ T =I0000K 
--- T= 200000K 

10 ~o l I I I I 2 3 4 5 6 7 ni 
Fig. 4. The Stark halfwidth for He(I) resonance lines as a function of  n, for T = 104 and 2 x 105 K, 

At,,= 1016cm -3. 

d 1.2 
w 1.0 

0.8 
0.6 
0./-.( 
0.2 

0' 

-0.2 

-0.4 

- 0 . 6  

T = 10 000 K 
i - - -  T =200000K 

I / 

7 11 
, /! 

"', 3 4 5 / /  

Fig. 5. The ratio d/W for He(I) resonance lines as a function of n~ for T = 104 and 2 x 105K, 
Are = 1016cm 3. 
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"T 

UJ <~ 

200 

100 

A E z s . z p  = 4857,cm -1 

AEzp-sd = 14970"cm'1 
5 s m  

6 s ~  

3d ~ 7s 

4d m 

5 d ~  
6d 

i t I I I 7 d ~ - - -  
2 p  3p 4p 5p 6p 7p 

Fig. 6. Energy separations between the upper level and the principal perturbing levels for He(I) 
resonance lines, 

I l 

W [S" ]  2S~-npaP 0 

1011 

1 - T =  40000K 

2 - T= 5000K 

3 - BCW; T= 40000K 

101°l I i I i I 
2p 3p /,p 5p 6p 7p 

Fig. 7. The Stark halfwidth for He(I) 2s3S-np3P  ° lines as a function of  n i for T = 5000 and 
40,000 K, BCW denotes the result o f  Bassalo et al. ~ 
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w[,-,] 
1013 

10 n 

3p3p ° - ns aS / /  
/ 

/ /  

J 

1011 I I 
4s 5s  6s  7s 

Fig. 8. Full halfwidths for He(1) 3p3p°--ns3S lines as a function of  n for N,= 1016cm -3 
( T = 2,500 K ; -  - - T  = 80,000 K). 

10 )2 

3p 3pO_ ns3S / / |  
/ I / 

/ /  

/ / 
/ 

/ 

1011 I I 

4s  5s 6s 7s 

Fig. 9. The same notation applies as in Fig. 8 but for the shift. 
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Abstract--A semiclassical approach has been used to evaluate Stark broadening of atomic lines 
and also electron- and proton-impact line widths and shifts of 30 neutral sodium lines. The results 
axe used to investigate Stark broadening-parameter regularities within the spectral series. 

1. INTRODUCTION 

Reliable Stark-broadening parameters for sodium lines are useful for a number of  
problems in plasma diagnostics, 1 astrophysics, 2'3 technology of high-pressure discharge 
lamps, 4'5 etc. Using the semiclassical-perturbation formalism, 6'7 we have calculated 
electron- and proton-impact line widths and shifts of  30 neutral Na lines. Our results are 
compared with available theoreticaP "8'9 and reliable experimental ~°'ll data. The results 
have been used to extend our investigation of Stark-broadening regularities within spectral 
series. 12,~3 Using our comprehensive results, we have searched for systematic trends among 
Stark-broadening parameters within the Na(I) spectral series. If these exist, accurate 
interpolations and critical evaluations of  experimental results become feasible. 

2. THEORY 

The basis for calculation is a computer code for evaluation of electron- and ion- 
impact broadening parameters of isolated spectral lines, using the semiclassical-perturbation 
approach. 6 The formulae which lead to the full halfwidth (2 IV) and the shift (d) are 

~0 °° 
2 W = Are vf(v)  dv[ ~ all(r) + ~ aft(v) + ael(v)] 

i '# i  f ' ~ f  

(1) 

d = vf(v)  dv 21rp dp sin 24~p. (2) 
3 

Here i and fdeno t e ,  respectively, the initial and final levels and i', f '  the corresponding 
perturbing levels, Ne is the electron density, f(v) the velocity distribution function for 
electrons and p the impact parameter. Details concerning the calculation of  inelastic (aj/,; 
j = i, f )  and elastic (ael) cross sections, the phase shift (qSp) and cut-offs are described in 
Ref. 6 (Sec. 1, Chap. 3). We recall here that we allow for Debye shielding by introducing 
the Debye cut-off Rd as an upper cut-off in the integration procedure. 

It is not necessary to discuss uncertainties arising from all of  the approximations 
involved in our calculations, since the criteria for their application are given in detail 
elsewhere. 6 If we want to make certain that a line is isolated, we can use the parameter 
C defined in Ref. 12 and given in Table 1. If  halfwidths are available for the electron 
concentration N = 1016 cm -3, 

NI (cm -3) = C / 2 W ( i n  A at N = 1016 cm-3). (3) 

For an electron concentration lower than At, the line can be treated as isolated in the 

qSRT a4.'2-D 149 
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Table 1. This table lists electron- and proton-impact broadening parameters for Na(I) lines at an electron 
density of 10 j6 cm -3 and temperatures from 2500 to 80,000 K. Transitions and averaged wavelengths for 
the multiplet (in A) are also given. Under 2We and 2Wp are given electron- and proton-impact full 
halfwidths, while de and dp denote corresponding shifts. Asterisk denote cases when the frequency distance 
between the upper and nearest perturbing levels is smaller than or equal to the electron-plasma frequency. 
For these lines, the behaviour of N~ deviates from linear (especially for the shift); for another electron 

density, the influence of Debye shielding must be taken into account (see, e.g., Ref. 1, Appendix IVa). 

Transition 

3s2S_3p2p ° 

5891. 8 

C--3.0+19 

3s2S_4p2p ° 

3302.6 

C:i.2+18 

3s2S_5p2p ° 

2852.8 

0:4.0+17 

3p2p°_4s2S 

11397.0 

C:5.9+19 

3p2p°_5s2S 

6158.6 

C:7.0+18 

T/K/ 

2500 

5000 

1000(3 

20000 

3OOOO 

80000 

2500 

5000 

i0000 

20000 

3OOOO 

80000 

2500 

5O0O 

i 0000 

20O00 

30~ 

8O00O 

2500 

5000 

i0000 

20000 

3o0o0 

80000 

2500 

5OO0 

i0000 

20000 

30000 

800OO 

2w /4/  
e 

o.191(- 1 ) 

O. 212 ( - i )  

0.249(-1) 

O. 316 ( - i )  

0.368(-1) 

0.513(-1) 

0.649(-1) 

0.725(-1) 

O. 864 (-i) 

0.i00 

0.108 

0.124 

0.2(]2 

0.221 

0.254 

0.295 

0.313 

0.346 

0.377 

0.433 

0.481 

0.525 

0.564 

0.687 

0.407 

0.472 

0.514 

0.564 

0.590 

0.727 

d / 4 /  
e 

O. 130(-1 ) 

O. 154 ( -1 ) 

0 .178 ( - i )  

0.181(-L) 

0.178(-1) 

O. 130(-1 ) 

-0.231 ( -1)  

-0.141 ( - i  ) 

-0 .338( -2)  ' 

0 .281(-2) !  

0.558(-2) 

0 . 7 3 3 ( - 2 )  

-0.102 

-0 .928( -1)  

-0.630(-1 ) 

- 0 .460 ( - i  ) 

-0.364 ( -1)  

-0.207(-1) 

0.258 

0.305 

0.323 

0.379 

0.355 

0.249 

0.275 

O. 373 

O. 379 

0.382 

0.340 

0.245 

2w /4 /  
P 

O. 126 ( -1)  

0.127(-1) 

O. 129 ( -i ) 

0 . i 3 0 ( - i )  

0.132(-1) 

0 .135( - I )  

0.219(-i) 

O. 225 ( -i ) 

0.230(-1) 

0.235(-1) 

0.239(-1) 

0.251(-1) 

o .56o(-1)  

o.611(-1) 

o. 651 ( - i )  

o.693(-1)  

o .72o(-1)  

o.798(-1) 

0.869(-1) 

0.953(-1) 

0.105 

0.116 

0.123 

0.143 

O. 867 ( - i )  

0.973(-1) 

0.109 

0.122 

0.131 

0.154 

d /~/ 
P 

O. 352( -2 ) 

0.404(-2) 

O. 459 ( -2)  

0.521 ( -2)  

0.561(-2) 

O. 67 O( -2 ) 

-0.686 ( -2)  

-0 .818( -2)  

-0 .951( -2)  

-0 .109( -1)  

-0 .118( -1)  

-0 .141( -1)  

-0.227 ( - i  ) 

-0.3O3 ( - i )  

-0.375(-1 ) 

- 0 . 4 4 5 ( - i )  

-0.487(-i) 

-0.596(-1) 

O. 635 ( - i  ) 

0 .751 ( - ] )  

0 .869( - i  ) 

0.994(- ]  ) 

0.107 

0.128 

0.617(-i ) 

O. 775 ( -1 ) 

0.928(-i ) 

O.IC~ 

0.11,5 

0.142 

( Cont'd) 

core, even if weak forbidden components due to the failure of  this approximation still 
appear in the wings. 

3. R E S U L T S  

Data for needed energy levels were taken from Ref. 14. For evaluation of  the oscillator 
strengths, tables of  Bates and Damgaard 15 and Oertel and Shomo 16 have been used. For 
low-lying levels, the oscillator strengths where taken from Ref. 17. When tables of  Oertel 
and Shomo 16 are not applicable for higher levels, the method described in Ref. 18 
w a s  u s e d .  
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Table l.(Contd) 

151 

3p2p°_632S 

5151.9 

C=2.5+18 

3p2p°_7s2S 

4750.6 

C:i.2+18 

3p2p°_8s2S 

4544.2 

C=6.8+17 

4p2p°_9s2S ~ 

10745.0 

C=2,5+18 

4p2p°_lOs2Sn 

lC~94.o 

C:i,6+18 

250O 

5O0O 

10O00 

20000 

3OOOO 

80O0O 

2500 

5000 

i0000 

20000 

3OOOO 

80000 

2500 

5000 

lO000 

20000 

30000 

8OOOO 

2500 

5000 

1000(3 

20000 

30000 

80000 

2500 

5000 

i0000 

20000 

30000 

80000 

0.781 

0.894 
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(Cont'd) 

Our results for electron(2 We)- and proton(2 Wp)-impact full halfwidths and shifts (de 
and dp, respectively) for neutral sodium lines are shown in Table 1 for Ne = 1016 cm -3 
and T = 2500, 5000, 10,000, 20,000, 30,000 and 80,000 K. In Table 1 we also give a 
parameter denoted by C [see Eq. (3) and Ref. 12], which can be used to determine if a 
line is isolated for the needed electron density. 

In Figs. 1 and 2, our results for the Na(I) 3s2S-3p2p ° multiplet (A = 5891.8 A) are 
compared with available theoretical1'8'9 and experimental m,11 data. In both experiments 1°'11 
the perturbing ion was singly ionized argon. 

In some cases, a controversy exists in the literature concerning the impact or quasistatic 
character of  the ionic contribution to the line profile. For the Li(I) 2s-2p transition 
perturbed by Ar ÷, the impact character of  ionic profiles was pointed out by Brissaud et 
al.,'9 which is in contradiction to the GBKO 2° validity criteria for the impact approximation 
that are not satisfied in the present case. For the Na(I) 3s-3p multiplet perturbed by Ar ÷, 
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Table 1. (Contd) 

4p2pO_4d2D 

23370.0 
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0:5.7+18 

4s2S_6p2p ° 

8650.3 

C=1.9+18 

25O0 

50OO 

10000 

20000 

3 0000 

80000 

2500 

5000 

iOOOO 

20000 

3OOOO 

80000 

2500 

5000 

i OOOO 

20000 

3O0OO 

80000 

2500 

5000 

10OOO 

20000 

30000 

8OOOO 

2500 

5000 

1OOOO 

20000 

300OO 

80000 

2500 

5000 

IOOOO 

20000 

3OOOO 

80000 

40.3 

40.1 

38.5 

36.6 

35.4 

32.2 

33.O 

38.8 

40.9 

40.4 

39.3 

35.1 

39.1 

52.0 

58.8 

60.0 

58.9 

53.0 

3.56 

3.86 

4.40 

5.29 

5.87 

7.13 

2.98 

3.25 

3.72 

4.38 

4.70 

5.29 

5.55 

6.04 

6.87 

7.92 

8.34 

9.02 

14.2 10.5 

13.9 13.0 

12.2 14.9 
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0.434 3.14 
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14.4 
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O. 323 
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O.419 
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O.953(-1 
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O.136 
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-O.5O8 
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-0.651 
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( Cont'd) 
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4s2S_7p2p ° 

781o.o 
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4s2S_8p2p °~ 

7373.2 

C:5.3+17 

4p2p°_6s2S 

16384.0 
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( Cont'd) 

the validity condit ion for the impact approximation given in Refs. 6 and 7 is not fulfilled. 
On the other hand, if we use the collective Kubo number, 21 for estimation of  the character 
o f  the ionic profile, the ionic profile is the purely impact type 9 for the experimental 
conditions used in Refs. 10 and 1 1. 

We see from Fig. 1 that data o f  Baur and Cooper 1° are in excellent agreement with 
our calculations for static ions. On the other hand, the line widths o f  Puri6 et al.11 agree 
better with numerical results if  the ionic contribution is treated within the impact 
approximation. Results o f  Puri6 et al.l~ for the shift are in agreement with calculations 
o f  Benett and Griem l's and Mazure and Nollez.  9 Impact widths and shifts due to collisions 
with Ar + are presented in Table 2 for the multiplet considered. 

4. D I S C U S S I O N  O F  R E G U L A R I T I E S  A N D  C O N C L U S I O N  

It was shown earlier 22 that, for lines belonging to a spectral series, one should expect 
a gradual increase in the electron-impact width with increasing principal quantum number 
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(Cont 'd) 

of  the upper state. Recently, on the basis of comprehensive numerical results for Stark 
broadening of He(I) lines, it was shown, lz~3 for lines belonging to a spectral series, that 
electron- and proton-impact widths increase gradually with increasing principal quantum 
number of the upper state. The electron- and proton-impact shift changes gradually 
within a spectral series if Rd > R3 [R3 is the lower cut-off for the shift. See Eq. (2) and 
Ref. 6]. For Rd < R3, the shift is zero) 3 If the shift is negative (blue) for lower numbers 
of  a series due to larger polarization of  the lower transition level, it becomes positive 
(red) for higher members of  the series owing to the gradual increase of  the upper level 
contribution. 13 We continue here this investigation using the present results for 
Na(I) lines. 

By inspecting energy separations between the upper level and the principal perturbing 
levels for the 3p3p°-ns3S and 4s3S-np3p ° series (see Grotrian diagrams in Ref. 14), we 
find that this value decrease gradually within a spectral series. Thus we expect a gradual 
change of  the Stark-broadening parameters. We see that the situation within the 3p3p °- 
ns3S series is rather simple. We have one dominant perturbing level, the energy separation 
changes regularly and we expect very regular behaviour of Stark-broadening parameters 
within this spectral series. The electron- and proton-impact broadening parameters (in 
angular frequency units), are shown in Figs. 3-6  as a function of the principal quantum 
number of the upper level (ni). In practically all cases we find a gradual increase of the 
Stark-broadening parameters with an increase of  ni. The unique exception is the proton- 
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impact shift for 3p2p°-8s2S line at 2500 K, which is equal to zero due to the influence 
of  Debye shielding (see Ref. 13). The case of  the 4sES-nl~P ° series is more complicated. 
There is not a dominant  perturbing level. Moreover, the nearest perturbing level is not 
the most  important  one. I f  J~, is the oscillator strength and AEjj, the energy difference 
between the perturbing (j ')  and the np2P ° level (j), then the influence of a perturbing 
level may be estimated as~,/IAE~,l. For example, for the 4p2P ° level, the relative influence 
of  the principal perturbing levels is 4d:3d:4s = 2.1:1.8:1. The behaviour of  Stark- 
broadening parameters is now more complicated than in the previous case. For the 
electron- and proton-impact  widths presented in Figs. 7 and 8, we find a regular increase 
with an increase of  hi, except for the last member  of  the series. For the 4s2S-8p2p ° 
electron- and proton-impact  line widths, we have a small decrease relative to the 4s2S- 
7p2P ° line widths, which is probably caused by the influence of  Debye shielding and the 
fact that it is more difficult to obtain a relatively complete set of  perturbing levels for 
higher members  of  a series. 
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Fig. 1. Full halfwidths for the Na(1) 3s2S-3p2P ° multiplet (~, = 5891.8 A), as a function of electron 
temperature; Ne = 10 t7 cm -3. Experimental points: ©, Baur and Cooper (Ref. 10); ×, Puri6 et al. (Ref. 
11). Calculationsf BG, Benett and Griem (Ref. 8); MN, Mazure and Nollez (Ref. 9); DSB~, present 
calculations (quasistatic ion-broadening); DSB2, present calculations (ion-broadening within the impact 

approximation). 
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Table 2. Ar + impact-broadening parameters at an electron density of 1016 cm -3 

Transition 

3s2S-3p2p ° 

5891.8 

T [K3 
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o . 1 2 8 ( - i )  

0.217(-2) 

0.252(-2) 

0.289(-2) 
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0.353(-2) 

0.423(-2) 
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Electron- and proton-impact  shifts for the 4s2S-np2P ° series are presented in Table 3. 
For lower members  of  the series, the shift is negative (blue) due to the larger polarization 
of  the lower level of  the transition. The shift is a function of R3, fjj,/I~XEjj,I and b2(pla~Ejj,I/ 
v), where b2 is the G B K O  function} ° R3 and ~,/IAEjj,I increase within this series. On the 
other hand, b2 is a decreasing function of Zjj, = p[AEjj,l/v and the decrease is especially 
fast for lower values of  Zjf. For the most important  perturbing levels, the Zjj, values are 
lower for the upper than for the lower transition level, and the b2 functions are more 
strongly influenced by an increase of  R3, which excludes the lowest p values and, 
consequently, the largest b2 values. Therefore, if the increase ofJ~,/lAE~,l cannot compensate 
for the decrease of  b2, the shift may even decrease for lower members  of  a series, as in 
the present case. The influence of the upper level for lower ni then decrease with an 
increase of  ni, while the contribution of the lower level is not so sensitive to a change of  
R3. Moreover, for the higher members  of  the series, the shift becomes positive owing to 
an increase of  the upper level contribution, which is caused by the dominant  influence 

W(s-1) I 
1013[ 

I0 m 

3p2P ° ns2S 

/111/ 

/ 
/ 

/ 
/ 

/ 
, /  

/ 
/ 

/ 
/ 

T=80,000 K / /  
/ 

/ 
/ 

/ 

.,/ j 

i01) 

I I I 
4s 5s 6s 7s ni 8s 

Fig. 3. Electron-impact full halfwidths for Na(I) 3p2P°-ns2S lines as a function of ni for T = 2500 and 
80,000 K at Ne = 1016 c m  3. 
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Fig. 4. As in Fig. 3 but for the electron-impact shift. 
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Fig. 7. Electron-impact full halfwidths for Na(l) 4s2S-np2P ° lines as a function of n; for T = 2500 and 
80,000 K at N~ ffi 10 I~ em -3. 
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Fig. 8. As in Fig. 7 but for the proton-impact full halfwidth. 

Table 3. The electron- and proton-impact shifts for Na(1) 4s2S-np2P ° lines as a function of ni for T 
= 2500 and T = 80,000 K at an electron density of 10 ~6 cm -3. 

Transition Electrons Protons 
d(s -1) at d(s-l)at d(s-l)at d(s-l)at 

2,5OOK 80, OOO K 2,500 K 80~OOO K 

4a2S_4p2p ° 

4s2S_5p2p ° 

4s2S_6p2p ° 

4s2S_7p2p ° 

4s2S_8p2p ° 

-6.96(+10) 

-2.53(+11) 

-7.47(+11) 

+1.92(+12) 

+4.O2(+10) 

-2.49(+10) 

-8.40(+10) 

-2.18(+ii) 

+7.19(+12) 

+5.44(+10) 

-1.63(+10) 

-5.36(+iO) 

-9.99(+iO) 

+2.21(+iO) 

+1.O3(+10) 

-3.43(+10) 

-1.42(+i1) 

-4.28(+ii) 

+1.36(+12) 

+2.10(+10) 

of an increase in f~,/IAE~,I. These situations occur, because for higher members of the 
series, the atom is larger, the lowest impact parameters are excluded by cut-off, and for 
larger values of Z~,, the b2 function is not so sensitive to changes of R3. 
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Abstract-Using a semiclassical approach, we have calculated electron-proton and Ar II impact line 
widths and shifts of 50 neutral potassium lines. The comprehensive set of results obtained is used for 
investigation of Stark-broadening-parameter regularities within the spectral series. 

INTRODUCTION 

Stark-broadening parameters for potassium lines are useful for a number of problems in plasma 
diagnostics, astrophysics, technology of high-pressure discharge lamps, etc. Pulsed lamps, at 
medium and high pressures, containing potassium vapors are important for neodymium laser 
optical pumping, since potassium lines coincide with absorption bands of laser material. Using the 
semiclassical-perturbation formalism, ‘*2 we have calculated electron-, proton-, and Ar II-impact line 
widths and shifts of 50 neutral K lines. Our results are compared with available theoreticall-’ and 
reliable experimental ~3 data. The results obtained have also been used to continue our investigation 
of systematic trends among Stark-broadening parameters within spectral series.“’ 

THEORY 

The calculation procedure is well described elsewhere. ‘*2*g The final formulae for the full halfwidth 
(2 IV) and the shift (d) are, respectively, 

2W=N.~~uf(u)dv[~~i~i~(u)+~~~~(~)+~.i(U)], (1) 

d=N~~~~uf(v)dv~~~2~~dpsin2m,. (2) 

Here, i and f denote, respectively, the initial and final levels and i’, f ’ the corresponding perturbing 
levels, N, is the electron density, f(v) the velocity distribution function for electrons and p the 
impact parameter. Details concerning the calculations of inelastic (a,; i = i, f) and elastic (a,,) 
cross sections, the phase shift (&,) and cutoffs are described in Ref. [l] (Section 1, Chap. 3). If we 
want to make certain that a line is isolated, we can use the parameter C defined in Ref. [9] and 
given in Table 1. If halfwidths are available for the electron concentration N = 10” crnV3, 

N,(cme3) = C/2 W(in A at N = 10”crn3). (3) 

For an electron concentration lower than N,, the line can be treated as isolated in the core, even 
if weak forbidden components due to the failure of this approximation still appear in the wing. 

RESULTS AND DISCUSSION 

Energy levels used in our calculations were taken from Ref. [12]. Oscillator strengths have been 
calculated using the method of Bates and Damgaard13 and tables of Oertel and Shomo.” For 
low-lying levels, the oscillator strengths were taken from Ref. [15]. For higher levels, the method 
described in Ref. [16] was used. 
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Table 1. This table lists electron-, proton- and Ar II-impact broadening parameters for K(1) lines at an electron density of 10” cnr3 and 
temperatures from 2000 to 30,000 K. Transitions and averaged wavelengths for the multiplet (in A) are also given. Under 2 I+,, 2 W, and 

2 W, are given electron-, proton- and Ar II-impact full halfividths, while d,, dP and d” denote corresponding shifts 

Perttubers are: Electrons Protons 
Transition 7’ (K) 2 w, (A) d, (A) 2 w, (A) d, (A) 

Ionized argon 
2 w, (A) dA (A) 

0.209 0.805 E - 01 0.198 0.470 E - 01 :I% 
C=0.27E-20 10,000 

20,000 
30,OtYJ 

2000 

0.551 
0.655 
0.765 
0.926 
1.04 

0.311 
0.402 
0.373 
0.359 
0.309 

0.214 0.964 E - 01 
0.220 0.110 
0.227 0.124 
0.232 0.134 

0.202 0.574 E - 01 
0.204 0.657 E - 01 
0.206 0.747 E - 01 
0.208 0.803 E - 01 

3ddp 
13384A 
C=O.21 E+ 19 

3d-7p 
10482 A 
C=0.68E+l8 

3d-8p 
9348.6 A 
C=0.32E+lS 

GZi?A 
C=O.l8E+ 18 

4s-4p 
7676.2 A 
C=0.47E+l9 

4s-sp 
4045.2 A 
C=oME+ 18 

4&p 
3446.7 A 
C=O.l4E+ 18 

4s-7p 
3217.3 A 
C=OHE+ 17 

4s-8p 
31ol.qA 
C=0.36E+17 

4s-9p 
3034.8 A 
C=0.22E+ 17 

3 d-4f 
15l65A 
C=O.l7E+ 19 

3d-5f 
11022.3A 
C=O.l4E+17 

4p-5 s 
12492 A 
C=0.58E+19 

10,000 
20,000 
30,000 

2ooo 
5000 

10,ooO 
20,000 
30,000 

10,ooo 
20,000 
30,000 

2000 
5000 

lO,OC@ 
20,000 
30,000 

2000 
5000 

10,000 
20,000 

2000 
5000 

20,04lo 
30,000 

10,ooo 
20,000 
30,000 

2000 
5000 

10,000 
20,000 
30,000 

2000 

10,000 
20,000 
30,000 

2000 
SO00 

10,000 
20,000 
30,000 

10,000 
20,000 
30,000 

2000 
5000 

10,000 
20,000 
30,000 

10,000 
20,000 
30,000 

0.335 0.209 0.130 0.522 E - 01 0.118 0.291 E - 01 
0.410 0.270 0.135 0.643 E - 01 0.124 0.374 E - 01 
0.480 0.262 0.139 0.740 E - 01 0.126 0.438 E - 01 
0.569 0.241 0.145 0.843 E - 01 0.128 0.504 E - 01 
0.632 0.207 0.149 0.907 E - 01 0.130 0.544 E - 01 

0.531 0.338 0.194 0.768 E - 01 0.165 0.400 E - 01 
0.655 0.415 0.205 0.986 E - 01 0.184 0.557 E - 01 
0.772 0.420 0.213 0.115 0.190 0.670 E - 01 
0.924 0.348 0.223 0.133 0.194 0.784 E - 01 
I .03 0.299 0.229 0.143 0.197 0.852 E - 01 

0.923 0.564 0.312 0.118 0.235 0.549E-01 
1.14 0.676 0.338 0.161 0.292 0.869 E - 01 
1.36 0.646 0.354 0.192 0.309 0.109 
1.64 0.534 0.371 0.223 0.319 0.130 
1.83 0.467 0.383 0.242 0.324 0.143 

1.58 0.942 0.484 0.171 0.312 0.647 E - 01 
1.96 I .07 0.546 0.253 0.447 0.129 
2.36 1.03 0.577 0.311 0.491 0.171 
2.88 0.827 0.609 0.368 0.515 0.21 I 
3.18 0.703 0.629 0.402 0.525 0.234 

0.430 E - 02 0.324 E - 02 
0.486 E - 02 0.408 E - 02 
0.572 E - 02 0.492 E - 02 
0.729 E - 02 0.595 E - 02 
0.861 E - 02 0.518 E - 02 

0.276 E - 02 
0.280 E - 02 
0.284 E - 02 
0.288 E - 02 
0.288 E - 02 

0.403 E - 02 
0.413E-02 
0.424 E - 02 
0.436 E - 02 
0.445 E - 02 

0.904 E - 02 
0.939 E - 02 
0.968 E - 02 
O.lOOE-01 
O.l03E-01 

0.887 E - 03 0.270 E - 02 0.530 E - 03 
O.lOSE-02 0.271 E - 02 0.630 E - 03 
0.119E-02 0.273 E - 02 0.714 E - 03 
O.l35E-02 0.274 E - 02 0.8lOE-03 
O.l44E-02 0.275 E - 02 0.873 E - 03 

0.926 E - 02 0.567 E - 02 
O.llOE-01 0.727 E - 02 
O.l25E-01 0.780 E - 02 
O.l45E-01 0.757 E - 02 
O.l58E-01 0.688 E - 02 

O.l50E-02 0.384 E - 02 
0.180E-02 0.391 E - 02 
0.205 E - 02 0.395 E - 02 
0.232 E - 02 0.399 E - 02 
0.250 E - 02 0.402 E - 02 

0.874 E - 03 
O.l07E-02 
O.l23E-02 
O.l4OE-02 
O.l50E-02 

0.221 E - 01 0.14OE-01 
0.271 E - 01 O.l74E-01 
0.315E-01 O.l83E-01 
0.371 E - 01 O.l72E-01 
0.409 E - 01 0.150E-01 

0.352E-02 0.828 E - 02 
0.434 E - 02 0.869 E - 02 
0.500 E - 02 0.884 E - 02 
0.569 E - 02 0.898 E - 02 
0.613 E - 02 0.907 E - 02 

0.498 E - 01 0.313 E - 01 O.l87E-01 0.727 E - 02 O.l59E-01 
0.615E-01 0.409 E - 01 O.l97E-01 0.933 E - 02 O.l78E-01 
0.723 E - 01 0.383 E - 01 0.205 E - 01 O.l09E-01 0.183 E - 01 
0.863 E - 01 0.339 E - 01 0.214E-01 O.l25E-01 0.187E-01 
0.958 E - 01 0.293 E - 01 0.219E-01 0.135E-01 0.190 E - 01 

O.l96E-02 
0.253 E - 02 
0.296 E - 02 
0.340 E - 02 
0.368 E - 02 

0.378 E - 02 
0.527 E - 02 
0.634 E - 02 
0.742 E - 02 
0.806 E - 02 

0.101 0.621 E-01 0.346 E - 01 O.l30E-01 0.262 E - 01 0.604 E - 02 
0.125 0.748 E - 01 0.375 E - 01 0.177E-01 0.325 E - 01 0.957 E - 02 
0.149 0.740 E - 01 0.393 E - 01 0.211 E-01 0.344 E - 01 O.l20E-01 
0.180 0.598 E - 01 0.412 E - 01 0.246 E - 01 0.355 E - 01 0.143 E -01 
0.200 0.518E-01 0.424E-01 0.267 E - 01 0.361 E - 01 O.l57E-01 

0.189 0.113 
0.235 0.129 
0.282 0.124 
0.344 0.976 E - 01 
0.380 0.852 E - 01 

0.583 E - 01 
0.657 E - 01 
0.695 E - 01 
0.733 E - 01 
0.757 E - 01 

0.584E-01 
0.627 E - 01 
0.666 E - 01 
0.713E-01 
0.745 E - 01 

0.789 
0.946 
1.08 
1.25 
1.34 

0.205 E - 01 0.375 E - 01 0.776 E - 02 
0.304E-01 0.539 E - 01 O.l54E-01 
0.373 E - 01 0.593 E - 01 0.205 E - 01 
0.441 E-01 0.620 E - 01 0.253 E - 01 
0.482 E - 01 0.633 E - 01 0.280 E - 01 

0.252 -0.110 
0.294 -0.684E-01 
0.354 -0.355 E - 01 
0.404 -0.147 E - 01 
0.431 -0.736E-02 

-0.337 E - 01 
-0.407E-01 
-0.465E-01 
-0.527 E - 01 
-0.567 E - 01 

0.504 E - 01 
0.525 E - 01 

2.15 0.123 
1.99 0.277 E - 01 
1.85 O.l47E-01 
1.71 - 0.258 E - 02 
I .62 -0.368 E - 02 

0.541 E -01 
0.561 E - 01 
0.575 E - 01 

0.426 
0.564 
0.640 
0.719 
0.770 

-0.193 E - 01 
-0.240E-01 
-0.277 E - 01 
-0.317E-01 
-0.341 E - 01 

0.385 
0.647 
0.825 
1.01 
1.15 

0.969 E - 01 
0.301 
0.435 
0.558 
0.627 

0.556 E - 01 0.386 E - 01 O.l32E-01 O.lME-01 0.955 E - 02 
0.673 E - 01 0.515 E - 01 O.l49E-01 O.l25E-01 O.l04E-01 
0.752 E - 01 0.581 E - 01 O.l65E-01 0.141 E - 01 O.l12E-01 
0.831 E - 01 0.536 E - 01 O.l82E-01 O.l6OE-01 O.l22E-01 
0.912 E - 01 0.522 E - 01 O.l92E-01 O.l73E-01 O.l28E-01 

0.611 E-02 
0.743 E - 02 
0.849 E - 02 
0.964 E - 02 
O.l04E-01 

continued opposite 
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Electrons Protons 
2 w, (A) 4 69 2 w, (A) d, (A) 

Ionized argon 
2 w, (A) dA 6) 
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4pds 
6929.5 A 
C=0.75E+ 18 

4p-7s 
5795.3 A 
C=O.Z7E+ 18 

4p-8s 
5334.3 A 
C=O.l3E+ 18 

4p-9s 
5094.3 A 
C=0.76E+l7 

4p-10 s 
4951.4A 
C=0.48E+ 17 

4p-11 s 
4859 A 
C=0.33E+ 17 

4p-12s 
4795.7 A 
C=O.Z4E+l7 

4p-3 d 
11745A 
C=OME+ 19 

4p-4d 
6955.2 A 
C=0.35E+l8 

4p-5 d 
5825.3 A 
C=O.l4E+ 18 

4p-6 d 
5354.1 A 
C=0.74E+ 17 

4p-7 d 
5107.2 A 
C==0.43E+ 17 

:&?,“A 
C=i28E+l7 

2000 
5000 

10,000 
20,000 
30,000 

2000 
5OiJO 

10,000 
20,000 
30,000 

10,000 
20,oml 
30,000 

10,000 
20,000 
30,000 

5000 
10,Mw) 
20,000 
30,000 

10,000 
20,000 
30,000 

2000 
5000 

10,000 
20,000 
30,000 

5000 
10,000 
20,000 
30,000 

10,000 
20,000 
30,000 

2000 
5000 

10,000 
20,000 
30,ooo 

10,OMl 
20,000 
30,000 

2000 
5000 

10,ooO 
20.000 

2000 
5000 

10,000 
20,Ooo 
30,000 

2000 
5000 

10,000 
20,000 
30,000 

0.627 E - 01 0.451 E - 01 0.138 E -01 
0.764 E - 01 0.566 E - 01 O.l6OE-01 
0.817E-01 0.625 E - 01 O.l80E-01 
0.907 E - 01 0.612E-01 0.202 E - 01 
0.941 E - 01 0.538 E - 01 0.216E-01 

O.l16E-01 
O.l42E-01 
0.163E-01 
0.186E-01 
0.200 E - 01 

0.201 E - 01 
0.255 E - 01 
0.297 E - 01 
0.341 E -01 
0.368 E - 01 

0.324 E - 01 
0.432 E - 01 
0.512 E - 01 
0.594 E - 01 
0.644 E - 01 

0.520 E - 01 
0.752 E - 01 
0.916E-01 
0.108 
0.118 

0.852 E - 02 0.654 E - 02 
0.986 E - 02 0.833 E - 02 
O.llOE-01 0.969 E - 02 
O.l23E-01 0.111 E-01 
O.l32E-01 O.lZOE-01 

0.119 0.841 E - 01 0.255 E - 01 
0.151 0.109 0.297 E - 01 
0.154 0.109 0.333 E - 01 
0.169 0.963 E - 01 0.374 E - 01 
0.184 0.878 E - 01 O/WOE-01 

0.155E-01 O.l06E-01 
0.181 E - 01 0.145 E - 01 
0.203 E - 01 0.173 E - 01 
0.227 E - 01 0.202 E - 01 
0.243 E - 01 0.220 E - 01 

0.223 0.151 0.450 E - 01 
0.260 0.187 0.525 E - 01 
0.299 0.189 0.590 E - 01 
0.323 0.158 0.662 E - 01 
0.359 0.136 0.708 E - 01 

0.272 E - 01 O.l56E-01 
0.319E-01 0.237 E - 01 
0.358 E - 01 0.293 E - 01 
0.402 E - 01 0.348 E - 01 
0.430 E - 01 0.381 E - 01 

0.412 
0.475 
0.537 
0.623 
0.695 

0.272 0.834 E - 01 
0.338 0.976 E - 01 
0.316 0.110 
0.260 0.123 
0.227 0.132 

0.490 E - 01 0.209 E - 01 
0.591 E-01 0.389 E - 01 
OhME-01 0.508 E - 01 
0.747 E - 01 0.621 E - 01 
0.8OOE-01 0.687 E - 01 

0.702 0.450 0.139 0.721 E - 01 0.758 E - 01 0.206 E - 01 
0.807 0.517 0.164 0.117 0.987 E - 01 0.556E-01 
0.924 0.497 0.184 0.147 0.112 0.786 E - 01 
1.11 0.395 0.207 0.176 0.126 0.9% E - 01 
1.23 0.341 0.221 0.194 0.134 0.111 

1.12 0.680 0.212 0.869 E - 01 0.103 O.l17E-01 
1.31 0.763 0.258 0.167 0.153 0.707 E - 01 
1.52 0.702 0.290 0.220 0.176 0.112 
1.87 0.550 0.326 0.270 0.198 0.148 
2.06 0.498 0.349 0.298 0.212 0.169 

1.71 0.987 0.291 0.883 E - 01 0.135 0.241 E - 02 
2.06 1.08 0.372 0.217 0.214 0.781 E - 01 
2.38 0.904 0.420 0.301 0.253 0.144 
2.98 0.715 0.472 0.378 0.286 0.203 
3.27 0.648 0.506 0.422 0.307 0.234 

0.246 E - 01 0.125E-01 0.867 E - 02 
0.268 E - 01 0.139E-01 0.886 E - 02 
0.302 E - 01 0.137E-01 0.906 E - 02 
0.373 E - 01 O.l08E-01 0.928 E - 02 
0.435 E - 01 0.912E-02 0.936 E - 02 

0.734 E - 01 0.530 E - 01 0.194E-01 
0.837 E - 01 0.597 E - 01 0.214E-01 
0.909 E - 01 0.576 E - 01 0.232 E - 01 
0.998 E - 01 0.450 E - 01 0.253 E - 01 
0.107 0.386 E - 01 0.267 E - 01 

0.322 E - 02 
0.381 E - 02 
0.432 E - 02 
0.49lE-02 
0.527 E - 02 

0.128 E - 01 
0.157E-01 
0.180E-01 
0.205 E - 01 
0.220 E - 01 

0.837 E - 02 0.192 E - 02 
0.844 E - 02 0.229 E - 02 
0.850 E - 02 0.260 E - 02 
0.858 E - 02 0.294 E - 02 
0.864 E - 02 0.317E-02 

0.154E-01 0.715E-02 
0.164E-01 0.9148-02 
O.l73E-01 0.107 E - 01 
O.l83E-01 0.123 E - 01 
O.l9OE-01 O.l32E-01 

0.159 0.112 0.408 E - 01 
0.181 0.126 0.454 E - 01 
0.197 0.126 0.494 E - 01 
0.220 0.950 E - 01 0.540 E - 01 
0.235 0.821 E - 01 0.570 E - 01 

0.251 E - 01 
0.323 E - 01 
0.378 E - 01 
0.435 E - 01 
0.470 E - 01 

0.309 E - 01 O.l30E-01 
0.341 E - 01 O.l82E-01 
0.362 E - 01 0.219E-01 
0.385 E - 01 0.257 E - 01 
0.401 E - 01 0.280 E - 01 

0.322 0.224 0.795 E - 01 0.439 E - 01 0.555 E - 01 0.197 E - 01 
0.364 0.247 0.896 E - 01 0.607 E - 01 0.656 E - 01 0.324 E - 01 
0.398 0.226 0.978 E - 01 0.729 E - 01 0.706 E - 01 0.411 E-01 
0.452 0.176 0.107 0.851 E - 01 0.756 E - 01 0.495 E - 01 
0.482 0.156 0.113 0.925 E - 01 0.788 E - 01 0.544 E - 01 

0.604 0.392 
0.682 0.424 
0.752 0.383 
0.863 0.299 
0.916 0.270 

0.142 0.677 E - 01 0.883 E - 01 0.226 E - 01 
0.165 0.104 0.116 0.515E-01 
0.181 O.l30 0.128 0.704E-01 
0.198 0.155 0.138 0.880 E - 01 
0.210 0.169 0.145 0.980E-01 

1.06 0.687 0.233 0.883 E - 01 0.120 0.145E-01 
1.20 0.737 0.283 0.164 0.188 0.710E-01 
1.34 0.611 0.313 0.214 0.216 0.110 
1.54 0.481 0.345 0.261 0.237 0.145 
1.62 0.435 0.365 0.289 0.249 0.164 

1.75 1.06 0.348 0.896 E - 01 0.174 0.170E-02 
I .99 1.12 0.455 0.233 0.277 0.809 E - 01 
2.24 0.907 0.510 0.327 0.342 0.155 
2.58 0.741 0.565 0.413 0.383 0.220 
2.70 0.649 0.599 0.462 0.404 0.255 
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EIeceom Pr0t0tl.T 
2 w, (A) d. (A, 2 K (A) di (A) 

Ionized argon 
2 W” (A) d” (A) 

4d-6p 
62191 A 
C=0.28E+20 

%?A 
C=0.46E+ 19 

4d4f 
1369OOA 
C=O.l4E+21 

4d-5f 
3116214 
C=O.ll E+ 18 

5sdp 
12531 A 
C=O.l9E+l9 

%?A 
C=0.62E+ 18 

:;2:4PA 
C=0.29E+ 18 

&ll;A 
C=O.l7E+l8 

:&;‘A 
C=O.21 E+20 

sp-7s 
17979A 
C=0.26E+ 19 

5p-8s 
14178 A 
C=0.93E+ 18 

5p-9s 
12600A 
C=0.46E+ 18 

6.08 
9.35 
12.7 
16.5 
18.8 

0.359 2.20 0.209 
0.430 2.28 0.256 
0.489 2.30 0.293 
0.555 2.30 0.333 
0.597 2.31 0.359 

3.46 
4.5 I 
5.61 
7.01 
7.87 

0.453 1.04 
0.578 1.15 
0.673 1.18 
0.772 1.20 
0.834 1.22 

0.239 
0.328 
0.392 
0.458 
0.497 

4.50 
5.69 
6.90 
8.52 
9.50 

0.558 1.12 0.261 
0.756 1.38 0.410 
0.901 I .46 0.512 
1.05 1.50 0.612 
1.14 1.53 0.671 

42.1 
48.4 
52.4 
61.4 
66.6 

-6.02 5.22 -3.34 
-7.45 5.86 -4.33 
-8.58 6.42 -5.07 
-9.78 7.05 -5.84 

-10.5 7.46 -6.32 

18.0 
17.1 
15.9 
15.0 
14.5 

0.339 
0.416 
0.544 
0.746 
0.882 

1.51 2.29 
2.20 2.31 
2.38 2.32 
2.03 2.33 
1.76 2.33 

1.99 1.20 
2.30 1.26 
2.27 1.30 
1.71 1.36 
1.54 1.39 

2.75 1.47 
3.12 1.59 
2.94 1.66 
2.32 1.74 
1.99 1.80 

-26.2 7.76 
-27.6 8.88 
-22.7 9.87 
-17.3 11.0 
- 14.9 11.7 

0.424 6.26 
-0.648 7.51 
-0.862 8.60 
-0.748 9.90 
-0.794 10.6 

0.131 0.174 
0.119 0.175 
0.743 E - 01 0.176 

3.07 3.38 0.778 
5.14 4.46 2.39 
6.56 5.07 3.46 
8.03 5.70 4.43 
9.00 6.10 4.98 

0.414 E - 01 0.177 
0.305 E - 01 0.177 

0.335 E - 01 0.171 O.l97E-01 
0.398 E - 01 0.173 0.238 E - 01 
0.451 E - 01 0.174 0.271 E - 01 
0.512 E - 01 0.174 0.307 E - 01 
0.552 E - 01 0.174 0.331 E-01 

0.287 0.179 0.118 0.434E-01 0.109 0.243 E - 01 
0.352 0.213 0.122 0.535 E - 01 0.114 0.3llE-01 
0.420 0.219 0.126 0.614 E - 01 0.116 0.364E-01 
0.510 0.177 0.130 0.699 E - 01 0.118 0.418E-01 
0.577 0.141 0.132 0.753 E - 01 0.119 0.452 E - 01 

0.476 0.302 0.178 0.685 E - 01 0.152 0.357 E - 01 
0.588 0.360 0.188 0.878 E - 01 0.170 0.496 E - 01 
0.699 0.364 0.195 0.103 0.175 0.597 E - 01 
0.843 0.287 0.203 0.118 0.179 0.698 E - 01 
0.943 0.246 0.208 0.127 0.181 0.759 E - 01 

0.840 0.519 0.286 0.107 0.216 0.498 E - 01 
1.04 0.604 0.310 0.146 0.269 0.788 E - 01 
1.24 0.580 0.324 0.174 0.284 0.988 E - 01 
1.51 0.465 0.340 0.202 0.293 0.118 
1.68 0.402 0.350 0.220 0.298 0.130 

1.45 0.884 0.445 0.157 0.286 0.593 E - 01 
1.80 1.00 0.502 0.232 0.412 0.118 
2.16 0.927 0.531 0.284 0.453 0.157 
2.65 0.722 0.560 0.336 0.474 0.193 
2.92 0.639 0.578 0.367 0.484 0.214 

1.70 1.12 0.431 0.279 0.348 0.158 
2.09 1.42 0.473 0.340 0.369 0.200 
2.46 I .50 0.510 0.390 0.387 0.232 
2.95 1.27 0.554 0.443 0.408 0.266 
3.38 1.05 0.583 0.477 0.422 0.286 

1.15 0.761 0.246 0.188 0.158 0.995 E - 01 
1.39 1.12 0.284 0.238 0.180 0.136 
1.54 0.967 0.317 0.277 0.200 0.162 
1.74 0.862 0.354 0.318 0.222 0.189 
I .96 0.781 0.378 0.343 0.236 0.205 

1.61 1.11 0.332 0.236 0.202 0.113 
1.88 1.34 0.387 0.316 0.237 0.173 
2.17 1.36 0.434 0.375 0.266 0.214 
2.41 1.09 0.487 0.435 0.297 0.255 
2.71 0.942 0.521 0.471 0.318 0.279 

2.53 1.70 0.509 0.317 0.300 0.128 
2.90 2.02 0.596 0.458 0.362 0.237 
3.32 1.95 0.669 0.558 0.407 0.310 
3.89 1.53 0.751 0.658 0.457 0.379 
4.36 1.33 0.803 0.717 0.488 0.419 

continued opposite 
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sp-10s 
11761 A 
C=0.27E+ 18 

sp-ll s 
11253 A 
C=o.l8E+18 

:&tdA 
C=O.lOE+20 

Sp-5d 
18272A 
C=O.l4E+ 19 

5pdd 
14319 A 
C=O.S3E+l8 

5p-7d 
12679 rd 
C=0.27E+ 18 

5p-8d 
11811 A 
C=O.l6E+l8 

Sp-9d 
11286 A 
C=O.lOE+l8 

2000 
5iMo 

10,000 
20,000 

2000 
5000 

10,000 
20,000 
3oJMo 

2000 
5000 

lO,C@O 
20.000 

2000 
5000 

10,000 
20,000 
30,000 

2000 
5000 

10,000 
20,000 
30,oOa 

2000 
5000 

10,000 
20,ooo 
30,000 

2000 
5000 

10,000 
20,000 
30,000 

2OOa 
5oOa 

10,oOll 
20,000 

3.96 2.53 0.781 0.407 0.428 0.116 
4.56 2.89 0.924 0.657 0.557 0.314 
5.23 2.76 1.04 0.829 0.630 0.443 
6.34 2.19 1.17 0.994 0.708 0.561 
7.06 1.88 1.25 1.09 0.758 0.628 

6.00 
7.02 
8.17 

3.64 
4.06 
3.72 
2.91 
2.56 

1.14 
1.38 
1.56 
1.75 
1.87 

0.466 0.552 0.629 E - 01 
0.894 0.819 0.379 
1.18 0.941 0.599 
1.44 1.06 0.795 
1.60 1.14 0.904 

10.1 
11.2 

1.97 1.36 
2.32 1.34 
2.69 0.996 
3.38 0.750 
3.74 0.647 

0.493 
0.542 
0.587 
0.639 
0.673 

1.55 
1.76 
I .95 
2.26 
2.46 

1.11 
1.20 
1.05 
0.801 
0.723 

0.380 
0.425 
0.464 
0.509 
0.539 

2.30 1.54 0.556 
2.60 1.66 0.628 
2.86 1.52 0.687 
3.29 1.17 0.754 
3.54 1.02 0.797 

3.73 2.41 0.870 
4.22 2.58 1.01 
4.66 2.3 I 1.11 
5.37 1.80 I .22 
5.72 1.58 1.29 

6.02 3.89 I .32 
6.81 4.15 1.60 
7.60 3.39 1.77 
8.76 2.68 1.95 
9.25 2.43 2.07 

9.41 
10.7 
12.1 
13.9 

5.68 
6.02 
4.84 
3.95 

1 .a7 
2.44 
2.74 
3.03 

30,000 14.6 3.45 3.22 

0.323 0.393 
0.395 0.419 
0.453 0.440 
0.515 0.465 
0.554 0.482 

0.242 0.282 
0.311 0.312 
0.363 0.333 
0.418 0.356 
0.452 0.372 

0.313 0.386 
0.432 0.454 
0.518 0.490 
0.605 0.527 
0.657 0.550 

0.417 0.538 
0.643 0.705 
0.799 0.778 
0.952 0.842 
1.04 0.881 

0.501 0.675 
0.928 1.06 
1.21 1.22 
1.48 1.34 
1.64 1.40 

0.482 0.936 
1.25 1.49 
1.76 1.83 
2.22 2.05 
2.48 2.17 

0.182 
0.231 
0.269 
0.308 
0.333 

0.125 
0.175 
0.211 
0.247 
0.269 

0.140 
0.231 
0.292 
0.352 
0.386 

0.139 
0.317 
0.433 
0.541 
0.603 

0.821 E -01 
0.403 
0.622 
0.819 
0.929 

0.9168-02 
0.436 
0.834 
1.18 
1.37 

Besides electron-impact full halfwidths (2 IV,) and shifts (d,.), Stark-broadening parameters due 
to proton-impacts (for astrophysical purposes) and Ar II-impacts (for laboratory plasma diagnos- 
tics) have been calculated. Results obtained are shown in Table 1 for ZV, = lOI cm-3 and T = 2000, 
5000,10,000,20,000, and 30,000 K. In Table 1, we also give a parameter denoted by C (see equation 
(3) and Ref. [9]), which can be used to determine if a line is isolated for the needed electron density. 

In Fig. 1, our results for the K(1) 4 s2S4pz P” multiplet (2 = 7676.2 A) are compared with other 
calculations and with experimental values of Puric et ~f.,~ where the perturbing ions were 
singly-ionized argon. In some cases, a controversy exists in the literature concerning the impact 
or quasistatic character of the ionic contribution to the line profile. For the Li(1) 2 S-2p transition 
perturbed by Ar+, the impact character of ionic profiles was pointed out by Brissaud et al.,” which 
is in contradiction to the GBKO’ validity criteria for the impact approximation that are not 
satisfied in the present case. For the K(1) 4 sap multiplet perturbed by Ar+, the validity condition 
for the impact approximation given in Refs [l] and [2] is not fulfilled. On the other hand, if we 
use the collective Kubo number’9 for estimation of the character of the ionic profile, the ionic profile 
is of the purely impact types for experimental conditions used in Refs [6] and [7J Consequently, 
this contribution is added in both ways in order to show the difference. 

In Table 2, our calculations are compared with experiments of Hohimer.7*8 We conclude that our 
results, as well as calculations of Benett and Griem3*4 when available and simple semiclassical 
estimates by Konjevic,” are within the experimental error bars. 
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1.5 

1.0 

0.5 

0.0 

M. S. DIMITRUEVI~ and S. SAHAL-BI&CHOT 

I I I 

WA 

I I I 
Tx1Cf3[Kl 

5 10 20 

Fig. 1. Full halfwidths for the K(I) 4s *S_4p *PO multiplet (A = 7676.2A) as a function of electron 
temperature; N, = IO”cm-‘. Experimental points: + , Eric et al. (Ref. [6]). Calculations: BG, Benett and 
Griem (Ref. [4]); 0, Mazure and Nollez (Ref. [S]); DSB,, present calculations (with impact ion- 

broadening); DSB,, present calculations (quasistatic ion broadening). 

r 

log I I I I I 
“i 

5s 6s 7s 8s 9s 10s 11s 12s 

Fig. 2. Electron- (l), proton-impact (2) and total (3) full half-widths for K(1) 4p *P’-ns 2S lines as a 
function of n for the initial level (PI,) for T = 2950 K and N, = 2 x 10’5cm-3. 0, experimental values of 

Hohimer.‘**sz” 
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d I s-‘1 

log I I I I I ni 

5s 6s 7s 8s 9s 10s 11s 5” 

Fig. 3. Electron- and proton-impact (2) shifts for K(I) 4p 2Po-ns ‘S lines as a function of n, for T = 5ooO K 
and N 

l 
= 1015cm-3. 

\ 

109 I I I I I 
3d Ld 5d 6d 7d 6d 

Fig. 4. As in Fig. 2 but for K(I) 4p 2Po-nd ‘D lines. 
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4 pzPo- n dZD 

I I I I , ni 
d Ld Sd 6d 7d ad d 

Fig. 5. Electron-impact shift for K(1) 4p *P%d *D lines as a function of 5 for T = 2000 K and 30,000 K 
at N c = 10’5cm-3. 

Table 2. Experimental Stark widths FWHM’.*.*’ (W,) compared with theory. The IV, are present 
calculations of total line widths with impact ion broadening and W,, with quasistatic ion-broadening 
contributions calculated by using the ion-broadening parameter (from Ref. [ZO]). The results refer to 
T = 2950 K and N, = 2 x 10” cm-‘. FV, an the results of Benett and G&m at T = 5000 K and W, are 

semiclassical estimates by Konjevip 

Transition 
4p *p:,*-7 s 2s,,2 
4 P s 

;P~,Q-” zPbn-9s is,,, $2 4P 
4p P,fl-10s ZS,,, 

4 P ‘P;,,-5 d :D,,z 
4 P 

=P@ ‘P,,z-7 d ‘Dw 
d h/z 

4~ 
4p ‘P$-8 d *& 

-VA) W,(A) w, (4 w,,(A) w,(A) w, (4 
5795 0.42 If: 0.20 0.30 0.28 0.35 0.31 
5334 0.77 f 0.36 0.53 0.51 0.70 0.63 
5094 1.51 * 0.66 0.99 0.97 - I .29 
4951 2.60 * 1.10 1.67 1.66 - 2.39 

5825 0.55 k 0.25 0.40 0.35 - 0.47 
5354 0.97 * 0.44 0.80 0.72 1.10 1.00 
5107 1.85 * 0.80 1.48 1.35 1.98 1.96 
4960 3.61 f 1.50 2.53 2.31 - 3.59 

In Figs 2-5, the electron and proton full halfwidths and shifts within the 4p2Po-ns2S and 
4p2Po-nd2D series are illustrated. We see variation of the results for different types of transitions 
(s-p and d-p), for different plasma temperatures (2000 and 30,000 K), and different perturber type 
(electrons and protons). The experimental results of Hohimer7s8 are also plotted in Figs 2 and 3. 
By inspecting energy separations between the upper level and the principal perturbing levels (see 
the Grotrian diagrams in Ref. [12]), we find that this value decrease gradually within a spectral 
series. Thus, we obtain a gradual change of the Stark-broadening parameters as expected. 
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Abstract-The asymptotic behaviour of the characteristic A and a functions has been studied 
in semiclassical Stark-broadening theory for ionized emitters (attractive hyperbolic paths). The 
approximate expressions for r 9 1 and 6 = r(~ - 1) = O(&)“’ are presented. 

ANALYSIS 

For the impact and semiclassical perturbation approximations, I-3 Stark-broadening theory requires 
second-order expansions of the radiator-perturber collision operator (the so-called scattering 
S-matrix). This development is contained in the characteristic functions’-3 A, a, B, and 6. For ionic 
emitters, the incident electron moves in a classical hyperbolic path (attractive interaction). Hence, 
for calculation of the linewidth, we need the function 

~(5,~~=(~~)2exp(~~){l~~~~~)12+~(~Z- 1)/41~;(&)12)~ (1) 

where K,(x) and K,;(x) are a modified Bessel function of imaginary order and its derivative, t is 
the perturber-path eccentricity, 

c = (eJ/hu) (k0# /mv2) (2) 

for the case of i and i’ energy levels of a singly-ionized radiator, and 

a(&) = exp(Kr)r~~~(r~)lK~~(r~)l. (3) 

When r > 10, the following assymptotic relations have been proposed by Klarsfeld4 for A({, 6) 
and a(<, 6): 

A(& 6) = 7r”*~~/*(2 exp(-in/3)r2/3G,([) - [(0.125~’ - 0.525)G,([) - I.l[G,(t;) - 0.3~*G,(~)]), 

(4) 

where 

G”G * 
s 

t” + I” exp([r - t3/3) dt, 
0 

and 

[ E 2 exp(2zi/3) (6 - 1)c213, 

a(& C) = K”~c~/~{G,,(~) + 0.5 exp(iz/3)t-2’3 

x [(0.45 - 0.75~ -‘)[G&) + 0.3c2G, (c) + (0.05 - 0.75~ -‘)G2([)]}, (5) 

$To whom all correspondence should be addressed. 
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15.0 O.OOOE+OC 10.9 O.OOOE+O( 1.88 0.299 
15.0 O.lOOE-01 11.0 13.5 1.87 1.87 
15.0 0.200E-03 11.1 11.0 1.86 1.80 
15.0 0.300E-01 11.2 11.1 1.86 1.82 
15.0 0.400E-01 11.2 11.2 1.85 1.83 
15.0 0.500E-01 11.3 11.3 1.84 1.83 
15.0 0.600E-01 11.4 11.4 1.83 1.82 
15.0 0.700E-01 11.5 11.5 1.83 1.82 
15.0 0.800E-01 11.6 11.6 1.82 1.81 
15.0 0.900E-01 11.7 11.7 1.81 1.80 
15.0 0.100 11.7 11.7 1.80 1.80 
15.0 0.200 12.4 12.4 1.72 1.72 

O.lOOE+04 O.OOOE+OO 167. O.OOOE+OC 1.82 O.l82E-01 
O.lOOE+04 O.lOOE-01 168. 0.595E-1C 1.82 0.1323-12 
O.lOOE+04 0.200E-01 168. 31.9 1.81 0.137 
O.lOOE+04 0.300E-01 168. 208. 1.81 1.34 
O.lOOE+04 0.400E-01 169. 213. 1.81 1.79 
O.lOOE+04 0.500E-01 169. 186. 1.81 1.79 
O.lOOE+04 0.600E-01 170. 170. 1.81 1.74 
O.lOOE+04 0.700E-01 170. 168. 1.81 1.73 
O.lOOE-kO4 0.800E-01 170. 170. 1.80 1.74 
O.l00E+04 0.900E-01 171. 171. 1.80 1.75 
O.l00E+04 0.100 171. 172. 1.80 1.76 
O.l00E+04 0.200 175. 175. 1.78 1.77 
0.100E+04 0.300 178. 178. 1.77 1.76 
0.100E+04 0.400 181. 181. 1.75 1.74 
O.lOOE+04 0.500 184. 184. 1.73 1.73 
0.100E+04 0.600 187. 187. 1.71 1.71 
O.lOOE+04 0.700 190. 190. 1.69 1.69 
O.lOOE+04 0.800 192. 192. 1.67 1.67 
O.lOOE+04 0.900 194. 194. 1.65 1.65 
O.lOOE+04 1.00 197. 197. 1.63 1.63 
O.lOOE+04 2.00 208. 208. 1.43 1.43 
O.lOOE+04 3.00 205. 205. 1.22 1.22 
O.lOOE+04 4.00 193. 193. 1.03 1.02 
O.lOOE+04 5.00 175. 174. .845 0.842 
O.lOOE+04 6.00 155. 153. .686 0.679 
0.400E+04 D.OOOE+OO 421. O.OOOE+OO 1.82 0.7223-02 
0.400E+04 D.lOOE-01 421. 0.7673-52 1.81 0.4273-55 
0.400E+04 D.200E-01 422. O.l14E-02 1.81 0.1233-05 
0.400E+04 D.300E-01 422. 43.3 1.81 0.6963-01 
0.400E+04 0.400E-01 423. 351. 1.81 0.751 
0.400E+04 D. 500E-01 424. 548. 1.81 1.46 
0.400E+04 0.600E-01 424. 552. 1.81 1.75 
0.400E+04 D.700E-01 425. 506. 1.81 1.80 
0.400E+04 0.800E-01 425. 466. 1.81 1.79 
0.400E+04 D.gOOE-01 426. 437. 1.81 1.76 
0.400E+04 0.100 427. 424. 1.80 1.73 
0.400E+04 3.200 433. 433. 1.79 1.76 
0.400E+04 3.300 438. 439. 1.78 1.77 
0.400E+04 3.400 444. 444. 1.77 1.76 
0.400E+04 3.500 449. 449. 1.76 1.75 
0.400E+04 3.600 454. 454. 1.75 1.74 
0.400E+04 3.700 459. 459. 1.74 1.73 
0.400E+04 I.800 464. 464. 1.73 1.72 
0.400E-kO4 1.900 468. 468. 1.72 1.71 
0.400E+04 1.00 473. 473. 1.70 1.70 
0,400E+04 2.00 505. 505. 1.58 1.58 
0.400E+04 3.00 521. 521. 1.45 1.45 

Note 

Table 1. Characteristic A(t,6) and ~(5.6) functions. 

s &cm. (6 Ark. (4 i[Eq.(6 a[Eq.(s)l 



Note 3.51 

We have tested these expressions for a large range of t and c values and found that when L is 
close to 1 [6 = <(c - 1) is small], the proposed relations are not good. We have improved the 
asymptotic expressions by developing IL,(&) and ]K$(&)) in series.’ For 5 $ 1 and 
6 = c(c - 1) = 0(<t)‘13, one obtains 

I$(&) = (3”‘/6)exp( -n5/2){r(l/3)(6/&)‘i3 - r(2/3)(6/&)*136 + r(4/3)(6/5~)~‘~(6/3) 

x (0.56* + 0.2) - [f (5/3)/8](6/<~)~‘~[(6~ + S*)/3 + l/35]) 

I K&(&)1 = (3”‘/2)exp( -nr/2)(6/&)213{2r(2/3) + (6/<~)*‘~[-f (4/3)(S* f 2/15) 

+ (1/9)r(l/3)1+ (6/&)[r(5/3)@/6)(1 + 26*) - WW-(2/U}. (6) 
The A and a functions calculated by using the proposed asymptotic relations are compared in 
Table I with our calculations using Klarsfeld’s expressions. One can see that for small 6, the 
proposed relations give good results unlike Eqs. (4) and (5). These new asymptotic expansions are 
necessary for good calculations of Stark line broadening in highly-ionized atoms. 
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Abstract-Radiative recombination and radiative charge exchange in symmetrical He+ + He 
collisions are considered using a semiclassical adiabatic model of collisions in low-temperature 
plasmas. The reaction channels are assumed to be uncoupled and the corresponding total and 
partial spectral coefficients for the spontaneous continuous electromagnetic emission are 
calculated for helium-plasma temperatures below 3 x lo4 K. The results are compared with the 
similar spectral densities for electron-ion and electron-atom scattering. It is found that in a 
wide range of physical conditions radiative processes involving ion-atom collisions should be 
taken into account in the analysis of the continuum radiation from helium plasmas. 

INTRODUCTION 

The influence of ion-atom radiative collisional processes on the opacity of partially ionized gas 
plasmas is usually ignored assuming that its contribution is negligible. In the present paper we shall 
obtain an estimate of this contribution using a semiclassical adiabatic model of collision for the 
case where partially ionized helium plasma is at relatively low temperatures. This type of plasma 
is realized in laboratory conditions as well as in stellar atmospheres of some stars. It will be shown 
that within a certain range of physical conditions the ion-atom radiative collisions may contribute 
significantly to the continuous radiation from gaseous plasmas. 

ION-ATOM RADIATIVE PROCESSES 

We shall consider the processes of photoassociation and photodissociation, 

He+( 1s) + He(ls2) ++ cI + He: (la) 

as well as radiative charge exchange 

He+(k) + He(ls2) -+ 

I 

ci. + He+ + He (lb) 
E,+He+He+ 

In these reactions, cj. = 2nhc/il denotes the energy of a photon with the wavelength 1 and the 
molecular helium ion He: is assumed to be in the electronic ground state z:. We shall consider 
the contribution of processes (la) and (lb) to the optical continuum (infrared, visible and near 
ultraviolet) in the range 400 G ;1 G 800 nm. The present discussion will be limited by considering 
spontaneous emission for plasma temperatures T not exceeding 3 x lo4 K. 

We introduce partial spectral densities of the continuum electromagnetic radiation emitted from 
a unit volume of the plasma into a solid angle of 4n, Z(“‘(1, T) and Zcb)(l, T) for reactions (la) and 
(lb), and the corresponding total spectral density Z(“b)(l, T). We shall also introduce the spectral 
densities per unit atomic and ionic concentrations, $“)(I, T), Scb)(l, T), and Stib)(& T). Then 

Z(ab) = Z(a) + Z’b’ ? 

~To whom all correspondence should be addressed. 
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where 

S’=b) = $4 + S’b’ (2) 
NHe and NHe+ are the atomic and ionic concentrations in question. Partial spectral coefficients S”) 
and Scb’ will be used in the form: 

S’“,S’(& z-) = S’“b)(;l, T)X’“*b’(& T) (3) 

X’“‘(A, r> + X’b’(l, T) = 1. (4) 

The total spectral coefficient SMb)(& T) has been given earlier in an analytical form in Ref. 1 and 
coefficients X@sb)(A, T) in Ref. 2. Functions X@) and X’b’ give the yield of channels (la) and (1 b) 
to the total spontaneous emission of electromagnetic radiation due to the He + He+ collisions. 
These quantities have also been defined explicitly in Ref. 2. 

The method used for calculating spectral coefficients, S ‘a), ,S’b) and SMb), does not take into 
account the influence of the ambient medium on the He + He+ collision. Consequently, the 
reported results are applicable only to weakly non-ideal plasmas where the absolute value of the 
mean potential energy of ion-atom interaction is much less than the mean kinetic energy of atomic 
particles. We treat here the weakly-ionized helium plasmas of ionization degree lo-) or less. 
Therefore the condition of weak nonideality is satisfied within a wide range of the helium densities 
(for T x lo4 K, the densities up to lOI crnm3 can be treated by the present theory). 

THE RADIATIVE PROCESSES USED FOR COMPARISON 

In the course of the present work we shall be able to investigate the relative importance of the 
radiative process (la, b) comparing with other processes occurring in the plasma, chiefly those 
involving electron scattering on helium atoms and ions, that is 

C + He+ + tj. + He* 
cj. + 6’ + He+ (5) 

and 
.? + He + ti + P’ + He* (6) 

where P and C’ denote the scattered electron in the initial and final (free) states and He* is the helium 
atom in the final (bound) state. Equation (5) corresponds to free-bound and free-free electron 
transitions in electronic collisions with He+. Equation (6) corresponds to free-free electron 

transitions in electronic collisions with He, with the subsequent excitation of the target atom. These 
reactions are generally known to be an important source of continuum radiation emitted from 
plasmas. We shall see that Eq. (6), in particular, may give significant contribution if helium plasma 
has a low degree of ionization as in the present case. 

For the emission reaction in Eq. (5), i.e. for electron-ion bremsstrahlung and electron-ion 
photorecombination, the corresponding total spectral density Z’ei)(jl, T) = S'ei)(lb, T)N,N,,+ , where 
S@) is total spectral coefficient and N, is the free-electron density. The ratio F$(3., T), 

F$'(i, T) = Pb)(i, T)/Z'ei)(l, T) = S'"b'(i, T)(N,,/N,)S""(A, T) (7) 

gives the relative magnitude of the ion-atom and electron-ion contributions to electromagnetic 
emission from the plasma. 

Similarly, we shall also consider the emission channel in Eq. (6). The corresponding spectral 

density is I’@ = Sea)NH, N, where S ‘=I is the spectral coefficient for electron-atom bremsstrahlung, 

and the ratio Fab is: ea 

t;$(J, T) = Z'"b'(A, T)/Z""'(A, T) = S'ab)(jl, T)(N,,+ /Ne)/S'ea)(A, T). (8) 

The ratio (8) gives the contribution of radiative ion-atom collisions relative to the electron-atom 

bremsstrahlung. 
For the LTE conditions prevailing in the plasmas under discussion, the ratio (8) can be replaced 

by the ratio K@~)/Jc’@, where ticab) is the absorption coefficient for reactions (la, b) calculated in 
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Ref. 3 and rc@) is the absorption coefficient due to electron-atom collisions, both coefficients being 
functions of the plasma temperature T and wavelength Iz. 

BASIC RELATIONS 

In the regime of termal velocities u for the relative motion of He and He+, it is sufficient to take 
into account only two electronic states of the molecular ion He: that is the ground state C: and 
the first excited state C: adiabatically correlated at large separations R with the electronic state 
of the He+ + He system. Their adiabatic energies U,(R) and U,(R) have been taken from Ref. 4. 
The zero energy is chosen in such a way that U, *(R) + 0 as R + 00. We shall also introduce 
quantities E(R) and R,, where the term splitting is 

E(R) = U,(R) - U,(R). (9) 

The resonant separation Ri is defined as a root of the transcendental equation: 

E(R) = tzi (10) 

and has been tabulated for the molecular ion He: in Ref. 3. 
The spectral coefficient of spontaneous emission Pb)(l, 7’) may be expressed as follows:’ 

Pb)(lZ, T) = 4.777 x lo- 34 (4. lad4 (R,) (c,/2 RY)~ exp[ - U,(R,)/kT] (11) 

where a, is the Bohr radius and y(R,) will be defined below. Equation (11) is obtained on the 
assumption that the electron-dipole matrix element between the C: and zz states of the He: 
molecular ion is taken to be eR,/2 for R > Ri. This approximation is known to be accurate for 
such compact systems as H(ls) and He,+ if Ri > 2a,.’ For the molecular ion He:, this condition 
is satisfied even to a better extent so that we use in the present calculations the same approximation 
to the dipole moment. 

The quantity y in Eq. (9) is defined as 

Y(&) = Id log[e(R)/2 R~lld(Rl~,)l,=,, (12) 

According to Ref. 2, Eq. (12) may be approximated sufficiently accurately by putting 
y x yHe(l - 0(6/y,,R)); yie/2 = ZHc(a.u.); 6 = (2/y& - 1; where ZHc is the ionization potential of 
the ground state of the helium atom. For Ri > R,, where Z& corresponds to the position of the 
minimum of the molecular potential U,(R), y x yHe = 1.345. 

With the numerical coefficients given in Eq. (1 l), the spectral coefficient Pb) is expressed in units 
of [J cm3 see-’ nm-‘I. 

The relative contribution of radiative channels (la) and (lb) to the EM emission as well as to 
the absorption, may be expressed via the yield parameters x’“) and X(b) related to each other by 
Eq. (4). Therefore it is sufficient to determine only one of these parameters. For this purpose, we 
use X(b)(l, T) related to radiative charge exchange.* In the latter case 

X(“)(Z) = 1 - @(Jz) + (2/J2>Jz exp( - Z), (13) 

2 = IQ &.WT (14) 

where @ is the error function tabulated for instance in Ref. 6. 

RESULTS AND DISCUSSION 

The computed total and partial spectral coefficients for the EM emission due to ion-atom 
recombination and radiative charge exchange in the helium plasma are presented in Tables 1 and 
2. In Table 2 we give numerical values of the total spectral coefficient Stab) for the sum of the direct 
reactions (la) and (1 b) for 4000 < T 6 30,000 K and for a selected set of wavelengths in the interval 
between 365 and 820 nm. The yield function Xtb) is presented in Table 2 in the same range of T 
and 1. Table 2 shows that the contribution from radiative capture (1 b) increases as T and 1 increase, 
within the ranges considered. 

Figure 1 presents the ratio F$, Eq. (7), at four selected wavelengths. The ratio was obtained 
for ZVHe/N, = 5 x 10’ and within the same range of T. The spectral coefficient Pb) is calculated using 
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Table 1. Total spectral coefficient Scab)(A, T) [in lo-” J cm3 set’ nm-‘1 as a function of plasma temperature T and the 
wavelength I of continuous EM emission. 

T 
1 4000 6000 8000 10,000 15,000 20,000 25,000 30,WO 

4000 0.308(-2) 0.186(-l) 0.456(-l) 0.782(-l) O.laO(+O) 0.230(+0) 0.285(+0) 0.329(+0) 
5ooo 0.377(-2) 0.149(-l) 0.295(-l) 0445(-l) 0.769(-l) O.lOl(+O) 0.119(+0) 0.133 (+o) 
6000 0.390(-2) 0.115(-l) 0.199(-l) 0.276(-l) 0.426(-l) 0.529(-l) 0.603(-l) 0.657(-l) 
7000 0.379(-2) 0.925(-2) 0.144(-I) 0.189(-l) 0.269(-i) 0.322(-l) 0.358(-l) 0.385(--l) 
8000 0.351 (-2) 0.746(-2) 0.109(-l) 0.136(-l) 0.184(-l) 0.214(-l) 0.235(-l) 0.249(-l) 

Table 2. Relative contribution of radiative charge exchange, reaction (lb), that is XCb)(l, T) = Scb)(l, T)/ScabB@, T) as a 
function of plasma temperature 7’ and the wavelength I of continuous EM emission. 

T 
1 4000 6000 8000 10,000 15,000 20,000 25,000 30,000 

4000 0.066 0.187 0.308 0.41 I 0.589 0.696 0.765 0.81 I 
5000 0.103 0.249 0.378 0.481 0.649 0.745 0.804 0.844 
6000 0.141 0.303 0.435 0.535 0.692 0.779 0.832 0.866 
7000 0.177 0.350 0.482 0.579 0.726 0.805 0.852 0.883 
8000 0.215 0.395 0.525 0.618 0.755 0.827 0.870 0.897 

Eqs. (11) and (12), with the corresponding values of Ri taken from Ref. 3. The spectral coefficient 
S@) has been determined in Kramer’s approximation (see, for instance, momographs’~‘). The value 
of NHe/Ne used in the present calculations is typical for low-temperature gas plasmas in the 
temperature range x lo4 K. For laboratory plasmas, such values of this ratio are also typical for 
non-equilibrium plasmas where the electronic temperature is x 104 K and the atomic temperature 
is significantly lower.9 Figure 1 shows that the reactions (la) and (lb) dominate the electron-ion 
source of continuous EM radiation in a wide range of plasma conditions. Apart from laboratory 
plasmas, similar conditions take place also in some astrophysical plasmas, chiefly in the helium 
enriched DB white dwarfs where hydrogen had been partially or completely burnt up in the course 
of the star evolution.‘0 The models of the atmospheres of such stars had been described by Koester” 
who suggested the existence of layers of the helium plasma in these stars with the temperatures 
and densities corresponding to the conditions studied in the present work. 

The processes (la, b) may compete not only with the electron-ion reactions (5) but also with the 
electron-atom reaction (6). A crude estimate of the ratio Fg = Z tab) /I cca) for scattering on He may 
be obtained fromI where the spectral coefficient of continuous emission had been expressed in 
terms of the effective transport cross sections at collisional energy E + 0. The estimate is good only 

0 10000 2oooo 30000 

T(K) 

Fig. 1. The ratio F$’ of the total spectral density Pb’(i, T) due to ion-atom collisions, to the spectral 
density Ice”@, T) due to electron-ion scattering in helium plasma [see Eq. (7)], as a function of temperature 

7’ and wavelength 1. N,,/N, = 5 x 10’. 
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Fig. 2. The ratio Fz of the total spectral density I(‘b)(l, T) due to ion-atom collisions, to the radiation 
spectral density I@)@, T) due to electron-atom scattering in helium plasma [see Eq. (S)], as a function 

of temperature T and wavelength 1. 

if the cross sections are a slow-varying function of E. This however is not the case for e + He 
collisions, and for the absorption channel in Eq. (6) we have used the quanta1 results of Bell et al.13 
F”,” computed using data from Refs. 3 and 13 are presented in Fig. 2 for selected wavelengths in 
the interval between 400 and 800 nm, and for NHc+ /N, = 1. Figure 2 shows that the contribution 
of ion-atom processes (la, b) is more important than that of (6) for all temperatures in the range 
if L < 500 nm. For longer wavelengths, 500 < A < 800 nm, this is true only if T G 10,000 K or 
T > 20,000 K. Nevertheless, even in the region of the minimum of F$ the ion-atom radiative 
scattering should not be entirely neglected. For low-temperature helium plasmas, the contribution 
from (la) and (lb) should, in fact, be always taken into account in the analysis of the continuous 
radiation in the optical range of the spectrum. 

CONCLUSIONS 

In a wide range of physical conditions, the character of spontaneous electromagnetic emission 
from helium low-temperature plasmas is practically fully determined by the ion-atom processes (la) 
and (lb) considered together with the electron-ion and electron-atom processes (5) and (6). This 
result is similar to that established earlier for hydrogen plasmas. We note however that due to the 
absence of stable negative ions He- the total picture of the processes in helium-like atmospheres 
looks simpler than that in hydrogen-rich atmospheres. In the latter case, there is an additional 
important role played by stable negative ions H- (see, for instance Ref. 14). It has been shown 
in the present work that for low ionization of the helium plasma, the role of the ion-atom collisions 
as a source of continuous emission, is much more prominent than it had been suggested earlier, 
for instance, in the original work. I2 This is particularly true for the cases such as Ref. 9 where 
conditions of the helium plasma are close to those of the LTE. We expect that the theory developed 
here will find applications in diagnostics of laboratory plasmas and in the analysis of radiation from 
helium-rich stars such, for instance, as the DB white dwarfs. 
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Abstract—We report the results of theoretical and experimental study of the Stark broadening
and shifting of analogous spectral lines along the lithium (3s2S—3p2P°) and beryllium
(3s3S—3p3P°) isoelectronic sequences. For the evaluation of Stark broadening parameters the
impact semiclassical method is used. The Stark widths and shifts along both sequences are
measured in the plasma of a low-pressure pulsed arc. Plasma electron densities were determined
from the width of the He II Pa line while electron temperatures were measured from the relative
line intensities. Both experiments agree within estimated uncertainties with our semiclassical
results. Although the overall agreement between theory and experiments is found, gradual
change of the discrepancy for the widths along the sequence is detected. The comparison of
experimental Stark shifts with the theories shows that the magnitude and direction of line shifts
along the Li-sequence may not always be predicted by theory. The comparison of experimental
Stark widths along the Be-sequence for B II, C III, N IV and OV with semiclassical theory
shows a similar tendency. The discrepancy with theory is large for the B II and it is improved for
higher members of the sequence. The only measured Stark shifts for N IV and O V are of
a different sign (red for N IV and blue for OV), and this change of sign along the sequence cannot
be explained by the theory. ( 1998 Published by Elsevier Science Ltd. All rights reserved.

1 . INTRODUCTION

The study of plasma broadening and shifting of analogous spectral lines along isoelectronic
sequences offer good opportunity for testing theory under the conditions of gradual change of
energy levels structure of the emitter with gradual increase of ionic charge. These studies also enable
determination of the Stark width and/or shift dependence upon spectroscopic charge number Z (Z is
equal to 2 for singly charged ions) of the emitter. This is also of importance for the estimation of
broadening parameters of ions with no available data. The greatest difficulty in this type of study is
the necessity to compare the results measured at different electron temperatures. Namely, experi-
mental data for low charge ions usually determined at relatively low temperatures have to be
compared with the results for higher charge ions measured at much higher temperatures. Since Stark
broadening parameters depend upon both, electron density N

%
(linear dependence; here we exclude

from discussion many particle effects beyond Debye approximation) and electron temperature ¹
%
,

one has to perform temperature scaling whenever comparison of results measured at different ¹
%
is

performed. Since width w (¹
%
) and shift d(¹

%
) dependencies are not yet firmly established one has to

be cautious and try to determine these dependencies. Experimentally, this is a very difficult task well
illustrated by the fact that we are still lacking good tests of theories in a wider temperature range.
Thus, for the comparisons along isoelectronic sequences theoretical predictions of w (¹

%
) and d (¹

%
)

are usually used and therefore the theory employed for temperature scaling should be clearly stated.
According to the first systematic studies of experimental Stark widths1 and later shifts2 both

quantities gradually decrease with an increase of Z along the isoelectronic sequence. This

-To whom all correspondence should be addressed.
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conclusion1,2 is drawn on the basis of a relatively small number of experimental data. Since then,
several systematic experimental studies along Li and B sequence are published.3~6 all of them
indicating some difficulties in comparison between some theoretical approaches and experiment.

Studies of the largest number of ions are performed along Li- isoelectronic sequence for
3s2S—3p2P° transitions of C IV, NV, OVI, F VII and NeVIII.3 For Be II, B III, C IV, NV, OVI,
FVII, NeVIII, Na IX, AlXI and Si XII theoretical results within semiclassical perturbation
approach exists as well (see Refs. 7—9 and references therein). Moreover, close coupling results
exist for 42 transitions for Be II, B III, C IV, OVI and NeVII.10 Besides the comparisons with
the semiclassical perturbation and quantum mechanical results the experimental results are com-
pared with simplified semiclassical formula (SSC), Eq. 526 in Ref. 11, modified semiempirical
formula (MSE)12 and electron impact broadening method with the semiclassical Gaunt factor
approximation (Hey private communication in Ref. 3). All three simplified theoretical calculations
gave systematically smaller values. Furthermore, none of them could explain the deviation from
linear scaling of experimental widths which appeared for NeVIII Stark widths. These experimental
results further initiated theoretical studies, see e.g. Ref. 13 and references therein. Although the
agreement with experiment is considerably improved13 the discrepancy for NeVIII Stark width still
remains.

In another systematic study experimental Stark widths of 3s2S—3p2P°, 3p2P°—3d2D and
2s2p3s4P°—2s2p3p4D transitions of N III, O IV, FV and NeVI along B-sequence were reported.4
For comparison, the theoretical results of SSC11, MSE12 and classical-path approximation (CPA) 14
are used. Again none of the theoretical results fully predicted the trend of Stark widths along the
B-isoelectronic sequence; the discrepancy of experimental widths (always larger than the theoretical
predictions) increases with the spectroscopic charge number Z. The results of SSC11 agree best with
experiment. An attempt is made to explain the increased width of the NeVI 2s2p3s4P°—2s2p3p4D
transition at high temperatures by the contribution of proton collisions.

Two recent papers5,6 report the experimental and theoretical study of the same 3s—3p and 3p—3d
doublet transitions of N III, O IV and F V along the B-sequence. In addition, Stark shifts of N III
and O IV are also studied. For evaluation of Stark broadening parameters the semiclassical
perturbation formalism is used (for details see theoretical part of this paper).

This paper represents a continuation of systematic theoretical and experimental studies of
analogous transitions within isoelectronic sequences. Along the Li-sequence, Stark widths and shifts
for 3s2S—3p2P° transition of C IV, NV and OVI are remeasured at different electron temperatures
and widths are compared with Ref. 3. The results along this sequence are extended here to B III. For
the Be-isoelectronic sequence, Stark widths and shifts of 3s3S—3p3P° transition of B II, C III, N IV
and OV are measured. To test the theory, Stark broadening parameters for both sequences are
calculated using semiclassical perturbation formalism. For comparison with the experiment results
evaluated from SSC11 and MSE12 are also used.

2. THEORY

By using the semiclassical-perturbation formalism,15, 16 we have investigated Stark broadening
parameters for Li-like B III, C IV, NV and OVI 3s2S—3p2P° multiplet. We note here that the
Z scaling within this isoelectronic sequence was investigated theoretically recently in Ref. 17 and
references therein, and the corresponding Stark widths were evaluated. Here, we have calculated
Stark broadening parameters for Be-like B II, C III, N IV and OV 3s3S—3p3P° multiplet. Besides
electron-impact line widths and shifts, Stark broadening parameters due to all relevant ion pertur-
bers were calculated as well. Electron-, proton-, and ionized helium-impact full widths-at-half-
maximum (FWHM) and shifts have been published previously for Li-like B III,18,19 CIV,20,21,
NV22 and O VI23 and they will not be repeated here. The data for electron-, proton-, and He III -
impact broadening parameters for Be-like OV were also published.24 So electron-, proton-, He II-,
and He III-impact parameters have been calculated for all emitters whenever they are not available
in the literature. Therefore, the corresponding data for B II when the perturbers are Cl II—Cl IV and
B II—BV, for B III when the perturbers are Cl II—Cl IV and B II—BV, for C III and C IV when the
perturbers are C II—CVI, for N IV when the perturbers are N II—NVI, for N V when the perturbers
are N II—NVII, for OV when the perturbers are O III—OVII, and for OVI when the perturbers are
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Table 1. Stark broadening parameters (full-widths-at-half-maximum and shifts) for 3s3S—3p3P° Be-like B II, C III, N IV and
OV multiplets for a perturber density of 1017 cm~3 and temperatures from 20000 up to 300000 K. Transitions and averaged
wavelengths (in As ) for the multiplet are also given. If one divides the C value with the Stark width value, one obtains an
estimate for the maximum perturber density (in cm~3) for which the line can be treated as isolated and tabulated data may be
used. The asterisk identifies cases for which the collision volume multiplied by the perturber density (the condition for validity

of the impact approximation) lies between 0.1 and 0.5

Perturber density"1017 cm~3
Transition ¹(K) Width (As ) Shift(As ) Width (As ) Shift (As )

Perturbers are: Electrons He III
B II 3s—3p 20 000 1.32 !0.113 0.223 0.432 [!01]
7033.0 As 50 000 1.17 !0.934 [!01] 0.260 0.643 [!01]
C"0.33E#21 100 000 1.10 !0.714 [!01] 0.289 0.773 [!01]

150 000 1.05 !0.569 [!01] 0.296 0.862 [!01]
200 000 1.02 !0.570 [!01] 0.302 0.923 [!01]
300 000 0.957 !0.548 [!01] 0.311 0.983 [!01]

Electrons He III
C III 3s—3p 20 000 0.524 !0.117 [!01] 0.243 [!01] !0.437 [!03]
4650.1 As 50 000 0.369 !0.747 [!02] 0.414 [!01] !0.114 [!02]
C"0.22E#21 100 000 0.298 !0.129 [!01] 0.496 [!01] !0.197 [!02]

150 000 0.266 !0.108 [!01] 0.534 [!01] !0.251 [!02]
200 000 0.247 !0.108 [!01] 0.560 [!01] !0.287 [!02]
300 000 0.222 !0.103 [!01] 0.594 [!01] !0.346 [!02]

Electrons He III
NIV 3s—3p 20 000 0.236 !0.172 [!02] 0.332 [!02] !0.577 [!03]
3481.8 As 50 000 0.155 !0.306 [!02] 0.849 [!02] !0.154 [!02]
C"0.17E#21 100 000 0.117 !0.310 [!02] 0.127 [!01] !0.268 [!02]

150 000 0.101 !0.421 [!02] 0.152 [!01] !0.338 [!02]
200 000 0.916 [!01] !0.375 [!02] 0.162 [!01] !0.389 [!02]
300 000 0.807 [!01] !0.360 [!02] 0.176 [!01] !0.465 [!02]

O IV—OVIII are calculated. The formalism used here, was updated several times20,25,26 and its
summary is presented in Refs. 20 and 26.

Energy levels needed for calculations were taken from Ref. 27; for OV and from Ref. 28 for all
other emitters. Electron-impact and proton-impact broadening data for Be-like isoelectronic se-
quence are shown in Table 1 for the perturber density 1017 cm~3 and temperatures ¹"20 000—
300000 K or B II, C III and N IV, and ¹"50 000—300 000 K for OV. We also specify a parameter
C20 which, when divided by the corresponding electron-impact full-width-at-half-maximum, gives
an estimate for the maximum perturber density for which the line may be treated as isolated.

The resonance contribution to the electron-impact width may be added in two ways.25 The
increase of the collision strength at the excitation energy threshold due to resonances, may be
calculated by using the semiclassical limit of Gailitis formula.29 Then in the first method, this
increase of the collision strength at the threshold is kept constant below the threshold. Such
extrapolation is good when the emitter has numerous doubly excited states below the considered
threshold, with the energy greater than the ionization energy of the lower ionization stage, like for
multiply charged ions or highly excited states. In the second method, it is assumed that the
corresponding increase at the threshold, of the cross-section and not of the collision strength is
constant below the threshold. Such extrapolation is more accurate where there are few resonances
and gives a smaller value of the electron-impact width. The analysis in Ref. 25 shows that for
low-lying transitions of Mg II, Ca II, Sr II and Ba II, the agreement with experimental values is better
if we take the second method, i.e. to keep constant below threshold, the corresponding increase of the
cross-section. Moreover, this analysis shows that the difference between values obtained without the
resonance correction, and values obtained with the resonance correction according to the second
method is only a few percent. Consequently, in Table 1, electron-impact widths without the
resonance correction are presented as well.

In order to test the influence of the differences in oscillator strength values, the oscillator strengths
from the TOP base (the complete package of the opacity project (OP) data with the database
management system is usually referred to as TOP base30~31) have been taken for the Be-like
isoelectronic sequence, where the expected differences are larger than for the Li-like isoelectronic
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sequence. These oscillator strengths were calculated in Ref. 32. In order to study the influence of the
transitions with different parent terms, calculations with and without the inclusion of such
transitions are performed. Such transitions are 2s3s3S—2p3s3P° for B II, 2s3s3S—2p3s3P°,
2s3s3S—2p3d3P°, 2s3p3P°—2p3p3D°, 2s3p3P°—2p3p3S°, 2s3p3P°—2p3p3P° for C III, and
2s3s3S—2p3s3P°, 2s3s3S—2p3d3P°, 2s3p3P°—2p3p3D°, 2s3p3P°—2p3p3S°, 2s3p3P°—2p3p3P° for N IV.
The differences between widths calculated with the TOP base oscillator strengths and with those
calculated within the Coulomb approximation are small, while for shifts the differences are larger.
The other relevant calculated data for impact widths and shifts may be obtained from the authors
upon request.

3. EXPERIMENT

The experimental apparatus and procedure are described in Ref. 5, so minimum details will be
given here.

The discharge was driven by a 15.2 lF low inductance capacitor charged between 3.0 and 3.8 kV
and switched by ignitron. The stepper motor and the oscilloscope are controlled by a personal
computer which was also used for data acquisition. Recordings of spectral line shapes were
performed shot by shot. At each wavelength position of the monochromator time evolution and
the decay of plasma radiation were recorded by the oscilloscope. Eight such signals were averaged
at each wavelength. To construct the line profiles the averaged signals at different wavelengths
and at various times of the plasma existence were used. All line profiles were recorded with 15 lm
entrance and exit slits of the monochromator. With these slits, the measured instrumental half
widths were 0.168 or 0.086 As when operating the monochromator in the first or second order of the
diffraction grating, respectively, and the instrumental line shape was very close to Gaussian. To
determine the Stark width from the measured profiles, the standard deconvolution procedure33 was
used. For the line-shift measurements we used line profiles at different times of the plasma
existence.34

Special care was taken to avoid possible self-absorption of studied spectral lines (see e.g. Ref. 35) so
the investigated gases are diluted by helium until the ratio of line intensities within a multiplet are
within a few percent from LS coupling theoretical predictions (see e.g. Refs. 36 and 37). In this way,
the total gas pressure, p, the ratio in the gas mixtures and the capacitor voltage, »

#
, are determined

as follows:
B II and B III lines: p"3 Torr, 96% He#4% BCl

3
, »

#
"3.0 kV, C III and C IV lines: p"3 Torr,

95.2% He#4.8% C
2
H

2
, »

#
"3.0 kV, N IV and NV lines: p"3 Torr, 98% He#2% N

2
,

»
#
"3.0 kV, and for O V and OVI lines: p"1.4 Torr, 99.4% He#0.6% O

2
, »

#
"3.8 kV.

For electron density measurements the width of the He II Pa 4686 As line was used.38 Our main
concern in electron density measurements is a possible presence of self-absorption of the 4686 As line
which may distort the line profile.5~6 In order to determine the optical thickness of the 4686 As line,
an additional movable electrode has been introduced in the discharge39 and self-absorbtion
correction is performed in accordance with Ref. 40.

The axial electron temperatures for the He—O
2

mixture were determined from the Boltzman plot
of the O IV 3063.43, 3071.60, 3403.60 and 3411.76 As line intensities. For the He—N

2
mixture, axial

electron temperatures were determined from the Boltzman plot of the N III 4097.33, 4103.43,
4634.16, and 4640.64 As line intesities. Since it was not possible to detect suitable spectral lines for
¹

%
measurements in the He—C

2
H

2
and He—BCl

3
mixtures, the axial electron temperature are taken as for

the He—N
2
mixture. This may be justified by (a) the same discharge conditions and (b) the main gas in the

discharge for all three is almost pure helium with a small admixture of the investigated gas ((5% ).
The spectral response of a photomultiplier-monochromator system was calibrated against a

standard coiled-coil quartz iodine lamp.

4 . RESULTS AND DISCUSSION

4.1. Li-isoelectronic sequence

The experimental results for Stark widths (FWHM) and shifts are given in Tables 2 and 3,
respectively. These results are presented together with plasma parameters and estimated errors for
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various measured quantities. Since shift measurements require the knowledge of plasma parameters
at two different times of plasma existence (see Sec. 3), in Table 3 for the shifts two values of electron
densities and temperature are given. Both Tables 2 and 3 also contain spectroscopic data and
wavelengths of investigated lines as well as the comparison with the theoretical results (see Sec. 2):
w
DSB

and d%
DSB

are electron impact widths and shifts, respectively, w%*
DSB

and d%*
DSB

are electron#ion
impact widths and shifts and w

G
and w

DK
are SSC and MSE half-widths calculated after Refs. 11 and

12, respectively, and d
DK3

are shifts calculated after Ref. 41. In order to evaluate the contribution of
ion impact widths and shifts it was necessary to compute plasma composition data for the plasma
conditions of the width and shift measurements (electron density and temperature). Here to simplify
calculations we assumed LTE for our plasma conditions (N

%
'1017 cm~3) and the plasma composi-

tion data were evaluated as described for plasmas in LTE conditions.42 The assumption of the LTE
conditions is very crude but its use may be justified by the fact that (a) the expected contribution of
all ions in the plasma to the linewidth or shift may not exceed 7% of the electron width, see
Tables 2 and 3, and (b) the difference in the contribution of various ions to the linewidths and shifts
is so small (see Table 1) that differences in the computed concentrations of various ions is of
negligible importance for the final result.

To facilitate comparison between various experiments and theories all available results for Stark
widths studied along Li-sequence are given in graphical form in Figs. 1—4.

Figure 1 shows B III experimental results which are in very good agreement with fully quantum
mechanical calculation10 and MSE formula12 but they are systematically below newly calculated
semiclassical results (see Table 2). The inclusion of ion broadening increases the discrepancy with
experiment. The SSC results (after Ref. 11) are systematically larger than the experimental result but
they are still in agreement within the estimated uncertainty ($50%) of the theory.11

With the exception of the experimental result43 there is a good mutual agreement between
experimental data for C IV;3,44~46 see Fig. 2. All theoretical results agree within 30% and they are in
good agreement with the experiments.

If one takes into account w (¹
%
) dependence, our experimental results for NV are in good

agreement with Glenzer et al3; see Fig. 3. The result of Purić et al47 is lower and agrees well with
MSE formula12. Our experiment and Ref. 3 agree with both the semiclassical results calculated here
(see Table 1) and the SSC11.

Fig. 1. Full Stark widths (normalized to an electron density of 1017 cm~3) for the B III 3s2S—3p2P°
multiplet vs electron temperature. Theory: ——, semiclassical, electron impact widths (see Table 1.); ( ) ) ) ))
semiclassical, electron#ion impact widths (see Table 1) evaluated only for the experimental conditions of
this experiment; (- - -) simplified semiclassical approximation (after Griem, Eq. (526) of Ref. 11.) and; (— — —)
modified semiempirical formula (after Dimitrijević and Konjević12); (— — —) close coupling calculation

(after Seaton10). Experiment: L, this work.
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Fig. 2. Same as in Fig. 1 but for the C IV 3s2S—3p2P° multiplet. Experiment: (L), this work; (n), Glenzer et
al3; (£), Bogen44; w, El Farra et al45; (#), Djeniz\ e et al46; (K), Ackermann et al.43

Fig. 3. Same as in Fig. 1 but for the N V 3s2S—3p2P° multiplet. Experiment: (L), this work; (n), Glenzer
et al3; (#), Purić et al.47

Our OVI experimental data, see Fig. 4, are again in good agreement with Ref. 3 and both
experiments agree best with our semiclassical results. The SSC theory11 is closer to the experiments,
while quantum mechanical results10 are significantly below the experimental data of Glenzer et al.3

Unfortunately, technical limitations of our plasma source did not allow us to study F VII and
NeVIII lines, so in Fig. 5, within the comparison of all experimental data along Li-isoelectronic
sequence, our contribution for these ions is missing. In this figure all experimental results are
normalized to the electron temperature of 7.5 eV using electron impact w (¹

%
) dependence from

Table 1. From the comparison between theories and experiments in Fig. 5 one can draw the
following conclusions: (i) discrepancy with all sets of theoretical results gradually changes, (ii) with
the exception of the highest and lowest Z (NeVIII and B III), results from Table 1 agree best with
experiments and (iii) the inclusion of ion broadening does not influence the agreement between
theory and experiment to a large extent. The results of fully quantum mechanical calculations10 for
Li-like ions (B III, C IV and OVI) are in good agreement with B III while for the other two ions they
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Fig. 4. Same as in Fig. 1 but for the O VI 3s2S—3p2P° multiplet. Experiment: (L), this work; (n), Glenzer
et al.3

Fig. 5. Stark widths of the Li-like spectral lines (in angular frequency units) as a function of log Z.
Experimental data are scaled according to the temperature dependence obtained with a semiclassical
perturbation approach to a value of the electron density of 1017 cm~3 and to a value of the electron
temperature 87000 K (7.5 eV); theoretical data are calculated for these values. Error flags are calculated
uncertainties including the error in the determination of the full-width at half-maximum and of the electron
density measurements. Theory: (——), semiclassical, electron impact widths (see Table 1.); ( ) ) ) )), semiclassi-
cal, electron#ion impact widths (see Table 1.) evaluated only for the experimental conditions of this
experiment; (- - -), simplified semiclassical approximation (after Griem, Eq.(526) of Ref. 11.); and (— — —)
modified semiempirical formula (after Dimitrijević and Konjević12). Experiment: (L), this work; (n),

Glenzer et al.3

are systematicaly lower (see Figs. 1, 2 and 4). Unfortunately, data for other ions are missing so one
cannot draw a more comprehensive conclusion. It seems however that for both semiclassical and
quantum mechanical calculations some other effects related to the spectroscopic charge number Z of
ions are more important for further improvement of the theory.

Table 3 shows a comparison between the experimental and theoretical Stark shifts. The results of
another experiment46 which is in very good agreement with our data are also given in Fig. 6. None of
the theoretical calculations was successful in predicting d (Z) dependence along the Li-isoelectronic

Stark broadening parameters 369



T
ab

le
4.

S
am

e
as

in
T

ab
le

2
b
u
t

fo
r

3s
3S

—3
p3

P
°

B
e-

lik
e

B
II

,
C

II
I,

N
IV

an
d

O
V

m
u
lt
ip

le
ts

.
T
h
eo

re
ti
ca

l
w

id
th

s
w

e D
SB

ar
e

ca
lc

u
la

te
d

fr
o
m

th
e

d
at

a
in

T
ab

le
1

Io
n

T
ra

ns
it
io

n
j(

As
)

N
e(1

01
7

cm
~

3)
¹

e(K
)

w
m
(A
s)

w
.
/w

% D
SB

w
.
/w

%* D
SB

w
.
/w

G
w
.
/w

D
K

B
II

3s
3S

1—3
p3

P
° 2

70
30

.2
0

0.
21

$
17

%
65

00
0$

15
%

0.
14

9$
5%

0.
63

0.
56

1.
18

3s
3S

1—3
p3

P
° 1

70
31

.9
0

0.
21

$
17

%
65

00
0$

15
%

0.
14

9$
5%

0.
63

0.
56

1.
18

3s
3S

1—3
p3

P
° 0

70
32

.5
4

0.
21

$
17

%
65

00
0$

15
%

0.
14

9$
5%

0.
63

0.
56

1.
18

C
II

I
3s

3S
1—3

p3
P

° 2
46

47
.4

2
0.

28
$

15
%

65
00

0$
15

%
0.

08
3$

7%
0.

90
0.

87
0.

75
1.

20
0.

58
$

15
%

72
40

0$
15

%
0.

16
1$

6%
0.

88
0.

85
0.

72
1.

15

0.
76

$
15

%
78

30
0$

15
%

0.
21

9$
5%

0.
93

0.
90

0.
76

1.
22

3s
3S

1—3
p3

P
° 1

46
50

.2
5

0.
28

$
15

%
65

00
0$

15
%

0.
08

3$
7%

0.
90

0.
87

0.
75

1.
20

0.
58

$
15

%
72

40
0$

15
%

0.
17

0$
6%

0.
93

0.
90

0.
76

1.
22

0.
63

$
15

%
78

30
0$

15
%

0.
21

9$
5%

0.
93

0.
90

0.
76

1.
22

3s
3S

1—3
p3

P
° 0

46
51

.4
7

0.
28

$
15

%
65

00
0$

15
%

0.
08

3$
7%

0.
90

0.
87

0.
75

1.
20

0.
76

$
15

%
72

40
0$

15
%

0.
16

3$
6%

0.
89

0.
86

0.
73

1.
17

N
IV

3s
3S

1—3
p3

P
° 2

34
78

.7
1

0.
86

$
15

%
72

40
0$

5%
0.

12
2$

5%
1.

12
1.

04
1.

10
1.

57
0.

99
$

15
%

78
30

0$
5%

0.
13

6$
5%

1.
11

1.
03

1.
09

1.
56

1.
13

$
15

%
80

10
0$

5%
0.

14
8$

5%
1.

07
1.

00
1.

04
1.

49
1.

21
$

15
%

80
70

0$
5%

0.
15

3$
5%

1.
03

0.
96

1.
01

1.
44

1.
33

$
15

%
82

30
0$

5%
0.

17
2$

5%
1.

06
0.

99
1.

04
1.

48

3s
3S

1—3
p3

P
° 1

34
82

.9
9

0.
86

$
15

%
72

40
0$

5%
0.

12
2$

5%
1.

12
1.

04
1.

10
1.

57
0.

99
$

15
%

78
30

0$
5%

0.
13

6$
5%

1.
11

1.
03

1.
09

1.
56

1.
13

$
15

%
80

10
0$

5%
0.

15
0$

5%
1.

08
1.

01
1.

06
1.

51
1.

21
$

15
%

80
70

0$
5%

0.
15

0$
5%

1.
01

0.
94

0.
99

1.
41

1.
33

$
15

%
82

30
0$

5%
0.

17
4$

5%
1.

08
1.

00
1.

05
1.

50

3s
3S

1—3
p3

P
° 0

34
84

.9
6

0.
86

$
15

%
72

40
0$

5%
0.

12
2$

5%
1.

12
1.

04
1.

10
1.

57

0.
99

$
15

%
78

30
0$

5%
0.

14
6$

5%
1.

19
1.

11
1.

17
1.

67
1.

13
$

15
%

80
10

0$
1%

0.
14

6$
5%

1.
05

0.
98

1.
03

1.
47

370 B. Blagojević et al
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Fig. 6. Stark shifts of the Li-like spectral lines (in angular frequency units) as a function of log Z.
Experimental data are scaled according to the temperature dependence obtained with a semiclassical
perturbation approach to a value of the electron density of 1017 cm~3 and to a value of the electron
temperature 87000 K (7.5 eV); theoretical data are calculated for these values. Theory: (——), semiclassical,
electron impact shifts (see Table 1); ( ) ) )) semiclassical, electron#ion impact shifts (see Table 1) evaluated
only for the experimental conditions of this experiment and (— — —) modified semiempirical formula.41

Experiment: (L) this work; ()) Djeniz\ e et al.46

sequence. The inculsion of ion impact shifts did not improve the agreement between semiclassical
theory and experiment. The calculated MSE (after Ref. 41) are always blue (towards shorter
wavelengths) and they have a similar trend and the same direction as semiclassical electron impact
shifts. Here, when comparing shifts, one should bear in mind large uncertainty of both, theory and
experiment whenever one is dealing with exceedingly small shifts. On the other hand, it should be
emphasised that the change of the sign of shift from red for NV to blue for OVI cannot be explained
within an experimental error. Namely, the experimental technique used here for shift measurements
may introduce a relatively large error in absolute value measurements but determination of the shift
direction is quite certain.

4.2. Be-isoelectronic sequence

The experimental results and comparison with theoretical predictions for 3s3S—3p3P° multiplets
are presented as for the Li-isoelectronic sequence and the results are given in Tables 4 and 5.

Table 4 shows good agreement of B II experimental results with MSE formula12 and a large
discrepancy with our semiclassical results. The inclusion of ion broadening worsens the comparison.
For C III, our experimental results agree better with semiclassical results and the inclusion of ion
broadening does not improve the agreement. The earlier experiment by Bogen44 agrees better with
the MSE formula.12 The newly measured Stark widths for N IV agree with Ref. 48 and with both
experiments with semiclassical results and SSC11. The inclusion of ion broadening contribution
improves the agreement between semiclassical results and our experiment. The experiment by Purić
et al,47 however, agrees better with MSE.12 Although our experimental data for OV lines are
systematically larger than all other theoretical calculations, the best agreement is with electron
impact half-widths enlarged for ion broadening. The general picture in Fig. 7 shows, as for the
Li-isoelectronic sequence, a similar trend of results of the comparison between the theory and the
experiment: a large discrepancy for the lowest Z member of the sequence, and a good agreement for
the next two members with already visible tendency of gradual change of the ratio experi-
ment/theory which is proven with the result for OV. Unfortunately the data for high Z members of
the sequence to confirm this conclusion fully are missing.

Stark shifts are measured only for N IV and OV lines. The agreement with another experiment48
for N IV lines is very good. Again, theoretical shifts are very small and change the sign of shift from
red for N IV to blue for OV which is experimentally detected and not predicted by theories, see
Table 5.
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Fig. 7. Same as in Fig. 5 but for the Be-like spectral lines (in angular frequency units) as a function of log Z.

5 . CONCLUSIONS

The results of semiclassical theoretical calculations of the Stark widths and shifts for some ions
along the Li- (3s2S—3p2P°) and Be- (3s3S—3p3P°) isoelectronic sequences were reported; see Table 1.
In addition to the electron impact widths and shifts, ion widths and shifts induced by the collisions
with ions of interest are calculated as well. Furthermore, for B II, C III and N IV lines in addition to
the electron impact Stark broadening parameters evaluated using oscillator strengths calculated
with the help of the Coulomb approximation, another set of data with TOP base oscillator strengths
and with the inclusion of transitions with different parent terms were generated. The influence of
transitions with different parent terms is not significant for widths but is larger for shifts.

The plasma source in this experiment is a low-pressure pulsed arc. Plasma electron density is
determined from the width of He II Pa line while the electron temperatures are determined from the
Boltzmann plots of the relative intensities of ionic spectral lines. Assuming plasma LTE conditions,
plasma composition data are evaluated and in conjunction with the results for the theoretical Stark
broadening data, electron and ion impact widths and shifts are calculated. The experimental Stark
widths and shifts of B III, C IV, NV and OVI (Li-sequence) are determined and the widths were
found to be in good agreement with another systematic experimental study along this sequence,3 see
Fig. 5. The only exception are Stark widths for B III which are reported in this experiment. In the
same plasma source Stark widths and shifts along the Be-sequence (B II, C III, N IV and OV) were
also measured. Stark shifts along this sequence have been determined only for N IV and OV lines.

The comparison of experimental and our semiclassical theoretical Stark widths along both the
sequences show a similar trend. For the lowest Z members of both the sequences theoretical results
are systematically larger than the experiment. Further, with an increase of spectroscopic charge
number Z the agreement is improving while for highest Z experimental results become larger than
theory, see Figs. 5 and 7. The inclusion of ion broadening does not change this conclusion essentially.
Although the measured and theoretical Stark shifts along the Li-sequence are small (see Fig. 6), and
their uncertainties are very large, the change of the shift sign from red for NV to blue for OVI which
is only experimentally detected is rather puzzling. Similar experimental Stark shift behavior can be
noted for N IV and O V lines in the Be-sequence. In all these comparisons, one always should bear in
mind that the temperature dependence of Stark parameters are not satisfactorily established and this
may influence the comparison of widths and shifts along Z-sequences.

The final conclusion of the comparison between the experimental Stark widths and shifts for both
studied sequences is as follows.

(i) Our semiclassical calculations describe reasonably well the experimental Stark widths although
certain improvements are still required in particular for lowest and highest Z ions. The existence
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of an ion broadening contribution cannot be confirmed with certainty. On the other hand, the
additional precision experimental data for the lines of high and low Z ions are required.

(ii) Although it is well known that the evaluation of small Stark shifts is a great challenge, some of
the changes of the shift sign experimentally determined in both sequences should be possible to
predict. Experimental Stark shifts for higher Z ions are almost completely missing in literature
so the new data are urgently needed.

(iii) It is very difficult to form a conclusion on comparing the experiment and quantum mechanical
calculations10 since only data for three ions of the Li-sequence are available. Nevertheless, the
discrepancy along the sequence changes gradually with Z. Both approximate formulaes SSC11

and MSE12 for Stark widths and shifts41 should be further improved to describe a better width
and shift dependence upon the spectroscopic ion number.
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Abstract. We summarize our previous results for Stark broadening parameters (width and
shift) with application for astrophysical purposes, especially for diagnostics of hot stars and
their atmospheres. The calculated results for Stark broadening parameters of several Ar I
and Ne I lines in the wide temperature range have been analyzed. The comparison of results
for analogous transitions has been presented.
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1. Introduction

Stark broadening parameters are of interest for
a number of problems in astrophysics, physics
and laboratory plasma. They are needed in or-
der to solve various problems, for example, di-
agnostics and modeling of stellar and labora-
tory plasma, investigation of its physical prop-
erties and for abundance determination. These
investigations provide information useful for
the modeling of stellar evolution, for the pro-
cesses occurring within the stellar interiors,
and radiative transfer in stellar atmospheres.

Stark broadening parameters of spectral
lines of inert gases can play an important role
in astrophysics. From one side, helium is the
most abundant element after hydrogen in the
universe and reliable Stark broadening data
for He lines are of particular interest in the
spectroscopic study of astrophysical plasma
(Dimitrijević and Sahal-Bréchot 1984). From
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the other side, with the development of space-
born spectroscopy, the importance of atomic
data, including the Stark broadening parame-
ters, for trace elements like neon and argon, in-
creases. Argon lines are observed in the opti-
cal spectrum of Be star Hen 2-90 (Kraus et al.
2005), as well as in planetary nebulae and H
II regions in the two dwarf irregular galaxies
Sextans A and B (Kniazev et al. 2005). For
the first time, the discovery of photospheric
neon and argon lines in very hot central stars of
planetary nebulae and white dwarfs is reported
in (Werner et al. 2007a,b). In the new NLTE
model atmospheres the Stark broadening of ar-
gon lines is included (Werner et al. 2007b).
Therefore, there is a need for Stark broadening
results for spectral lines of inert gases. Factors
governing the broadening of spectral lines in
plasmas are plasma environment and atomic
structure of emitting atom. Observed regular-
ities in atomic data (wavelengths and energy
levels, oscillator strengths, collision cross sec-
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tions and other quantities) and similarities, re-
sult in the regularities and similarities of the
width and shift parameters of plasma broad-
ened lines.

In this paper we show the similarities
and regularities of Stark broadening parame-
ters (Dimitrijević et al. 2007; Christova et al.
2009a,b) within one spectral series at high tem-
peratures, of interest for the study of hot stars
and their atmospheres. Additionally, we give
a comparison of calculated Stark broadening
parameters of Ne I 837.7 nm and Ar I 737.2
nm which have analogous transitions 2p53d -
2p53p and 3p54d - 3p54p, respectively.

2. Theory

Within the semi-classical perturbation formal-
ism (Sahal-Bréchot 1969a,b), the full half
width (W) and the shift (d) of an isolated line
originating from the transition between the ini-
tial level i and the final level f is expressed as:

W = 2ne

∞∫

0

v f (v)dv


∑

i′,i

σii′ (v)+

+
∑

f ′, f

σ f f ′ (v) + σel

 (1)

d =
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0

v f (v)dv

Rd∫

R3

2πρdρ sin 2ϕp (2)

where i’ and f ’ are perturbing levels, ne
and v are the electron density and the veloc-
ity of perturbers respectively, and f (v) is the
Maxwellian distribution of electron velocities.

The inelastic cross sections σii′ (v) (respec-
tively σ f f ′ (v)) can be expressed by an integra-
tion of the transition probability Pii′ over the
impact parameter ρ:

∑

i′,i

σii′ (v) =
1
2
πR2

1 +

+

Rd∫

R1

2πρdρ
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i′,i

Pii′ (ρ, v) (3)

The elastic collision contribution to the
width is given by:

σel = 2πR2
2 +

Rd∫

R2

8πρdρ sin2 δ (4)

δ =
(
ϕ2

p + ϕ2
q

)1/2
(5)

The phase shifts φp and φq are due to
the polarization and quadrupole potential re-
spectively. The cut-offs parameters R1, R2,R3,
the Debye cut-off Rd and the symmetrization
procedure are described in (Sahal-Bréchot
1969a,b).

The impact approximation is valid when
strong collisions are separated in time, or when
the duration of collisions is much shorter than
the separation time between strong collisions:
C1 = ne πρ

3
typ << 1, where ρtyp is typical im-

pact parameter for strong collisions. C1 is the
impact approximation validity criterion.

The resulting profiles are Lorentzian. This
condition is well verified for electron collisions
for a large range of densities. For ion collisions
the impact approximation might fail, especially
for high densities or low temperatures.

3. Discussion

3.1. Argon

Theoretical results for spectral lines from one
spectral series

We present results for the Stark broaden-
ing coefficient of argon lines from spectral se-
ries 3p5nd - 3p54p for n = 4 – 7: 522.1, 549.6,
603.2 and 737.2 nm. The corresponding atomic
data from NIST catalogue are given in Table 1.
The analysis of the contribution of particular
atomic processes to the Stark broadening pa-
rameters shows a similar behavior within the
spectral series.

For the considered spectral lines, we obtain
the similar behavior with temperature of the to-
tal broadening coefficient (β = W / ne) and its
components. In Figure 1 we illustrate this be-
havior with an example for Ar I 522.1 nm spec-
tral line. The resulting broadening coefficient
is: β = βin + βel, where βin is the contribution



128 Christova: Stark broadening of spectral lines of inert gases

5000 10000 15000
1

2

3

4

5

6

7

 

 

p

el

in

, 1
0-4

cm
3 s-1

T, K

Fig. 1. Stark broadening coefficient (β = W / ne) and its components (βin, βel, βp and βq) versus the temper-
ature for Ar I 522.1 nm.

Table 1. Basic data on the considered Ar I spectral lines. Here λ denotes wavelength, i and f
are initial and final level of the transition (within the frame of j − L coupling), i’ and f’ are the
corresponding perturbing levels, Ei and E f are the energy values and n* is the effective quantum
number of the initial level.

λ Transition i’ levels f’ levels Ei E f n*
nm (i - f) cm−1 cm−1

522.1 3p57d – 3p54p 5f, 6f, 7f, 8f, 4s, 5s, 6s, 124610 105463 6.62
2[7/2]o

4-2[5/2]3 9f, 5p, 6p, 7p, 3d, 4d, 5d, 6d
8p, 9p

549.6 3p56d – 3p54p 4f, 5f, 6f, 7f, 4s, 5s, 6s, 123653 105463 5.63
2[7/2]o

3-2[5/2]3 4p, 5p, 6p, 7p 3d, 4d, 5d, 6d

603.2 3p55d – 3p54p 4f, 5f, 6f, 7f, 4s, 5s, 6s, 122036 105463 4.65
2[7/2]o

4-2[5/2]3 4p, 5p, 6p, 7p 3d, 4d, 5d, 6d

737.2 3p55d’ – 3p54p 4f, 5f, 6f, 4s, 5s, 6s, 119024 105463 3.68
2[7/2]o

4-2[5/2]3 4p, 5p, 6p 3d, 4d, 5d, 6d

of the inelastic collisions, βel is the contribu-
tion of elastic ones, βel = βp + βq (βp gives the
contribution of polarisation interactions and βq
– of the quadrupole interactions).

The quadrupole component (βq) depends
only on the initial and final states of the emit-

ter and does not depend on the temperature and
perturber density. It is not included in the fig-
ure, since from the behavior of βel and βp it is
easy to conclude on its behavior too.

For all these lines the total coefficient
and the component due to inelastic interac-
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Fig. 2. Stark broadening coefficient (β = W / ne) and its components (βin, βel, βp and βq) versus the temper-
ature for Ar I 696.5 nm.
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Fig. 3. Electron impact widths of Ar I spectral lines within the spectral series versus effective quantum
number of the initial energy level for electron density of 1016 cm−3 and temperature of 5.104 K.

tions increase with the temperature, while βp
and βel, respectively decrease with T . It means
that the principal contribution to the broaden-
ing of these lines comes from inelastic colli-
sions between emitters and surrounding parti-

cles. This contribution gives the trend of the
total broadening coefficient in whole tempera-
ture interval.

The contribution of elastic collisions is
dominated by the polarization interactions
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Fig. 4. Electron impact shifts of Ar I spectral lines within the spectral series versus effective quantum
number of the initial energy level for electron density of 1016 cm−3 and temperature of 5.104 K.

(βel >> βq). We note that: (i) the contribution
of polarization interactions increases with ef-
fective quantum number; (ii) the principal con-
tribution to the Stark broadening – 85% is due
to the collisions with electrons.

For comparison, in the Figure 2 is shown
the behavior of broadening coefficients for Ar
I 696.5 nm line, which does not belong to
the considered spectral series. The interactions
which most contribute to the broadening of
this line are the elastic ones. Their contribu-
tion practically does not vary with temperature.
Namely the increase with T is very small. In
this case, we found that the polarization and
quadrupole components have the same values.

This means that the quadrupole contribu-
tion is larger for spectral lines emitted from
lower energy levels. The smallest component
in the total broadening for Ar I 696.5 nm is
due to inelastic collisions between emitters and
perturbers, four times lower than βel. The con-
clusion is that the average free-electron energy
is not so high for enough inelastic transitions
to produce larger inelastic collision contribu-
tion to the line profile at the examined tem-
perature interval. For this argon line, with low
laying upper energy level, the contribution of
collisions with ions is up to 30%. Therefore,

for the considered transition involving lower
energy levels, the quadrupole interactions and
ion collisions play an important role in the total
broadening, while the contribution of inelas-
tic collisions is smallest. However, since the
increase of βin with temperature is largest, it
gives the temperature trend to the β.

Often, the modeling of astrophysical ob-
jects needs atomic data for thousands and
sometimes millions transitions. It is difficult
and cumbersome to calculate the Stark broad-
ening parameters for all these lines, so that
methods enabling interpolation and extrapola-
tion of the calculated results on the basis of
similarities and systematic trends are of inter-
est.

For example we can obtain new Stark
broadening parameters from regularities within
spectral series. In the next two figures we
present the electron impact Stark width (Fig.
3) and shift (Fig. 4) for the argon lines (see
Table 1) from the considered spectral series.
Since, one of aims of this work is the appli-
cability of Stark broadening results in the case
of hot stars, we give our data for the tempera-
ture of 50 000 K, which is typical for DO white
dwarfs where Stark broadening is important.
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Fig. 5. Stark width of Ar I 549.6 nm versus temperature for electron density of 1016 cm−3. (Theoretical
results: dashed line - Griem (1964); solid line - Dimitrijević et al. (2007) for impact-electrons and impact-
ions; solid line and cross symbols - Dimitrijević et al. (2007) for impact-electrons and quasistatic-ions;
single symbols: experimental results from critical reviews (Lesage (2009) and references therein)
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Fig. 6. Stark shift of Ar I 549.6 nm versus temperature for electron density of 1016 cm−3. (Theoretical
results: dashed line - Griem (1964); solid line - Dimitrijević et al. (2007) for impact-electrons and impact-
ions; solid line and cross symbols - Dimitrijević et al. (2007) for impact-electrons and quasistatic-ions;
single symbols: experimental results from critical reviews (Lesage (2009) and references therein)
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Fig. 7. Stark width of Ar I 603.2 nm versus temperature for electron density of 1016 cm−3. (Theoretical
results: dashed line - Griem (1974); solid line - Dimitrijević et al. (2007) for impact-electrons and impact-
ions; solid line and cross symbols - Dimitrijević et al. (2007) for impact-electrons and quasistatic-ions;
single symbols: experimental results from critical reviews (Lesage (2009) and references therein)
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Fig. 8. Stark shift of Ar I 603.2 nm versus temperature for electron density of 1016 cm−3. (Theoretical
results: dashed line - Griem (1974); solid line - Dimitrijević et al. (2007) for impact-electrons and impact-
ions; solid line and cross symbols - Dimitrijević et al. (2007) for impact-electrons and quasistatic-ions;
single symbols: experimental results from critical reviews (Lesage (2009) and references therein))
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Fig. 9. Ratio of experimental and theoretical (© according to Griem’s theory, ? Sahal-Bréchot theory with
impact ions, + according to Sahal-Bréchot theory with quasistatic ions) Stark widths for Ar I 696.5 nm
versus the validity criterion of the impact approximation for ions (the impact approximation for ions is
valid if the parameter C1 is small compared to unity).

Also for example, temperatures around 50 000
K are typical for Be star Hen 2-90.

One can see that the behavior of the elec-
tron impact widths and shifts within the con-
sidered spectral series is so regular, therefore
interpolation and extrapolation of new data is
possible.
Comparison with other theoretical and experi-
mental results

In Figures 5-8 the calculations of
Dimitrijević et al. (2007) for the Stark
broadening parameters of studied spectral
lines in pure argon gas are compared with
those published by Griem (1974, 1964) and
with the experimental widths and shifts, with
estimated accuracy A or B, from published
critical reviews (see Lesage (2009) and
references therein). For lines, where there are
no results in Griem (1974), corresponding
data from Griem (1964, 1962) were used.

For the Ar I 549.6 and 603.2 nm spec-
tral lines the impact approximation is not
valid for ions under all experimental conditions
(Dimitrijević et al. 2007) in the relevant pa-

pers (Lesage (2009) and references therein on
critical reviews for earlier period).

In Figures 5-8, the electron-impact width
from Dimitrijević et al. (2007) is presented
once with impact ion contribution, and once
with quasistatic, so that two curves may be
compared. The theoretical results for Stark
broadening obtained in Dimitrijević et al.
(2007) are closer to the experimental points for
these lines.

The difference between curves with to-
tal Stark broadening parameters with impact
and quasistatic ion broadening is small. For
549.6 nm, one obtains smaller widths and
shifts with impact ions (Figures 5, 6). The shift
values for 549.6 nm from Griem (1964) are
in very good agreement with impact-electrons
+ quasistatic-ions values in Dimitrijević et al.
(2007), and coincide for temperatures up to
20000 K. In fact, for 603.2 nm the broaden-
ing and shift values in the cases of impact and
quasistatic ions obtained in Dimitrijević et al.
(2007) are the same (see Figures 7, 8). Shift
values from Sahal-Bréchot theory are a little bit
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Fig. 10. Electron impact width of: Ne I 837.7 nm (solid line) and Ar I 737.2 nm (dashed line) spectral lines
versus the temperature for electron density of 1016 cm−3.
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Fig. 11. Electron impact shift of: Ne I 837.7 nm (solid line) and Ar I 737.2 nm (dashed line) spectral line
versus the temperature for the electron density of 1016 cm−3.

larger, then Griem’s calculated ones, for tem-
peratures up to 20000 K and practically equal
for higher temperatures.

The Ar I 696.5 nm spectral line is one of
the most used argon lines for the diagnostic

purposes. It is well isolated, visible and in-
tense. This explains the great interest for it.
This line is usually applied to measure the elec-
tron densities over 1.1016 cm−3. In Figure 9
the ratios of measured widths for this line and
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Fig. 12. Impact width due to protons collisions of: Ne I 837.7 nm (solid line) and Ar I 737.2 nm (dashed
line) spectral lines versus the temperature for electron density of 1016 cm−3.
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Fig. 13. Impact shift due to proton collisions of: Ne I 837.7 nm (solid line) and Ar I 737.2 nm (dashed line)
spectral line versus the temperature for the electron density of 1016 cm−3.

calculated ones (according to Griem’s (Griem
1964) and Sahal-Bréchot theory with impact
and quasistatic ion contribution) versus the pa-
rameter C1 for ion perturbers are presented. C1
is the impact approximation validity criterion
(C1 should be much less than one. We use here

less or equal to 0.1). The values of C1 corre-
spond to the experimental ne and T conditions,
according to (Konjević et al 2002). The major-
ity (six) of experimental widths fall within the
transitional range (from impact to quasistatic
regime for ion perturbers, 0.5 > C1 > 0.1),
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Table 2. Basic data for the considered Ne I spectral line. Here λ denotes wavelength, i and f
are initial and final level of the transition (within the frame of j − L coupling), i’ and f’ are the
corresponding perturbing levels, Ei and E f are the energy values and n* is the effective quantum
number of the initial level.

λ Transition i’ levels f’ levels Ei E f n*
nm (i - f) cm−1 cm−1

837.7 2p53d’ – 2p53p 4f, 5f, 3s, 4s, 5s, 161590.3 149657.0 2.98
2[7/2]o

4−2[5/2]3 3p, 4p, 5p 3d, 4d, 5d

two – in the impact regime (C1 < 0.1) and
there are no data for C1 > 0.5, when only the
quasistatic approximation is applicable. The
both theories predict similar values in the im-
pact regime. One can see that in average the
Griem’s theory overestimates the experimen-
tal Stark widths in the transitional range. The
Sahal-Bréchot theory gives better results in
this region. The ratio values for impact ions
(Dimitrijević et al. 2007) are near to unity in
the second region, while those for quasistatic
ions (Dimitrijević et al. 2007) are underesti-
mated.

A comprehensive study of the experimental
Stark broadening of Ar I 696.5 nm, published
over the period of 30 years was reported in
Pellerin et al. (1996) yielding W = 0.0814 nm
± 5.0%, normalized to ne = 1017 cm−3and
T = 13 000 K. There is a good agreement be-
tween this value and our calculated Stark width
using Sahal-Bréchot theory which is 0.0857-
0.0884 nm ± 30%.

The good agreement between available ex-
perimental results in the literature and our
calculated Stark broadening parameters shows
that the Stark theoretical data can be applied
for modeling of stellar atmospheres of hot
stars and for the analysis and synthesis of
their spectra. One advantage of the results in
Dimitrijević et al. (2007) is that the results for
Stark broadening parameters for ions and pro-
tons are given in impact approximation which
is often more appropriate in the case of hot
stars.
A comparison of analogous neon and argon
transitions

We will consider now Stark broadening for
analogous transitions on the example of spec-

tral lines: Ne I 837.7 nm 2p53d - 2p53p and
Ar I 737.2 nm 3p54d - 3p54p. The correspond-
ing atomic data for neon transition are given in
Table 2.

In the next four figures we give a compar-
ison of their calculated Stark broadening pa-
rameters in order to study the variation of the
width and shift of spectral line from analogues
transitions. In Figures 10 and 11 the electron
impact width and shift are presented as a func-
tion of temperature.

The Stark width due to collisions with elec-
trons of the argon line is larger from 1.5 to 2.3
times than the neon one, while the correspond-
ing Stark shift ratio vary from 1.5 to 1.8 in the
whole temperature range. In Figures 12 and 13
the proton-impact widths and shifts are given.

The contribution of proton collisions in the
Stark width for argon line is around 1.9 greater
than those for neon line. The corresponding ra-
tio for the Stark shift due to proton collisions
slowly increases from 1.6 to 1.7. It is obvi-
ous that the difference of electron impact pa-
rameters for considered analogous transitions
is larger than that of the protons.

4. Conclusion

The good agreement between available exper-
imental results in the literature and our calcu-
lated Stark broadening parameters shows that
the Stark theoretical data can be applied for
the modeling of stellar atmospheres of hot stars
and their spectra.

The observed similarities and regularities
of Stark broadening parameters of spectral line
within a spectral series can be used to obtain
new data.
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The study of Stark widths and shifts of
spectral lines belonging to analogous transi-
tions needs further efforts.
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Abstract. Some Hot Emission Stars and AGNs present peculiar spectral line profiles which
are due to DACs and SACs phenomena. The origin and the mechanisms which are respon-
sible for the creation of DACs/SACs is an important problem that has been studied by many
researchers. This paper is a review of our efforts to study the origin and the mechanisms
of these phenomena. At first we present a theoretic ad hoc picture for the structure of the
plasma that surrounds the specific category of hot emission stars that present DACs or SACs.
Then we present the mathematical model that we constructed, which is based on the prop-
erties of the above ad hoc theoretical structure. Finally, we present some results from our
statistical studies that prove the consistency of our model with the classical physical theory.

Key words. Hot Emission Stars: spectral lines; Quasars: spectral lines

1. Introduction

One of the main characteristics of hot emission stars, which also distinguish them from the clas-
sical hot stars, is the presence of strong PCygni profiles in their Balmer series (Curtiss 1916).
When the UV spectral region of these stars was studied, some emission lines were observed in
that spectral region too (Underhill & Doazan 1982).

Additionally, in the UV spectral region, some hot emission stars (Oe and Be stars) present
some absorption components that should not appear in their spectra, according to the classical
physical theory (Fig.1). We call these absorption spectral lines, which do not correspond to any
known absorption line of the same spectral type stars, Discrete Absorption Components (DACs)
(Bates & Halliwell 1986).

The mechanisms which are responsible for the creation of DACs is an important problem that
has been studied by many researchers. Some of them have suggested mechanisms that allow the

Send offprint requests to: E. Danezis
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Fig. 1. Comparison of the Mg II resonance lines between the spectrum of a normal B star and the spectra of
two active Be stars that present complex and peculiar spectral lines. As we can observe the Be stars present
some absorption components that do not appear in the spectrum of the classical B star.

existence of structures which cover all or a significant part of the stellar disk, such as shells, blobs
or puffs (Underhill 1975; Henrichs 1984; Underhill & Fahey 1984; Bates & Halliwell 1986;
Grady et al. 1987; Lamers et al. 1988; Waldron et al. 1992, 1994; Cranmer & Owocki 1996;
Rivinius et al. 1997; Kaper et al. 1996, 1997, 1999; Markova 2000), interaction of fast and slow
wind components, co-rotation Interaction Regions (CIRs), structures due to magnetic fields or
spiral streams as a result of the stellar rotation (Cranmer & Owocki 1996; Kaper et al. 1996,
1997, 1999; Mulan 1984a,b, 1986; Prinja & Howarth 1988; Fullerton et al. 1997; Cranmer et al.
2000). According to these ideas, DACs result from independent high density regions in the stellar
environment, which have different rotational and radial velocities.

However, DACs are not unknown absorption spectral lines, but spectral lines of the same ion
and the same wavelength as a main spectral line, shifted at different ∆λ, as they are created in
different density regions which rotate and move radially with different velocities (Danezis 1983,
1987; Danezis et al. 1991, 2003; Lyratzi & Danezis 2004).

Another problem of the hot emission stars that present DACs is the presence of very com-
plex profile of the main or the discrete components of the spectral lines that we can’t reproduce
theoretically. This means that we can’t fit these line profiles with a known distribution, such
as Gaussian, Voight, or Lorenzian. As a result we could not know the physical conditions that
exist in the high density regions that construct these spectral lines. In order to explain this com-
plex line profiles Danezis et al. (2003, 2007a); Lyratzi & Danezis (2004); Lyratzi et al. (2007a)
proposed the phenomenon of SACs (Satellite Absorption Components). If the regions that con-
struct the DACs rotate with large velocities and move radially with small velocities, the produced
lines have large widths and small shifts. As a result, they are blended among themselves as well
as with the main spectral line and thus they are not discrete. In such a case the name Discrete
Absorption Components is inappropriate and we use the name: Satellite Absorption Components
(SACs) (Danezis 1983, 1987; Sahade et al. 1984; Sahade & Brandi 1985; Danezis et al. 2003,
2006, 2007a; Lyratzi & Danezis 2004). The existence of SACs results to the formation of the
complex structure of the observed spectral features.
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Fig. 2. DACs of the Mg II UV resonance line profiles of the Be star AX Mon (HD 45910) and SACs of
the Be star HD 41335 are produced in the same way. The black line presents the observed spectral line’s
profile and the red one the model’s fit. All the components which contribute to the observed features are
shown separately.

Fig. 3. DACs phenomena in AGNs spectra: Similarity of DACs phenomenon in Be star’s HD 45910
spectrum (Mg II UV resonance lines) with AGNs’ PG 0946+301spectrum (C IV doublet). In the case of the
C IV doublet, the two discrete features do not correspond to the two resonance lines, as the two members of
the doublet have small difference in wavelength (1548.187Å and 1550.772 Å) and they both lie at the right
feature.
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Fig. 4. SACs phenomena in AGNs spectra: Similarity of SACs phenomenon in Oe star’s HD 34656 spec-
trum (C IV doublet) with AGNs PG 1254+047 spectrum (Lya and Si IV and C IV doublets).

As we can deduce from the above, the DACs and SACs are two aspects of the same phe-
nomenon. In Fig. 2 it is clear that the Mg II line profiles of the star AX Mon (HD 45910), which
presents DACs and the star HD 41335, which presents SACs are produced in the same way. The
only difference between them is that the components of HD 41335 are much less shifted and thus
they are blended among themselves.

It is very important to point out that we can detect the same phenomenon in the spectra of
some Active Galactic Nuclei (AGN) (Danezis et al. 2006). In Fig. 3 (right) we can see the CIV
UV doublet of an AGN (PG 0946+301). The values of radial displacements and the ratio of the
line intensities indicate that the two observed C IV shapes present DACs phenomenon similar
with the DACs phenomenon that we detect in the spectra of hot emission stars (e.g. HD 45910).
Since the DACs phenomenon is present in some AGNs spectra, we also expect the presence of
SACs phenomenon, which is able to explain the observed absorption lines complex profiles (Fig.
4). In the case of AGNs, accretion, wind (jets, ejection of matter etc.), BLR (Broad Line Regions)
and NLR (Narrow Line Regions) are the density regions that construct peculiar profiles of the
spectral lines (Fig. 5) (Danezis et al. 2006).

- Based on the above mentioned observational facts, our first step was the composition of
a theoretic ad hoc picture for the structure of the plasma that surrounds the hot emission stars,
which present DACs or SACs. This theoretic ad hoc picture should cover all the regions (and
thus all ionization potentials) around hot emission stars, from the photosphere to the outer at-
mospherical regions (e.g. the Fe II, Mg II regions). Our second step was the construction of a
mathematical model which, based on the properties of the described theoretical structure, should
be able to:

- Reproduce the complex (due to DACs and SACs) profiles of the spectral lines and calculate
a series of physical parameters of the regions where the spectral lines are created.

Be consistent with the physical theory. This means that statistically, the calculated values
should lead to common physical properties of the studied atmospherical regions for all the studied
stars that produce similar spectral lines.
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Fig. 5. The origin of DACs/SACs phenomenon in AGNs.

2. The theoretical model

According to Hubert - Delplace (1981), the existence of emission lines can be a repeated phe-
nomenon for a star and we should consider as a fact that the ability of a B star to become Be
is a function of the spectral subtype. However, we should always have in mind that there is no
definite spectral classification in UV, as the spectral classification is based on the optical spec-
tral range (Henize et al. 1981; Prinja 1990). As a result, the mechanisms of mass ejection from
Be stars depend on the factors which classify the star to a specific spectral type. First, Struve
(1931a,b) proposed that the Be stars are rapid rotators with velocities up to some hundreds km/s.
According to Struve’s model, these rapid rotators eject mass, forming a nebulous ring, when
the rotational velocity takes the critical value at which the centrifugal force becomes equal to
the gravitational force at the equator. However, Collins & Harrington (1966); Slettebak (1976,
1979); Friedjung (1968); Stoeckley (1968); Hardorp & Strittmater (1968) were opposed to this
assumption of critical rotational velocity. They proposed that according to observations, Be stars
rotate with velocities near, but not equal, to the critical one. Marlborough & Snow (1976), study-
ing UV spectra of B stars, found a relation between the projected rotational velocity of B0-B4
stars and the results of mass loss and they proposed that the mass loss from Be stars could lead
to the existence of stellar winds of large velocity, only if the rotation is able to diminish the ap-
parent gravity near the equator. Our proposition is that in the case of Be stars that present DACs
or SACs phenomena the rotational velocity could increase to greater values than the critical one,
in such a way that Struve’s model can be applied. This means that the Be stars of this kind may
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Fig. 6. Fitting of the C IV resonance lines (λλ 1548.187, 1550.772 Å) of the Oe star HD 93521, with the
proposed model. The SACs phenomenon is able to explain the observed shape. Below the fitting one can
see the difference graph (green), which indicates the differences between the observed and the theoretical
line profile, as well as the analysis of the observed profile in its SACs (red).

eject mass from the regions around the equator, through a physical instability of the star, which
disappears right after the mass ejection (Huang 1977).

The plasma which is ejected from the equatorial active regions in small but different angles,
constructs a dense and expanding spherical envelope around the active star. According to the
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Fig. 7. Fitting of the Si IV resonance lines (λλ 1393.755, 1402.77 Å) of the Oe star HD 93521, with the
proposed model. The SACs phenomenon is able to explain the observed shape. Below the fitting one can
see the difference graph (green), which indicates the differences between the observed and the theoretical
line profile, as well as the analysis of the observed profile in its SACs (red).

statistical study of Hubert - Delplace (1981), the e (emission) phenomenon can be repeated in
the case of B stars. According to Huang (1977), sometime after the first mass ejection, the star
may become unstable again and thus it may eject mass again from the equatorial regions, as its
rotational velocity’s value may become larger than the critical value. According to that, when
we construct the mathematical model, we should also consider that the star ejects mass from
the equatorial zone not once, but successively and repeatedly. In such a case, independent and
successive spherical density plasma regions would surround the star (Danezis 1983). These inde-
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Fig. 8. Fitting of the Mg II resonance lines (λλ 1393.755, 1402.77 Å) of the Be star HD 45910, with the
proposed model. The DACs and SACs phenomena is able to explain the observed shape. Below the fitting
one can see the analysis of the observed profile in its DACs and SACs.

pendent density regions which move and rotate with different velocities create discrete absorption
or emission components of the same spectral line in the stellar spectra. A similar phenomenon is
also observed in the spectra of super novae.
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Fig. 9. Fitting of the C IV resonance lines (λλ 1548.187, 1550.772 Å) of the AGN PG 1700+518, that
present SACs, with the proposed model. The SACs phenomenon is able to explain the observed shape.

As Struve’s model considers, the spherical density regions that may exist around the star,
evolve to an equatorial disk (Struve 1931a,b, 1942).

The plasma jets which are ejected from the equatorial active regions form blobs or structures
due to magnetic fields or spiral streams resulting from the stellar rotation, which evolve in the
regions where DACs and SACs are created (Cranmer & Owocki 1996; Kaper et al. 1996, 1997,
1999; Mulan 1984a,b, 1986; Prinja & Howarth 1988; Fullerton et al. 1997; Cranmer et al. 2000),
These structures are local regions of high density, which have spherical symmetry around their
own center and not around the star. These density regions result to the existence of absorption or
emission spectral lines in the stellar spectra.

Near the hot emission stars we can detect density regions that have the characteristics
of chromosphere, corona and post-coronal regions (Franco et al. 1983; Franco & Stalio 1983;
Underhill & Doazan 1982, Part II, chapter 13). The corona of hot emission stars is detected
in X-rays and the post-coronal regions (Si IV, C IV, N IV, N V lines e.t.c.) in UV. All the
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Fig. 10. Fitting of the Si IV (λλ 1393.755, 1402.77 Å) and C IV resonance lines (λλ 1548.187, 1550.772
Å) of the AGN H 1413+1143, that present SACs with the proposed model. The SACs phenomenon is able
to explain the observed shape.

above lead us to the connection of Struve’s model with the corona model of Thomas-Doazan
(Underhill & Doazan 1982), which suggests the existence of coronal and post coronal regions.

Many ad hoc models have been proposed that do not accept the existence of chromosphere
and corona. These models were constructed to represent only the observations made in the optical
and infrared regions and point out that they all produce good agreement between the observed
and computed spectra. We should also remind that all the models that have been proposed are ad
hoc; as such, they cannot and do not pretend to be physically self-consistent. In this respect, one
must keep in mind the arbitrary nature of certain hypotheses on which their construction is based,
and one must not expect this picture of reality to closely describe a real star (Underhill & Doazan
1982).

All the above lead us to the conclusion that in the inner regions of the stellar atmosphere
(from the photosphere to the first regions of the disk) of the stars that present DACs or SACs,
the plasma is violently deranged and it does not have the form of calm stellar wind, for as long
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Fig. 11. Mean rotational velocities of the independent density regions of matter which create the SACs of
the Si IV resonance lines (λλ 1393.755, 1402.77 Å) as a function of the spectral subtype, in a sample of 68
Be stars (Lyratzi et al. 2007b).

Fig. 12. Mean radial velocities of the independent density regions of matter which create the SACs of the
Si IV resonance lines (λλ 1393.755, 1402.77 Å) as a function of the spectral subtype, in a sample of 68 Be
stars (Lyratzi et al. 2007b).

as the e phenomenon lasts. During the e phenomenon, in the regions where the DACs or SACs
are created, the majority of plasma is distributed in the density regions of spherical symmetry
around the star or around their own centers. These density regions were created as a result of the
violent mass ejection during the period of e phenomenon. The ejected matter takes the form of
stellar wind as it goes away from the disturbed area of the inner atmospherical layers of the hot
emission stars. Among the density regions, the rest of the matter has the form of stellar wind, but
its density is very low compared with the matter of the density regions and thus we considered it
negligible when we constructed the mathematical model.

3. The mathematical model – The line function

As we have already mentioned, in order to accept, even theoretically, all the above, we should
construct a mathematical model which should include all the above ideas. This means that by
solving the radiation transfer equations through a complex structure as the one described, we
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Fig. 13. Mean rotational velocities of the independent density regions of matter which create the SACs of
the Mg II resonance lines (λλ 2795.523, 2802.698 Å) as a function of the spectral subtype, in a sample of
64 Be stars (Lyratzi et al. 2007b).

Fig. 14. Mean radial velocities of the independent density regions of matter which create the SACs of the
Mg II resonance lines (λλ 2795.523, 2802.698 Å) as a function of the spectral subtype. The existence of
DACs is clearly indicated, in a sample of 64 Be stars (Lyratzi et al. 2007b).

should calculate a line function, able to reproduce theoretically the observed spectral line profiles.
The term line function corresponds to the function that relates the intensity with the wavelength.
This function includes as parameters many physical conditions that construct the line profile. By
giving values to these parameters we try to find the right ones in order to have the best theoret-
ical fit of the observed line profile. If we accomplish the best fit, we accept that the theoretical
values of the physical parameters are the actual ones that describe the physical conditions in the
region that produces the specific spectral line. However, the calculation of a line function is not
simple and includes many problems, such as the following. A line function able to reproduce
theoretically any spectral line of any ion should include all the atomic parameters. As a result
the line function would be very complex. Also, if we wanted a time dependent line function, we
should include as parameter the time. The existence of many parameters makes the solution of
the radiation transfer equations problematic. Another problem is to choose the correct values of
so many parameters.
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Fig. 15. Rotational velocities (Vrot) in the C IV region as a function of the spectral subtype, in a sample of
20 Oe stars. We detect two levels of rotational velocities (Antoniou et al. 2007a).

Fig. 16. Radial velocities (Vrad) in the C IV region as a function of the spectral subtype, in a sample of 20
Oe stars. We detect two levels of radial velocities (Antoniou et al. 2007a).
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Fig. 17. Random velocities (Vrand) in the C IV region as a function of the spectral subtype, in a sample of
20 Oe stars. We detect two levels of random velocities (Antoniou et al. 2007a).

In order to eliminate some of these problems we considered that in the calculation of a line
function we should not include variation with time, as our purpose was to describe the structure of
the regions where the DACs/SACs are created at the specific moment when a spectrum is taken.
In order to study the time-variation of the calculated physical parameters, we should study many
spectra of the same star, taken at different moments. Additionally, we needed a line function with
which we could study a specific spectral line of a specific ion. This means that we did not need
to include the atomic parameters, as in such a case the atomic parameters remain constant. In
this way, we were able to solve the radiation transfer equations and to find the correct group of
parameters that give the best fit of the observed spectral line.

We considered that in the stellar atmosphere the radiation passes through a number of suc-
cessive independent absorbing and/or emitting density regions of matter until it arrives at the
observer. By solving the radiation transfer equations through such a complex structure we obtain
a line function (Eq. 1) for the line profile, able to give the best fit for the main spectral line and
its DACs/SACs at the same time (see Danezis et al. 2003, 2007a).

Iλ =
∏

g

exp
{
−Lgξg

}Iλ0

∏

i

exp {−Liξi} +
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j

S λe j

(
1 − exp

{
−Le jξe j
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where:
Iλ0: is the initial radiation intensity,
Li, Le j, Lg: are the distribution functions of the absorption coefficients kλi, kλe j, kλg,
ξ: is the optical depth in the center of the spectral line,
S λe j: is the source function that is constant during one observation. The geometry and many

physical conditions of the region that produces the spectral line are included in the factors Li,
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Fig. 18. Variation of the rotational velocities of the C IV density regions of the Oe star HD 149757, as a
function of time (Antoniou et al. 2007c).

Le j and Lg and not in the calculation of Iλ. So, the decision on the geometry and the physical
conditions is essential for the calculation of the distribution function that we use for each com-
ponent. Specifically, the physical conditions indicate the exact distribution that we must use.This
means that for a different geometry and different physical conditions we have a different ana-
lytical form of Li, Le j, Lg and thus a different shape for the spectral line profile of each SAC.
In our model we considered the spherical geometry. In order to decide on the appropriate ge-
ometry we took into consideration that the spectral line profile is reproduced in the best way
when we consider spherical symmetry for the independent density regions. Such symmetry has
been proposed by many researchers (Waldron et al. 1992; Rivinius et al. 1997; Markova 2000;
Lamers et al. 1982; Bates & Gilheany 1990; Gilheany et al. 1990; Cidale 1998). Besides, we had
to consider the fact that hot emission stars are rapid rotators and present violent mass ejection,
producing density regions that create the observed DACs or SACs and which also rotate quickly
around their own center. According to this, we should accept that the rapid rotation of the den-
sity regions is one of the main broadening factors of the spectral lines originating from them.
This means that the rotation of the density regions should be included in the calculations of our
model, in order to be able to reproduce the observed spectral lines. As a first step, our scientific
group constructed a distribution function L that considers as the only reason of the line broaden-
ing the rotation of the regions that produce the spectral lines. We called it Rotation distribution
(see Danezis et al. 2003; Lyratzi et al. 2007a). However, it is known that in a gaseous region
we always detect random motions, which must be taken into consideration as a second reason
of line broadening (Doppler broadening). The distribution function that expresses these random
motions is the Gaussian. This means that in order to have a spectral line that has as broadening
factors the rotation of the regions and the random motions of the ions, we should construct a new
distribution function L that would include both of these reasons (rotation and random motions).
Our scientific group constructed this distribution function L (Eq. 2) and named it Gauss-Rotation
distribution (GR distribution) (Danezis et al. 2007a).
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Fig. 19. Variation of the radial velocities of the C IV density regions of the Oe star HD 149757, as a
function of time (Antoniou et al. 2007c).
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where
λ is the wavelength of each point of the spectral line profile,
λ0 = λlab ± ∆λrad, where λ0 is the wavelength of the center of the observed spectral line

which is shifted from the laboratory wavelength λlab of the spectral line at ∆λrad, from which we
calculate the radial velocity Vrad of the density region,

z = Vrot
c , from which we calculate the rotational velocity Vrot of the density region,

σ is the Gaussian typical deviation from which we calculate the random velocity Vrand of the
ions as Vrand = σc

√
2 ln 2
λ0

and

er f (x) = 2
π

x∫
0

e−u2
du, the known error function (see also Danezis et al. 2007a).

The analytical form and the calculations of the GR distribution function can be found in
Danezis et al. (2007a).

Using the GR model, we can calculate some important parameters of the density region
that construct the DACs/SACs. Directly, we can calculate the apparent rotational velocities of
absorbing or emitting density layers (Vrot), the apparent radial velocities of absorbing or emitting
density layers (Vrad), the Gaussian typical deviation of the ion random motions (σ) and the optical
depth in the center of the absorption or emission components (ξ). Indirectly, we calculate the
random velocities of the ions (Vrand), the Full Width at Half Maximum (FWHM), the absorbed
or emitted energy (Ea, Ee) and the column density (CD) (see also Danezis et al. 2005).
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Fig. 20. Variation of the random velocities of the C IV density regions of the Oe star HD 149757, as a
function of time.

4. Applications

As we have already mentioned, the validity of GR model should be judged by its application and
the model should be consistent with the following two points:

- The GR model must be able to reproduce the complex (due to DACs and SACs) profiles of
the spectral lines and calculate a series of physical parameters of the regions where the spectral
lines are created.

- The results of GR model must be consistent with the physical theory. This means that
statistically, the calculated values should lead to common physical properties of the studied at-
mospherical regions for all the studied stars that produce similar spectral lines.

A series of papers have been published, where the GR model is applied on a great number of
stellar and galactic spectra, calculating the physical parameters of the regions where the spectral
lines are created and giving consistent results with the classical physical theory (Danezis et al.
2007b, 2009; Lyratzi et al. 2007a,b, 2009; Antoniou et al. 2007a,b,c, 2008). Some of these results
are presented in the following figures. In Figs. 6-10 we present the fittings of some peculiar
profiles of spectral lines, observed in the spectra of hot emission stars and AGNs. In Figs. 11-17
we present the variation of kinematical parameters of the regions that create DACs or SACs, as
a function of the spectral subtype, in samples of Be and Oe stars. In Figs. 18-20, we present
the variation of the kinematical parameters of the C IV regions of the Oe star HD 149757, as a
function of time.

5. Conclusions

In brief, the results of our study are as follows:

– We proposed a theoretic ad hoc picture for the structure of the plasma that surrounds hot
emission stars, which is able to explain the origin of DACs phenomenon and we proposed
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the SACs phenomenon in order to explain the complex structure of the observed profiles of
many spectral lines that are created in the environment of hot emission stars.

– We observed the same phenomenon in the spectra of quasars and we proposed that its origin
is similar as in the case of hot emission stars.

– Based on the properties of the theoretic ad hoc picture for the structure of the plasma that
surrounds hot emission stars, we constructed a new mathematical model (GR model), able
to reproduce theoretically the observed complex spectral line profiles. In order to do so,
we calculated for the first time a line function through the solution of the radiation transfer
equation.

– We calculated two new distribution functions (Rotation distribution and Gauss-Rotation dis-
tribution).

– We constructed a first version of software, in order to reproduce the observed spectral lines
and to calculate some physical parameters.

– We applied successfully the GR model in a great number of spectral lines of hot emission stars
and quasars. The results of GR model are consistent with the physical theory. This means
that statistically, the calculated values lead to common physical properties of the studied
atmospherical regions for all the studied stars or quasars that produce similar spectral lines.
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Abstract. Hot emission stars (Oe and Be stars) present complex spectral line profiles, which
are formed by a number of DACs and/or SACs. In order to explain and reproduce theoreti-
cally these complex line profiles we use the GR model (Gauss-Rotation model). This model
presupposes that the regions, where the spectral lines are created, consist of a number of
independent and successive absorbing or emitting density regions of matter. Here we are
testing a new approach of the GR model, which supposes that the independent density re-
gions are not successive. We use this new approach in the spectral lines of some Oe and Be
stars and we compare the results of this method with the results deriving from the classical
GR model that supposes successive regions.

Key words. Stars: hot emission stars– Stars: spectral lines – Stars: DACs, SACs

1. Introduction

In the spectra of Hot Emission Stars (Oe and
Be stars) we observe peculiar line profiles. In
order to explain this peculiarity, we propose
and use the Discrete Absorption Components
(DACs) (Bates & Halliwell 1986) and
Satellite Absorption Components (SACs)
theory (Danezis et al. 2005). DACs or SACs
arise from density regions surrounding the star
or lying far away from it. These density re-

Send offprint requests to: A. Antoniou

gions present spherical (or apparent spherical)
symmetry around the star or their own center
(Lyratzi et al. 2007). This model presupposes
that the regions, where the spectral lines are
created, consist of a number of independent
and successive absorbing or emitting density
regions of matter. In this study we are testing
a new approach of GR model, which supposes
that the density regions are independent but
not successive. We use this new approach in
order to study the density regions that produce
the C IV (λλ 1548.155, 1550.774 Å) and the N
V (λλ 1238.821, 1242.804 Å) resonance lines
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of a number of Oe stars as well as the Mg II
(λλ 2795.523, 2802.698 Å) resonance lines
and the Fe II (λ 2585.876 Å) spectral lines of
a number of Be stars. Comparing the results of
this method with the results deriving from the
classical GR model that supposes successive
regions, we try to conclude to the best method
for the case of hot emission stars.

2. Method of analysis

In order to reproduce the peculiar line pro-
files, which are due to the presence of DACs or
SACs, we have to calculate the line function.
Recently, Danezis et al. (2005, 2007) proposed
a model (the so called Gaussian-Rotational
model, GR model), in order to explain the com-
plex structure of the density regions which cre-
ate the spectral lines with SACs or DACs and
which lie in the environment of hot emission
stars and some Active Galactic Nuclei (AGNs).
As we have already mentioned, this model pre-
supposes that the regions, where the spectral
lines are created, consist of a number of inde-
pendent and successive absorbing or emitting
density regions of matter, as the area that con-
tains these spherical density regions is near the
star and thus is limited. The GR line function
(Danezis et al. 2007) has the following form:

Iλ = [Iλ0

∏

i

e−Liξi +
∑

j

S λe j(1−e−Le jξe j ]
∏

g

e−Lgξg (1)

where:
Iλ0 : is the initial radiation intensity,
Li, Le j, Lg : are the distribution functions of the
absorption coefficients ki, ke j, kg,
ξ: is the optical depth in the centre of the spec-
tral line,
S e j: is the source function that is constant dur-
ing one observation.

The e−Liξi and e−Lgξg are the distribution
functions of each absorption satellite compo-
nent and S λe j(1 − e−Le jξe j ) is the distribution
function of each satellite emission component.
In the GR line function, in the case of a num-
ber of independent but successive absorbing or
emitting density layers of matter the final pro-
file that is produced by a group of absorption
lines is given by the product of the line func-
tions of each component. On the other hand,

Fig. 1. Variation of the values of the rotational
(up) and radial (down) velocities of the C IV (λλ
1548.155, 1550.774 Å) density regions, as a func-
tion of the effective temperature of the studied Oe
stars.

the final profile that is produced by a group
of emission lines is given by the addition of
the line functions of each SAC. The addition
of a group of functions is completely different
from the multiplication of functions. The spec-
tral line profile that results from the addition of
a group of functions is exactly the same with
the profile that results from a composition of
the same functions. A new idea of our scien-
tific group is to examine the form of the GR
line function in the case that the density regions
of matter which produce the satellite absorp-
tion or emission components are independent
but not successive. In this case the above line
function takes the following form:

Iλ = Iλ0

∑

i

e−Liξi +
∑

j

S λe j(1 − e−Le jξe j ) (2)

The new idea of this study is to measure the
new values of the parameters that we calculate
in the case that the independent density regions
of matter that produce the absorption or emis-
sion satellite components are successive or not.
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Fig. 2. Variation of the values of the random veloci-
ties (up) and the total absorbed energy (down) of the
ions of the C IV (λλ 1548.155, 1550.774 Å) density
regions, as a function of the effective temperature of
the studied Oe stars.

Fig. 3. Variation of the values of the rotational
(up) and radial (down) velocities of the N V (λλ
1238.821, 1242.804 Å) density regions, as a func-
tion of the effective temperature of the studied Oe
stars.

Fig. 4. Variation of the random velocities (up) and
the total absorbed energy (down) of the N V (λλ
1238.821, 1242.804 Å) density regions, as a func-
tion of the effective temperature of the studied Oe
stars.

3. The results of our study

We study the density regions that produce the
C IV (λλ 1548.155, 1550.774 Å) and the N
V (λλ 1238.821, 1242.804 Å) resonance lines
in the HD 57061, HD 93521, HD 47129, HD
24911 and HD 49798 Oe stars, as well as the
Mg II (λλ 2795.523, 2802.698 Å) resonance
lines and the Fe II (λ 2585.876 Å) spectral line
in the HD 30386, HD 42335, HD 53367, HD
45910 and HD 200120 Be stars.

3.1. The Oe stars

In figures 1 and 2 we present the variation of
the values of the rotational, the radial and the
random velocities as well as the total absorbed
energy of the density layers of matter which
corresponds to the highest value of the radial
velocity in the C IV (λλ 1548.155, 1550.774
Å) regions, as a function of the effective tem-
perature of the studied Oe stars.

In figures 3 and 4 we present the varia-
tion of the same parameters in the N V (λλ
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Fig. 5. Variation of the values of the rotational (up)
and radial (down) velocities of the Fe II (λ 2585.876
Å) density regions, as a function of the effective
temperature of the studied Be stars.

1238.821, 1242.804 Å) regions, as a function
of the effective temperature of the studied Oe
stars. In each case the points indicated with a
circle correspond to the case of independent
but not successive layers of matter, while the
points indicated with a square correspond to
the case of the independent and successive lay-
ers of matter.

3.2. The Be stars

In figures 5 and 6 we present the variation of
the values of the rotational, the radial and the
random velocities, as well as the total absorbed
energy of the density layer of matter, which
corresponds to the highest value of the radial
velocity in the Fe II (λ 2585.876 Å) region, as
a function of the effective temperature of the
studied Be stars.

In figures 7 and 8 we present the varia-
tion of the same parameters in the Mg II (λλ
2795.523, 2802.698 Å) regions as a function
of the effective temperature of the studied Be
stars. The points indicated with a circle corre-
spond to the case of independent but not suc-

Fig. 6. Variation of the values of the random veloc-
ities (up) and the total absorbed energy (down) of
the Fe II (λ 2585.876 Å) density regions, as a func-
tion of the effective temperature of the studied Be
stars.

Fig. 7. Variation of the values of the rotational(up)
and radial (down) velocities of the Mg II (λλ
2795.523, 2802.698 Å) density regions, as a func-
tion of the effective temperature of the studied Be
stars.
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Fig. 8. Variation of the values of the random ve-
locities (up) and the total absorbed energy (down)
of the Mg II (λλ 2795.523, 2802.698 Å) density re-
gions, as a function of the effective temperature of
the studied Be stars.

cessive layers of matter, while the points indi-
cated with a square correspond to the case of
the independent and successive layers of mat-
ter.

4. Conclusions

In all cases, comparing the results, we observe
that the mean values of all the kinematic pa-
rameters do not change depending on the ap-
plied method. However, in the case of Oe stars,
studying the absorbed energy of C IV and N
V spectral lines, the method of the indepen-
dent but not successive layers of matter gives
higher values than the method of the indepen-
dent and successive layers of matter. This is
what we theoretically expected. On the con-
trary, in the case of Be stars, studying the ab-
sorbed energy of the Fe II and Mg II spec-
tral lines both methods give the same results.

Theoretically, in all cases (of Oe and Be stars),
we expected to find higher values for the total
absorbed energy when we supposed not suc-
cessive layers of matter, than when we sup-
posed successive layers of matter. As we said,
this is what we found in the case of Oe stars,
studying the C IV and N V spectral lines,
which lie in the post-coronal regions, which
are hotter regions, in small distance from the
star (Underhill & Doazan 1982). However, in
the case of Be stars, studying the Fe II and Mg
II spectral lines, which lie in the cool envelope
(i.e. cooler regions, in greater distance from the
star (Underhill & Doazan 1982)), both meth-
ods (of successive and not successive layers
of matter) gave the same values for the total
absorbed energy. This difference is a quite in-
teresting phenomenon and our future work in-
cludes a study of a great number of Oe and Be
stars, in order to make a statistical study on this
different behavior. Probably, it depends on the
extent of the area in which the density regions
of matter evolve, as well as on the optical depth
of the lines that are created in these regions.
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Abstract. In hot star atmospheres exist conditions where Stark widths are comparable
and even larger than the thermal Doppler widths, so that the corresponding line broadening
parameters are of importance for the hot star plasma investigation. Here, we investigated
theoretically the influence of collisions with charged particles on heavy element spectral
line profiles for Te I, Cr II and Sn III in spectra of A stars and white dwarfs. We applied
semiclassical perturbation theory. When it can not be applied in an adequate way, due to the
lack of reliable atomic data, we used modified semiempirical theory.

Key words. Stark broadening – line profiles – atomic data – stellar atmospheres

1. Introduction

With the development of new space tech-
niques, the quality and quantity of spectro-
scopic data for trace elements has increased.
For example, Yuschenko & Gopka (1996),
identified one line of tellurium in the Procyon
photosphere spectrum. Chayer et al. (2005)
observed tellurium spectral lines in ultraviolet
spectra of the cool DO white dwarf HD199499.
They report as well presence of tellurium lines
in the cool DO dwarf HZ21.

Chromium lines are interesting due to their
presence in stellar atmospheres, so that they
give possibility to determine chromium abun-
dance and investigate chromium stratification
in stelar atmospheres (Dimitrijević et al. 2005,
2007) and to be used for the diagnostics of
stellar plasma and for more rafined synthesis
of stellar spectra. They have been identified in

Send offprint requests to: Z. Simić

A-type star spectra, as e.g. o Peg (Adelman
1994), 7 Sex (Adelman & Philip 1996), φAqu
(Caliskan & Adelman 1997) which are all and
chemically peculiar stars.

Spectral lines of neutral tin are present in
the spectra of A type stars, for example γ
Equ (Adelman et al. 1979). Also, a Sn II spec-
tral line is observed in Przybylski’s star by
Cowley et al. (2000).

Here we use the semiclassical pertur-
bation method (Sahal-Bréchot 1969a,b) to
calculate the Stark broadening parameters.
When it can not be applied in an ade-
quate way, due to the lack of reliable atomic
data, we used modified semiempirical theory
(Dimitrijević & Konjević 1980).

2. Results and discussions

For Te I, Cr II and Sn III spectral line
Stark broadening parameters, the full
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semiclassical perturbation approach
(Sahal-Bréchot 1969a,b) has been ap-
plied. A summary of the formalism for
ionized emitters is given in Dimitrijević et al.
(1991) and Dimitrijević & Sahal-Bréchot
(1996). Also, for Sn III spectral line
Stark width, modified semiempirical ap-
proach (Dimitrijević & Konjević 1980) has
been applied. The needed energy levels
have been taken from Moore (1971) and
Wiese & Musgrove (1989). The oscillator
strengths have been calculated by using the
method of Bates & Damgaard (1949), and the
tables of Oertel & Shomo (1968). For higher
levels, the method of van Regemorter et al.
(1979) has been used.

There are no experimental and other theo-
retical data for the 2 Te I and 4 Cr II multiplets.
For the considered Sn III 6s 1S0 − 6p 1Po

1 spec-
tral line, Kieft et al. (2004) measured Stark
width and they also, obtained the first theo-
retical result by using semiempirical (Griem
1968) approach.

For example, we investigated the influence
of Stark broadening on Te I spectral lines
in DB white dwarf atmospheres for 6s 5So

- 7p 5P (5125.2 Å) and the 6s 5So - 6p 5P
(9903.9 Å) multiplet by using the correspond-
ing model with Te f f = 15000 K and log g = 7
(Wickramasinghe 1972). For the model atmo-
sphere of the DB white dwarfs the prechosen
optical depth points at the standard wavelength
λs=5150 Å(τ5150) are used in Wickramasinghe
(1972). As one can see in Fig. 1, for the plasma
conditions in the DB white dwarf atmospheres,
thermal Doppler broadening is much less im-
portant compared to Stark broadening.

Stark broadening parameters, line widths
and shifts for 4 Cr II 3d5 - 3d44p multiplets are
shown in Table 1. This table shows electron-,
and proton-impact broadening parameters for
Cr II, for a perturber density of 1017 cm−3 and
temperatures from 5000 up to 100000 K. The
quantity C (given in Å cm−3), when divided by
the corresponding full width at half maximum,
gives an estimate for the maximum perturber
density for which tabulated data may be used.

We synthesized Cr II 4588.2 Å line profile
using SYNTH code Piskunov (1992) (Fig. 3)
and, DIPSO program package, for the corre-
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Fig. 1. Thermal Doppler and Stark widths for Te
I 5125.2 and 9903.9 Åspectral lines for a DB white
dwarf atmosphere model: Te f f = 15000 K, log g =

7 (Wickramasinghe 1972), as a function of optical
depth τ5150.
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Fig. 2. Stark widths for resonant Cr II spectral lines
as a function of temperature.

sponding equivalent width, for a model atmo-
sphere with Te f f = 8 750 K and log g =4.0 as a
function of chromium abundance. One can see
in Fig. 3 that the influence of Stark broaden-
ing increases in line wings and with chromium
abundance as expected. From Figs. 3 and 4.
one can see that in A type CP stars exist atmo-
spheric layers where Doppler and Stark widths
are comparable, so that the influence of Stark
broadening is important.

One can see from Table 2, a good agree-
ment with experimental value of both our re-
sults for Stark width for Sn III 6s 1S0 − 6p 1Po

1
obtained by using semiclassical and modi-
fied semiempirical approach. Obviously, this
ratio is better for our values than for
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Table 1. Stark broadening parameters for Cr II, 3d5 - 3d44p spectral lines.With W is denoted
Full width at half maximum (FWHM) (e - electrons,p - protons) and with d shift.

TRANSITION T(K) We(Å) de(Å) Wp(Å) dp(Å)

5000 0.514E-01 -0.334E-03 0.148E-02 -0.542E-04
CrII 10000 0.382E-01 -0.379E-03 0.268E-02 -0.120E-03

6S-6Po 20000 0.282E-01 -0.438E-03 0.382E-02 -0.232E-03
2060.4 Å 30000 0.238E-01 -0.425E-03 0.431E-02 -0.311E-03

C=0.15E+21 50000 0.196E-01 -0.460E-03 0.473E-02 -0.405E-03
100000 0.157E-01 -0.515E-03 0.528E-02 -0.547E-03
5000 0.382 0.718E-01 0.102E-01 0.117E-02

CrII 10000 0.284 0.491E-01 0.175E-01 0.244E-02
4F-4Do 20000 0.212 0.378E-01 0.244E-01 0.416E-02

4588.2 Å 30000 0.182 0.319E-01 0.268E-01 0.505E-02
C=0.40E+21 50000 0.155 0.265E-01 0.295E-01 0.639E-02

100000 0.133 0.219E-01 0.329E-01 0.770E-02
5000 0.480 0.743E-01 0.120E-01 0.874E-03

CrII 10000 0.358 0.514E-01 0.209E-01 0.188E-02
4F-4Fo 20000 0.268 0.399E-01 0.293E-01 0.337E-02

5279.6 Å 30000 0.229 0.338E-01 0.325E-01 0.425E-02
C=0.53E+21 50000 0.194 0.274E-01 0.357E-01 0.546E-02

100000 0.165 0.229E-01 0.398E-01 0.679E-02
5000 0.793 0.264 0.144E-01 0.411E-02

CrII 10000 0.577 0.197 0.258E-01 0.806E-02
4F-4Po 20000 0.425 0.155 0.368E-01 0.127E-01

6073.4 Å 30000 0.357 0.134 0.414E-01 0.156E-01
C=0.70E+21 50000 0.294 0.110 0.459E-01 0.184E-01

100000 0.255 0.920E-01 0.521E-01 0.221E-01

Table 2. Comparison between Wm-experimental Stark width with theoretical: Wse-
semiempirical, Wsc-semiclassical and Wmse-modified semiempirical.

Transition Wm(Å) Rel. error Wm
Wse

Wm
Wsc

Wm
Wmse

Sn III
6s 1S0 − 6p 1Po

1 1.22 50% 1.70 0.92 1.15
5226.2 Å

semiempirical one obtained by Kieft et al.
(2004) using Griem (1968) method, not
applicable for multiply charged ions, see
Dimitrijević & Konjević (1980).

In order to see the influence of Stark broad-
ening mechanism for Sn III spectral line in
stellar plasma conditions, we have calculated

Stark widths for a Kurucz (1979) A type
star (Teff = 10000 K, log g = 4.5) atmosphere
model and compared them with Doppler ones.
Obtained results in function of the Rosseland
optical depth are presented in Fig. 5. One
can see, that exist photospheric layers where
Doppler and Stark widths are comparable and
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even where the Stark width is dominant and
must be taken into account. Also, in Fig. 5,
for the same atmosphere model, we presented
Stark widths and contributions of different col-
lision processes to the total Stark width in com-
parison with Doppler one. In this case, elas-
tic and strong collisions and inelastic collision
from upper levels have a similar contribution
to the full Stark width as well as the similar
behaviour with temperature.

We note that in all cases considered here
Stark broadening influences on line shapes of
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Fig. 5. Thermal Doppler, Stark and contributions
of different collision processes to the total Stark
width of Sn III 5226.2 Åline as functions of opti-
cal depth for an A type star (Kurucz 1979) model:
Te f f = 10000 K and log g = 4.5.

considered stellar types and should be taken
into account.
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Abstract. We have determined Stark broadening parameters for 8 Ca V multiplets by using
the semiclassical perturbation approach. The calculations have been performed ab initio,
since energy levels and oscillator strengths are calculated using SUPERSTRUCTURE code.
The obtained results are presented as a function of temperature, for perturber density of 1017

cm−3. In order to provide Stark broadening data for the most important charged perturbers in
stellar atmospheres, electron-, proton-, and ionized helium-impact full halfwidths and shifts
have been calculated. There is no other theoretical or experimental Stark broadening data for
Ca V for comparison and new Stark broadening parameters calculations and measurements
will be of interest for comparison with our calculations.

Key words. atomic processes – line: profiles – atomic data

1. Introduction

Stark broadening mechanism is important for
the investigation, analysis, and modelling of
B-type, and particularly A-type stellar atmo-
spheres as well as for white dwarf atmo-
spheres. In Popović et al. (2001), the influ-
ence of Stark broadening on Nd II lines in A-
type stellar atmospheres was investigated. It
was demonstrated that neglecting this mech-
anism introduces an error between 10% and
45% in the equivalent width determination and
influences on abundance values. Hamdi et al.

Send offprint requests to: M.S. Dimitrijević

(2008) investigated the influence of Stark
broadening on Si VI lines in DO white dwarf
spectra. It was found that this mechanism is
dominant in broad regions of the atmospheres
considered.

Spectral analysis by means of NLTE model
atmospheres has presently arrived at a high
level of sophistication, which is now hampered
largely by the lack of reliable atomic data and
accurate line-broadening tables. Strong efforts
should be made to improve upon this situation
(Rauch et al. 2007).

Ca V belongs to the sulfure-like sequence,
its ground state configuration is [Ne]3s23p4



Hamdi et al.: Stark broadening for Ca V spectral lines 149

with the term 3P. The cosmic abundance of
calcium is 2×10−6 by number relative to hy-
drogen (Allen 1973), and lines emitted by
neutral and ionized calcium are visible in
astrophysical spectra. In particular, Calcium
lines are detected in the atmospheres of white
dwarfs (see Zuckerman et al. (2003), for ex-
ample). Recently, calcium in higher ioniza-
tion stage (Ca X) is observed in photosphere
of the hot white dwarf KPD 0005+5106
(Werner, Rauch, & Kruk 2008). Ca V lines
are introduced in atmospheric model used by
Rauch et al. (2007) to study the white dwarf
central star of Sh 2-216 planetary nebula.

The aim of this work is to provide ab initio
calculations of Stark broadening parameters
of Ca V lines. In addition to electron-impact
full halfwidths and shifts, Stark broaden-
ing parameters due to proton- and ionized
helium-impacts have been calculated. Thus,
we have provided Stark broadening data
for all the important charged perturbers
in stellar atmospheres. In previous papers
(Ben Nessib, Dimitrijević, & Sahal-Bréchot
2004; Hamdi et al. 2007), we have calcu-
lated Stark broadening parameters of Si V
and Ne V using SUPERSTRUCTURE and
Bates & Damgaard (1949) method for oscilla-
tor strengths. It was found that the difference
is tolerable.

2. The method

The energy levels and oscillator strengths were
carried out with the general purpose atomic
structure program SUPERSTRUCTURE
(Eissner, Jones, & Nussbaumer 1974), as
modified by Nussbaumer & Storey (1978).
The adopted atomic model for Ca V includes
12 configurations 3s23p4, 3s3p5, 3s23p33d,
3s23p34`, 3s23p35` (` ≤ n − 1). The wave
functions are of configuration mixing type,
and each configuration is expanded in terms
of Slater States. The radial functions are
calculated in scaled Thomas-Fermi statistical
model potential, which depends on parameters
λnl determined variationally by optimizing the
weighted sum of energy terms. Scaling param-
eters used in this work are λ1s=1.4368,
λ2s=1.1125, λ2p=1.0540, λ3s=1.1460,

λ3p=1.1346, λ3d=1.1080, λ4s=1.1491,
λ4p=1.1144, λ4d=1.1249, λ4 f =1.2739,
λ5s=1.1581, λ5p=1.1285, λ4d=1.14699,
λ4 f =1.9600, λ5g=1.800. Relativistic correc-
tions are introduced by means of Breit-Pauli
approximation in intermediate coupling.

We have calculated mean radii and mean
square radii within the hydrogenic approxima-
tion with a quantum defect, using the effective
quantum numbers n∗i obtained from the Ritz
formula.

Stark broadening parameter calculations
have been performed within the semiclassical
perturbation method (Sahal-Bréchot 1969a,b).
This formalism has been reviewed briefly .e.g.
in (Hamdi et al. 2008).

3. Results and discussion

By combining the SUPERSTRUCTURE code
for calculating energy levels and oscillator
strengths and the code for the Stark broad-
ening calculations, we calculated ab ini-
tio Stark broadening parameters. Calculated
Stark broadening widths [full width at half-
maximum (FWHM)] and shifts for a per-
turber density of 1017cm−3 and temperature
from 50 000 K to 500 000 K are shown in
Table 1 for electron-, proton-and singly ion-
ized helium-impact broadening. Such temper-
atures are of interest for modelling of some
hot star atmospheres. Higher temperatures are
of interest for fusion plasma as well as for
stellar interiors. We also specify a parameter
C (Dimitrijević & Sahal-Bréchot 1984), which
gives an estimate for the maximal perturber
density for which the line may be treated as
isolated, when it is divided by the correspond-
ing full width at half maximum. For each value
given in Table 1 the collision volume V multi-
plied by the perturber density N is much less
than one and the impact approximation is valid
(Sahal-Bréchot 1969a,b). When the impact ap-
proximation is not valid, the ion broadening
contribution may be estimated by using the
quasi-static approach (Sahal-Bréchot 1991).
In the region where neither approximation is
valid, a unified-type theory should be used. For
example, in Barnard, Cooper, & Smith (1974)
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Table 1. This table gives electron-, proton and singly-charged helium-impact broadening param-
eters for Ca V lines calculated using SUPERSTRUCTURE oscillator strength, for a perturber
density of 1017 cm−3 and temperatures from 50000 to 500000 K. Transitions, averaged wave-
length for the multiplet (in Å) and parameter C are also given. This parameter when divided
with the corresponding Stark width gives an estimate for the maximal pertuber density for which
the line may be treated as isolated. we: electron-impact full Stark width at half maximum, de:
electron-impact Stark shift, wH+ : proton-impact full Stark width at half maximum, dH+ : proton-
impact Stark shift, wHe+ : singly charged helium-impact full Stark width at half maximum, dHe+ :
singly charged helium-impact Stark shift.

Transition T(kK) we de wH+ dH+ wHe+ dHe+

3p4 3P-3s3p5 3P◦ 50. 0.19E-2 -0.28E-3 0.76E-5 -0.95E-5 0.14E-4 -0.94E-5
694.6 Å 100. 0.14E-2 -0.17E-3 0.20E-4 -0.18E-4 0.30E-4 -0.18E-4

C= 0.69E+20 150. 0.11E-2 -0.14E-3 0.30E-4 -0.26E-4 0.42E-4 -0.24E-4
200. 0.95E-3 -0.14E-3 0.40E-4 -0.31E-4 0.49E-4 -0.28E-4
300. 0.78E-3 -0.12E-3 0.51E-4 -0.39E-4 0.61E-4 -0.34E-4
500. 0.62E-3 -0.11E-3 0.70E-4 -0.50E-4 0.72E-4 -0.42E-4

3p4 1D-3s3p5 1P◦ 50. 0.12E-2 -0.82E-4 0.70E-5 -0.51E-5 0.13E-4 -0.51E-5
591.6 Å 100. 0.87E-3 -0.52E-4 0.17E-4 -0.10E-4 0.26E-4 -0.97E-5

C= 0.48E+20 150. 0.71E-3 -0.47E-4 0.25E-4 -0.14E-4 0.35E-4 -0.13E-4
200. 0.62E-3 -0.49E-4 0.33E-4 -0.17E-4 0.41E-4 -0.16E-4
300. 0.51E-3 -0.47E-4 0.41E-4 -0.23E-4 0.50E-4 -0.19E-4
500. 0.41E-3 -0.46E-4 0.54E-4 -0.29E-4 0.57E-4 -0.25E-4

3p4 1D-3p3(2D)3d 1D◦ 50. 0.63E-3 -0.30E-4 0.16E-5 -0.19E-5 0.29E-5 -0.19E-5
433.7 Å 100. 0.43E-3 -0.18E-4 0.42E-5 -0.38E-5 0.67E-5 -0.37E-5

C= 0.30E+20 150. 0.35E-3 -0.16E-4 0.68E-5 -0.55E-5 0.98E-5 -0.52E-5
200. 0.30E-3 -0.18E-4 0.90E-5 -0.69E-5 0.12E-4 -0.64E-5
300. 0.25E-3 -0.18E-4 0.13E-4 -0.91E-5 0.15E-4 -0.79E-5
500. 0.20E-3 -0.18E-4 0.17E-4 -0.12E-4 0.19E-4 -0.10E-4

3p4 3P-3p3(2P)3d 3D◦ 50. 0.59E-3 -0.39E-4 0.12E-5 -0.21E-5 0.23E-5 -0.21E-5
376.5 Å 100. 0.39E-3 -0.24E-4 0.34E-5 -0.40E-5 0.54E-5 -0.39E-5

C= 0.20E+20 150. 0.32E-3 -0.22E-4 0.56E-5 -0.57E-5 0.79E-5 -0.53E-5
200. 0.27E-3 -0.22E-4 0.74E-5 -0.70E-5 0.97E-5 -0.65E-5
300. 0.22E-3 -0.21E-4 0.10E-4 -0.91E-5 0.12E-4 -0.78E-5
500. 0.18E-3 -0.20E-4 0.14E-4 -0.12E-4 0.16E-4 -0.99E-5

3p4 3P-3p3(2P)3d 3P◦ 50. 0.58E-3 -0.37E-4 0.12E-5 -0.20E-5 0.23E-5 -0.20E-5
375.6 Å 100. 0.39E-3 -0.23E-4 0.38E-5 -0.40E-5 0.54E-5 -0.38E-5

C= 0.20E+20 150. 0.32E-3 -0.21E-4 0.56E-5 -0.56E-5 0.78E-5 -0.52E-5
200. 0.27E-3 -0.21E-4 0.74E-5 -0.69E-5 0.97E-5 -0.64E-5
300. 0.22E-3 -0.20E-4 0.10E-4 -0.90E-5 0.12E-4 -0.77E-5
500. 0.18E-3 -0.20E-4 0.14E-4 -0.11E-4 0.15E-4 -0.98E-5

3p4 3P-3p3(2D)3d 3S◦ 50. 0.53E-3 -0.56E-4 0.12E-5 -0.18E-5 0.23E-5 -0.18E-5
343.6 Å 100. 0.38E-3 -0.33E-4 0.33E-5 -0.35E-5 0.52E-5 -0.33E-5

C= 0.12E+20 150. 0.31E-3 -0.28E-4 0.53E-5 -0.49E-5 0.75E-5 -0.45E-5
200. 0.27E-3 -0.28E-4 0.70E-5 -0.60E-5 0.91E-5 -0.55E-5
300. 0.22E-3 -0.25E-4 0.96E-5 -0.78E-5 0.11E-4 -0.67E-5
500. 0.18E-3 -0.22E-4 0.13E-4 -0.98E-5 0.14E-4 -0.85E-5
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Table 1. continued

Transition T(kK) we de wH+ dH+ wHe+ dHe+

3p4 3P-3p3(2D)3d 3P◦ 50. 0.48E-3 -0.84E-4 0.13E-5 -0.19E-5 0.24E-5 -0.19E-5
322.1 A 100. 0.35E-3 -0.47E-4 0.34E-5 -0.37E-5 0.53E-5 -0.35E-5

C= 0.11E+20 150. 0.29E-3 -0.40E-4 0.54E-5 -0.51E-5 0.75E-5 -0.47E-5
200. 0.25E-3 -0.38E-4 0.72E-5 -0.63E-5 0.90E-5 -0.57E-5
300. 0.21E-3 -0.34E-4 0.96E-5 -0.79E-5 0.11E-4 -0.69E-5
500. 0.17E-3 -0.28E-4 0.13E-4 -0.10E-4 0.14E-4 -0.86E-5

3p4 3P-3p3(4S)3d 3D◦ 50. 0.47E-3 -0.70E-4 0.13E-5 -0.15E-5 0.24E-5 -0.15E-5
316.2 A 100. 0.34E-3 -0.38E-4 0.33E-5 -0.30E-5 0.52E-5 -0.29E-5

C= 0.75E+19 150. 0.28E-3 -0.33E-4 0.53E-5 -0.42E-5 0.74E-5 -0.39E-5
200. 0.24E-3 -0.32E-4 0.69E-5 -0.52E-5 0.87E-5 -0.48E-5
300. 0.20E-3 -0.28E-4 0.91E-5 -0.67E-5 0.11E-4 -0.58E-5
500. 0.16E-3 -0.24E-4 0.12E-4 -0.85E-5 0.13E-4 -0.73E-5

a simple analytical formula for such a case is
given.

We see that using the
SUPERSTRUCTURE code one obtains a
set of energy levels and oscillator strengths,
enabling an ab initio calculation of Stark
broadening parameters. This is suitable es-
pecially for multicharged ions when other
theoretical and experimental atomic data
are scare. The Stark broadening parameters
obtained here, contribute to the creation of a
set of such data for as large as possible number
of spectral lines, of significance for a number
of problems in astrophysics. As for example,
spectral analysis by means of NLTE model
atmospheres, that need a large set of atomic
data and accurate line-broadening tables.

There is no other theoretical or experimen-
tal Stark broadening data for Ca V for compar-
ison and new Stark broadening parameters cal-
culations and measurements will be of interest
for comparison with our calculations.
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bréchot, S. 2004, A&A, 423, 397
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Sahal-Bréchot, S. 1969b, A&A, 2, 322
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Abstract. Using the semiclassical perturbation theory of Sahal-Bréchot Stark widths and
shifts for CuI 324.75, 327.39, 510.55, 570.02 and 578.21 nm spectral lines have been cal-
culated. Obtained results are compared with different available data. Also, they are used to
study the dependence of Stark broadening parameters with temperature.
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1. Introduction

We investigate here the Stark broadening pa-
rameters of neutral cooper spectral lines. This
metal is often used in electrical industry as
electrode materials, so that the data on its spec-
tral lines are important not only for plasma re-
search but also for diagnostic techniques in in-
dustrial laboratories.

Recently, the temperature dependence of
Stark widths for neutral atom spectral lines is
investigated (Zmerli et al., 2008), in order to
find a method for scaling of Stark broadening
parameters with temperature, better than the
dependence T−1/2, used often in astrophysics.
In Zmerli et al., (2008), Stark width depen-
dence on T is analyzed using the lines of neu-
tral helium, and it was found that for consid-
ered lines Stark width increases with T , con-
trary to the T−1/2 dependence. It was found

Send offprint requests to: M. S. Dimitrijević

also that after a critical temperature, Stark
width starts to decrease, and a simple method
for interpolation with temperature is proposed.

In the present work, we calculate the Stark
width and shift of CuI spectral lines due to
collisions with electrons using the semiclas-
sical perturbation formalism Sahal-Bréchot,
(1969a,b). The obtained results are used here
to confirm the conclusions of Zmerli et al.,
(2008) on the Stark width behaviour with tem-
perature, using the more sophisticated theory
and the spectrum of another neutral emitter.

2. Theory

For the transition between the levels i and f ,
the total width at half intensity FWHM (W =
2w) and the shift d can be put under the form
(Sahal-Bréchot, 1969a,b, 1974):
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W = 2w = N
∫ ∞

0
v f (v) dv ×


∑

i′,i

σii′ (v) +
∑

f ′, f

σ f f ′ (v) + σel

 , (1)

d =

∫ ∞

0
v f (v) dv

∫ RD

R3

2πρdρ sin 2φp. (2)

Here, i′ and f ′ are the perturbing levels, N is
the density of perturbers, v is the relative ve-
locity and f (v) is the Maxwellian distribution
of velocities.

The inelastic cross section σii′(v) (resp.
σ f f ′ (v)) are given by an integration over the
impact parameter ρ of the transition probability
Pii′(v, ρ) (resp. P f f ′(v, ρ)) as:

∑

i′,i

σii′ (v) =
1
2
πR2

1 +

∫ RD

R1

2πρdρ
∑

i′,i

Pii′ (ρ, v) . (3)

The elastic contribution to the width or
elastic cross section is given by

σel = 2πR2
2 +

∫ RD

R2

8πρdρ sin2 δ, (4)

with

δ = (φ2
p + φ2

q)1/2. (5)

The phase shifts φp and φq are respectively
due to the quadratic and quadrupolar interac-
tions, described in Sahal-Bréchot, (1969a);
Sahal-Bréchot and Van Regemorter, (1964)
for one-electron atoms, and in Sahal-Bréchot,
(1974) for complex atoms.

All the cutoffs (R1,R2,R3), as well as
the symmetrization procedures in the inelastic
cross sections, are described in Sahal-Bréchot,
(1969b). RD is the upper cutoff allow-
ing for Debye shielding. A description of
the semiclassical perturbation formalism used
here is given in Sahal-Bréchot, (1969a,b);
Dimitrijević and Sahal-Bréchot, (1985).
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Fig. 1. Electron Stark width for the 4s 2S 1/2 −
4p 2Po

3/2 transition of copper resonance spec-
tral line (3247.54 Å) as a function of tempera-
ture T . (dot line)- electron width for the 3-level
model and (solid line)- electron width for the
multi-level model.

Table 1. Critical temperature Tc for CuI spec-
tral lines.

λ Transition Tc

(Å) (kK)
5105.54 4s2 2D5/2 − 4p 2Po

3/2 292
5700.24 4s2 2D3/2 − 4p 2Po

3/2 370
5782.13 4s2 2D3/2 − 4p 2Po

1/2 301
3273.96 4s 2S 1/2 − 4p 2Po

1/2 398
3247.54 4s 2S 1/2 − 4p 2Po

3/2 361

3. Results and discussion

In our calculations, energy levels and oscilla-
tor strengths have been taken from Fu et al.,
(1995), a compilation of CuI data including
transition probabilities, oscillator strengths and
lifetimes. The best values from this compila-
tion are included in Corliss, (1970).

The widths Wline in Table 2 and the
shifts dline in Table 3 for a particular line
within a multiplet are obtained by scaling the
multiplet values W and d respectively using
(Popović et al., 2001; Griem, 1964):

Wline =

(
λ

〈λ〉
)2

W, dline =

(
λ

〈λ〉
)2

d, (6)
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Table 2. Electron widths: WeK - results of Konjević and Konjević, (1986) using the approximate
method of Dimitrijević and Konjević, (1986), WeG - results of Grishina et al., (1998a,b) (with-
out the accounting for the ”back reaction” and the λ̄ cutoff), WeGb - results of Grishina et al.,
(1999) (with the accounting for the ”back reaction”), WeB - results of Babina et al., (2003), We
- our calculations according to the semiclassical formalism of Sahal-Bréchot, (1969a), for CuI
lines as a function of temperature T , for electron density of Ne = 1016 cm−3.

λ T WeK WeG WeGb WeB We

(Å) (K) (Å) (Å) (Å) (Å) (Å)
5105.54 4s2 2D5/2 − 4p 2Po

3/2
5000 0.0149 0.0103 0.0117 0.0085 0.0093

10000 0.0193 0.0126 0.0122 0.0099 0.0102
20000 0.0238 0.0156 0.0139 0.0123 0.0105
30000 0.0262 0.0177 0.0161 0.0142 0.0111

5700.24 4s2 2D3/2 − 4p 2Po
3/2

5000 0.0186 0.0128 0.0146 0.0106 0.0114
10000 0.0240 0.0157 0.0152 0.0123 0.0136
20000 0.0297 0.0194 0.0173 0.0153 0.0127
30000 0.0327 0.0221 0.0201 0.0177 0.0143

5782.13 4s2 2D3/2 − 4p 2Po
1/2

5000 0.0191 0.0132 0.0150 0.0109 0.0117
10000 0.0247 0.0162 0.0156 0.0127 0.0129
20000 0.0306 0.0200 0.0178 0.0158 0.0134
30000 0.0336 0.0227 0.0206 0.0182 0.0133

3273.96 4s 2S 1/2 − 4p 2Po
1/2

5000 - 0.00332 0.00403 0.00267 0.00300
10000 - 0.00433 0.00400 0.00304 0.00321
20000 - 0.00581 0.00475 0.00408 0.00330
30000 - 0.00687 0.00563 0.00508 0.00391

3247.54 4s 2S 1/2 − 4p 2Po
3/2

5000 - 0.00327 0.00397 0.00263 0.00320
10000 - 0.00426 0.00394 0.00299 0.00332
17000 - 0.00567 0.00473 0.00401 0.00385
20000 - 0.00572 0.00467 0.00401 0.00380
30000 - 0.00676 0.00554 0.00500 0.00398

where, W, d and 〈λ〉 are values for the mul-
tiplet, and Wline, dline and λ refer to the line
within the multiplet.

We can see in Table 1 that Stark widths in-
crease with temperature as the helium lines in
Zmerli et al., (2008), contrary to the T−1/2 de-
pendence. However, if we calculate the temper-
ature dependence far beyond the physical tem-
perature range for neutral copper, we can see
in Fig. 1, that after some critical temperature,
Stark width values will start to decrease.

In Table 1 are given the critical temperature
from which the width start to decrease for the
different transitions of Cu I.

One can see that they are at very high tem-
peratures where neutral copper lines do not ex-
ist, so that for the lower temperatures, of inter-
est for Stark broadening of Cu I, Stark widths
of considered lines always increase with tem-
perature, and the using of T−1/2 dependence for
interpolation with temperature is incorrect.

4. Conclusion

We have calculated electron Stark widths and
shifts for five lines of neutral copper, using the
semiclassical perturbation formalism. These
data can be used for laboratory and stellar plas-
mas diagnostics, investigation and modelling.
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Table 3. Electron shifts: deK - results of Konjević and Konjević, (1986) using the approximate
method of Dimitrijević and Konjević, (1986), deG - results of Grishina et al., (1998a,b) (without
the accounting for the ”back reaction” and theλ̄ cutoff), deGb - results of Grishina et al., (1999)
(with the accounting for the ”back reaction”), deB - results of Babina et al., (2003), de - our
calculations according to the semiclassical formalism Sahal-Bréchot, (1969a), for CuI lines as a
function of temperature T , for electron density of Ne = 1016 cm−3.

λ T deK deG deGb deB de

(Å) (K) (Å) (Å) (Å) (Å) (Å)
5105.54 4s2 2D5/2 − 4p 2Po

3/2
5000 -0.00027 0.00799 0.00783 0.00783 0.00683

10000 -0.00082 0.00883 0.00889 0.00886 0.00802
20000 -0.00118 0.00929 0.00947 0.00947 0.00882
30000 -0.00136 0.00925 0.00945 0.00944 0.00853

5700.24 4s2 2D3/2 − 4p 2Po
3/2

5000 -0.00034 0.00996 0.00976 0.00976 0.00838
10000 -0.00102 0.01101 0.01108 0.01104 0.01020
20000 -0.00147 0.01158 0.01180 0.01180 0.01060
30000 -0.00170 0.01153 0.01178 0.01177 0.01090

5782.13 4s2 2D3/2 − 4p 2Po
1/2

5000 -0.00035 0.01025 0.01004 0.01004 0.00816
10000 -0.00105 0.01133 0.01140 0.01136 0.00977
20000 -0.00152 0.01192 0.01215 0.01215 0.00995
30000 -0.00175 0.01186 0.01212 0.01211 0.01000

3273.96 4s 2S 1/2 − 4p 2Po
1/2

5000 - 0.00237 0.00230 0.00228 0.00210
10000 - 0.00251 0.00254 0.00254 0.00210
20000 - 0.00243 0.00250 0.00251 0.00184
30000 - 0.00227 0.00234 0.00234 0.00144

3247.54 4s 2S 1/2 − 4p 2Po
3/2

5000 - 0.00231 0.00226 0.00224 0.00241
10000 - 0.00247 0.00250 0.00250 0.00273
20000 - 0.00239 0.00246 0.00247 0.00272
30000 - 0.00223 0.00230 0.00230 0.00237

Our results demonstrate that the considered
Stark widths increase with temperature for all
T values of interest and that the critical temper-
ature when they start to decrease is beyond the
temperature range of interest. The temperature
trend of Stark widths is not in accordance with
T−1/2 dependence.
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Abstract. The profiles of several He, Ne and Ar gas atomic lines arising from an atmo-
spheric pressure microwave (2.45 GHz) surface wave discharge have been studied in order
to determine the most suitable lines for measuring gas temperatures. Gas temperature re-
sults obtained from van der Waals Broadening of rare gas lines are in good agreement with
results obtained from the rovibrational spectra of molecular species and those previously
reported in the literature for the same kind of discharges.
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1. Introduction

Research on van der Waals broadening has be-
come one of the most important issues in re-
cent spectroscopy studies since the values of
this parameter can be easily related by means
of the Lindholm–Foley theory to that of the gas
temperature, being the knowledge of the later
determining on the heavy particles kinetics.

In the present study, the profiles of several
rare gas atomic lines arising from an atmo-
spheric pressure microwave (2.45 GHz) sur-
face wave discharge have been studied in order
to determine the most suitable lines for mea-
suring gas temperatures.

Send offprint requests to: Jose Muñoz

2. Line broadening of atomic lines

From the Lindholm–Foley theory (see
Yubero et al. (2007) and references therein) it
is possible to obtain the following expression
relating the gas temperature (Tgas) and the van
der Waals broadening (wW ) of a given spectral
line

wW = 8.18 × 10−26λ2(α < R̄2 >)2/5
(

Tgas

µ

)3/10

N (1)

being λ the wavelength of the spectral line
in nm, α the pertuber polarizability in cm−3

< R̄2 > the difference of the square radius of
the emitting atom in the upper and lower lev-
els of the considered transition, µ the reduced
emitter-perturber mass in a.m.u. and N the den-
sity of pertubing atoms in cm−3. The previous
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Gas

Fig. 1. Experimental Setup

equation can be simplified using the appropri-
ate atomic parameters and the ideal gas law to
obtain the following expression,

wW (nm) =
CW

T 0.7
gas

(2)

being CW a coefficient that depends on the tran-
sition and the nature of the interacting atoms
considered.

However, not every spectral line can be
used for the calculation of gas temperature.
Recent experimental research (Yubero et al.
2007; Munoz et al. 2009) has demonstrated
that only a few lines can be used for this pur-
pose as a consequence of the limitations aris-
ing from the theory not describing equally well
the van der Waals broadening for each spec-
tral line and each kind of perturbers, and the

need of a deconvolution process to separate
the van der Waals broadening. Moreover, the
contribution of the Stark broadening must also
be considered since its contribution to the to-
tal Lorentz width can become non negligible
(Yubero et al. 2007).

3. Experimental setup

Microwave power was provided to the plasma
by a SAIREM 12 kT/t microwave (2.45 GHz)
generator of 2000 W maximum power in con-
tinuous mode. The power was coupled to the
plasma by a surfaguide device.

High purity (99.999%) He, Ne and Ar
were used as plasma gases with different flows
ranging from 0.5 to 2 slm (standard litre per
minute). The discharge was contained in quartz
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Table 1. Experimental broadenings of the lines measured in this work. Stark broadening was
calculated from the electron density.

System λ (nm) wG(·10−2nm) wL(·10−2nm) ne(·1014cm−3) wS (·10−2nm)
He I 396.47 1.91 ± 0.06 0.72 ± 0.06 0.50 ± 0.05 0.088 ± 0.009
He I 492.19 2.01 ± 0.05 1.06 ± 0.05 0.50 ± 0.05 0.163 ± 0.017
Ne I 724.51 1.34 ± 0.02 0.65 ±0.02 1.04 ± 0.07 0.045 ± 0.005
Ar I 425.93 1.93 ± 0.03 0.98 ± 0.04 1.37 ± 0.09 0.030 ± 0.003
Ar I 603.21 1.33 ± 0.02 3.07 ± 0.20 1.37 ± 0.09 0.22 ± 0.03

Table 2. Coefficients for Tgas determination from the van der Waals broadening and atomic data
employed in its calculation.

System λ (nm) α (·10−25cm−3) < R̄2 > µ CW (nm)
He I 396.47 2.049 575.73 2 1.298
He I 492.19 2.049 471.82 2 1.847
Ne I 724.51 3.956 14.25 10 0.792
Ar I 425.93 16.411 378.12 20 1.479
Ar I 603.21 16.411 932.83 20 4.217

Table 3. Gas temperature calculated from the different rovibrational bands and the van der Waals
broadening neglecting (T L

gas) and considering (T W
gas) the Stark broadening.

System λ (nm) TOH
gas (K) TN2+

gas (K) TL
gas(K) TW

gas(K)
He I 396.47 – 2000 ± 200 1700 ± 200 2000 ± 350
He I 492.19 – 2000 ± 200 1600 ± 100 2000 ± 300
Ne I 724.51 1200 ± 120 – 1000 ± 50 1100 ± 150
Ar I 425.93 1400 ± 140 – 1300 ± 100 1400 ± 150
Ar I 603.21 1400 ± 140 – 1100 ± 100 1300 ± 150

tubes of several radii ranging from 2 to 5 mm
(inner radii) and from 3 to 6 mm (outer radii).

Light emited by the discharge was ana-
lyzed with a 1m Czerny-Turner monochro-
mator (Jobin-Ybon Horiba 1000 M) previ-
ously calibrated and equipped with a 2400
grooves/mm holographic grating.

Together with He, Ne and Ar atomic lines,
the Hβ (486.13 nm) line from the Balmer se-
ries and the rovibrational spectra from OH
(306–312 nm) and N+

2 (389 –392 nm) molecu-
lar species were registered for electron density
measurement (Griem 1964) and gas temper-
ature calculation respectively. A Hamamatsu

R928P photomultiplier was used as detector
for the atomic (He, Ne, Ar and H) lines and a
Symphony CCD was the detector used for OH
and N+

2 radical spectra.

4. Experimental results

The first step to analyse the profiles is to sep-
arate the Gaussian (Doppler and Instrumental)
and Loretzian (Stark and van der Waals) contri-
butions using a commercial process of decon-
volution based on the Levenberg-Marquardt
non-linear algorithm for minimum squares
(Table I).
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Electron density was measured using Stark
broadening of the Hβ hydrogen line (Griem
1964) and this value was used to calculate the
Stark broadening of the atomic lines used for
Tgas calculation and evaluate its influence.

On the other hand, substituting the atomic
data available in expression (1), CW coeffi-
cients appearing in (2) were calculated for the
lines used in this work. Results and data used
in this calculation are shown in Table II.

Using these coefficients, gas temperature
values were calculated considering and ne-
glecting the influence of the Stark effect.
Results obtained with rovibrational bands in
agreement with previous experimental results
(Yubero et al. 2007; Kabouzi et al. 2002;
Sainz et al. 2008) are provided for compari-
son.

5. Conclusions

Gas temperature results obtained from van der
Waals Broadening of rare gas lines are in
good agreement with results obtained from the
rovibrational spectra of molecular species and
those previously reported in the literature for
the same kind of discharges.

Even though the Stark broadening is small,
its influence must be taken into account for gas
temperature calculation purposes, especially in
the case of He.

Further theoretical and experimental re-
search on the description of the van der Waals
broadening is needed.
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Abstract. We use the GR model in order to fit broad spectral lines (absorption and emis-
sion) of several BAL QSOs. According to this motdel, we assume that the Broad Line
Regions (BLR), which originate in a disk wind, are composed of a number of successive
independent absorbing density layers, which may have different random, rotational and ra-
dial velocities. The GR model is easily used in order to fit the observed absorption lines,
providing us with basic parameters of BLRs, such as random, rotational and radial veloci-
ties, as well as column density and total absorbed or emitted energy. This model supposes
that the density regions of matter that construct the BLRs are independent and successive.
Here we present a new form of this model, supposing that the density regions of matter
are independent but not successive. We apply the two forms of the GR model on the UV
spectral lines of several BAL QSOs observed with the HST and we compare the results of
the two methods. Finally, we present some first concluding remarks about this comparison.

Key words. Quasars: spectral lines

1. Introduction

Assuming that the Broad Line Regions - BLR
(originated in a disk wind) are composed of
a number of successive independent absorbing
density layers, which may have different ran-
dom, rotational and radial velocities, we used
the GR model (Danezis et al. 2007) in order
to fit broad spectral lines. The model can be

Send offprint requests to: E. Lyratzi

easily used in fitting the observed absorption
lines, providing us with basic parameters of
BLRs (random, rotational and radial veloci-
ties and column density). This model supposes
that the density regions of matter that con-
struct the BLRs are independent and succes-
sive. In this paper we present a new form of
this model, supposing that the density regions
of matter are independent but not successive.
We apply the two forms of the GR model on
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Fig. 1. Rotational Velocities taken from the analy-
sis of the Lya, Si IV, C IV and N V spectral lines in
the case of successive (black circles) or not succes-
sive (white circles) density regions. One can see that
there is almost no difference between the two cases.

the UV C IV (λλ 1548.187, 1550.772 Å), Si IV
(λλ 1393.755, 1402.77 Å), N V (λλ 1238.821,
1242.804 Å) as well as the Lya (λ 1215.68 Å)
spectral lines of H 1413+1143, PG 0946+301,
PG 1254+047 and PG 1700+518 BAL QSOs
observed with the HST. We calculate the kine-
matical parameters (rotational, radial and ran-
dom velocities) as well as the total absorbed

Fig. 2. Random Velocities taken from the analysis
of the Lya, Si IV, C IV and N V spectral lines in
the case of successive (black circles) or not succes-
sive (white circles) density regions. One can see that
there is almost no difference between the two cases.

energy per ion and compare the results of the
two methods. We also compare our results with
the respective study concerning some hot emis-
sion stars (Antoniou et al. 2010). Finally, we
present some first concluding remarks about
these comparisons.
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2. The model

In order to study the BALs and the BELs we
use the GR model (Danezis et al. 2007), which
can be used successfully, for both hot emission
stars and AGNs (Danezis et al. 2005). By solv-
ing the radiation transfer equations through a
complex structure, as the one described, we
conclude to a function for the line profile, able
to give the best fit for the main spectral line and
its Satellite Components at the same time.

Iλ = [Iλ0

∏

i

e−Liξi +
∑

j

S λe j(1−e−Le jξe j ]
∏

g

e−Lgξg (1)

where: Iλ0 : is the initial radiation intensity,
Li, Le j, Lg : are the distribution functions of the
absorption coefficients ki, ke j, kg,
ξ: is the optical depth in the centre of the spec-
tral line,
S e j: is the source function that is constant dur-
ing one observation.

2.1. The case of many absorption or
emission components

In the GR line function, in the case of a num-
ber of independent and successive absorbing or
emitting density layers of matter, the final pro-
file that is produced by a group of absorption
lines is given by the product of the line func-
tions of each component. On the other hand,
the final profile that is produced by a group of
emission lines is given by the addition of the
line functions of each component. The addition
of a group of functions is completely different
from the multiplication of functions. The spec-
tral line profile that results from the addition of
a group of functions is exactly the same with
the profile that results from a composition of
the same functions. On the contrary, the prod-
uct of a group of functions is completely dif-
ferent from the composition of the same func-
tions. As a result, we can use the composition
of functions for the emission lines, but not for
a group of absorption components. This means
that in such a case we can not refer to the law
of reversion of the spectral lines.

Fig. 3. Radial Velocities taken from the analysis
of the Lya, Si IV, C IV and N V spectral lines in
the case of successive (black circles) or not succes-
sive (white circles) density regions. One can see that
there is almost no difference between the two cases.

2.2. The case of independent but not
successive regions of matter

An idea of our scientific group is to exam-
ine the form of GR line function if the den-
sity regions of matter that produce the satel-
lite absorption or emission components are
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Independent but Not Successive. In this case
the GR line function has the following form:

Iλ = Iλ0

∑

i

e−Liξi +
∑

j

S λe j(1 − e−Le jξe j ) (2)

We expect considerable changes in the ab-
sorbed energy. When the density regions are
not successive, the initial energy flux is the
same for all of them. On the other hand, when
the density regions are successive, the initial
energy flux for the second region is smaller
than for the first, as the first density region has
already absorbed an amount of the initial en-
ergy. In the same way, the initial energy flux
for the third region is smaller than for the sec-
ond and so on. The new idea of this study is to
measure the values of the parameters that we
calculate in the case that the independent den-
sity regions of matter producing the absorption
or emission satellite components are not suc-
cessive. Then, we compare the values extracted
from both cases (successive and not successive
density regions).

3. Spectral analysis

In Table 1 we present the quasars and the spec-
tral lines that we have studied in each one of
them.

3.1. Kinematical parameters

In figures 1, 2 and 3 we give a comparison of
the kinematical parameters (rotational, random
and radial velocities) of the regions which cre-
ate the Lya, Si IV, C IV and N V spectral lines,
calculated in the cases when the independent
density regions of matter producing the absorp-
tion or emission satellite components are suc-
cessive (black circles) or not (white circles). As
one can see, the values of the kinematical pa-
rameters remain the same in both cases of suc-
cessive or not successive density regions.

3.2. Total absorbed energy

In figure 4, we present the values of the total
absorbed energy of the regions which create
the Lya, Si IV, C IV and N V spectral lines,

Fig. 4. Total absorbed energy, taken from the anal-
ysis of the Lya, Si IV, C IV and N V spectral lines in
the case of successive (black circles) or not succes-
sive (white circles) density regions. One can see that
there is almost no difference between the two cases.
These results are opposed to what we theoretically
expected, i.e. differentiation in the absorbed energy.

calculated in the cases when the independent
density regions of matter producing the absorp-
tion or emission satellite components are suc-
cessive (black circles) or not (white circles). As
one can see there is no considerable change in
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Table 1. The list of selected BAL QSOs with basic observational data

Name z Obs.Date Ins./grat Lines
H 1413+1143 2.551 Jun 23, 1993, Dec 23,1994 FOS/G400H,G570H Lya, Si IV, C IV
PG 0946+301 1.216 Feb 16,1992 FOS/G400,G570 Lya, Si IV, C IV
PG 1254+047 1.024 Feb 17, 1993 FOS/G160L,G270H Lya, Si IV, C IV, N V
PG 1700+518 0.212 Sep 12, 2000 STIS/G430L,G750L Si IV, C IV

the values of the total absorbed energy depend-
ing on the two methods of calculation.

4. Concluding remarks

As we have already explained, we expected
that the values of the total absorbed energy
should present considerable differences sup-
posing successive and not successive density
regions. However, this is not the case in the
spectral lines of the studied quasars. As one of
our purposes is to compare the origin of DACs
and SACs in hot emission stars and quasars,
we made a similar study on hot emission stars
(see Antoniou et al. 2010). In the case of Be
stars presenting DACs and SACs, we found the
same results as in the case of quasars, i.e. no
considerable change in the values of the total
absorbed energy depending on the two meth-
ods of calculation. On the contrary, in the case
of Oe stars, when we considered that the den-
sity regions of matter that produce the observed
DACs and SACs are not successive, we calcu-
lated larger values for the total absorbed en-
ergy, as we expected theoretically. As we have
checked the validity of GR model and as we
know that these differences are not due to mis-

takes of the mathematical model, in the near
future we intend to study a great number of
quasars of the same type, in order to make a
statistical study on this phenomenon and its
origin. A first aspect is that it depends on the
extent of the area in which the density regions
of matter evolve, as well as on the optical depth
of the lines that are created in these regions (see
also Antoniou et al. 2010).
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Abstract. In order to investigate the origin of iron lines and to analyse their correlations
with other lines and spectral properties, we constructed the Fe II template in λλ 4400-5500
Å range. We selected the 50 Fe II lines identified as the strongest in this wavelength band.
The 35 of them are separated in the three line groups according to their lower level of tran-
sition, and their relative intensities within the group are calculated. The relative intensities
of the rest of 15 lines are obtained from I Zw 1 object. Here we present the description of
constructed template and its comparison with some other empirical and theoretical Fe II
templates. We found that template can satisfactorily fit the Fe II lines. In spectra where the
Fe II emission lines have different relative intensities than in I Zw 1, this template fits better
than the templates based on I Zw 1.

Key words. Active galactic nuclei: spectral lines

1. Introduction

Optical Fe II (λλ 4400-5500 Å) lines are one
of the most interesting features in AGN spec-
tra. They arise in numerous transitions of the
complex Fe II ion, and they can be seen only
in spectra of AGN type 1 and NLSy 1 galax-
ies. There are many open questions about iron
lines which make them very attractive for in-
vestigation. Their origin, i.e. geometrical place
of their emission region in AGN, is still not
clear, as well as the processes of excitation
which produce Fe II emission. Also, there are
many correlations of the Fe II lines and other
AGN spectra properties which need a physi-
cal explanation. It is established that the Fe

Send offprint requests to: J. Kovačević

II emission depends on the radio, X and IR
parts of the continuum and also some cor-
relations with other lines in spectra are ob-
served. One of the most interesting is the re-
lation between optical Fe II and [O III] lines,
which physical background is still not ex-
plained (Boroson, & Green 1992).

For investigation of the origin of iron lines
and for analysis of their correlations with other
lines, it is necessary to apply a good template
which will fit well iron lines within λλ 4400-
5500 Å range. But, the construction of iron
template is very difficult since the iron lines
form the features of a complex shape. In this
paper, we present our model of iron template,
based on the physical properties of iron region,
and we compare it with other models.
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Fig. 1. Grotrian diagram shows the strongest Fe II
transitions within λλ 4400-5500 Å range: lines are
separated in three groups according to the lower lev-
els of transition ( 4F, 6S and 4G).

2. The Fe II template

We calculated the Fe II template, using the 50
Fe II emission lines, identified as the strongest
within the λλ 4400-5500 Å range. The 35 of
them are separated in the three line groups
according to their lower level of transition:
3d6( 3F2)4s 4F, 3d54s2 6S and 3d6( 3G)4s 4G
(in further text 4F, 6S and 4G group of lines).
A simplified scheme of those transitions is
shown in Fig 1. The 4F group is consisted of
19 lines and they dominate in the blue bump
of iron lines (λλ 4400-4700 Å). The lines from
6S group (5 lines) describe the Fe II emission
under the [O III] and Hβ lines, and partly from
the red Fe II bump (λλ 5150-5400 Å), and 4G
lines (11 lines) dominate in the red bump.

The lines from three line groups describe
about 75% of Fe II emission in observed range
(λλ 4400-5500 Å), but about 25% of Fe II
emission can not be explained with permit-
ted lines which excitation energies are close to
these of lines from the three line groups. The
missing parts are around ∼4450 Å, ∼4630 Å,
∼5130 Å and ∼5370 Å.

There are some indications that the
process of fluorescence (self-fluorescences,
continuum-fluorescences or Lyα and Lyβ
pumping) may have a role in appearing
of some Fe II lines (Verner et al. 1999;
Hartmann, & Johanson 2000). They could

Table 1. The list of the lines taken from Kurucz
(http://kurucz.harvard.edu/linelists.html). In
the first column are wavelengths, in the second
oscillator strengths and in the third relative
intensities measured in I Zw 1.

Wavelength gf Relative intensity
4414 2.65E-03 3.00
4449 2.52E-02 1.50
4471 6.40E-03 1.20
4493 3.74E-02 1.60
4611 4.13E-03 0.70
4625 8.51E-03 0.70
4628 1.83E-02 1.20
4631 1.34E-02 0.60
4660 1.15E-03 1.00
4668 3.13E-03 0.90
4734 1.28E-03 0.50
5134 2.48E-03 1.10
5366 5.37E-01 1.45
5401 1.43E-01 0.40
5427 2.17E-02 1.40

supply enough energy for exciting the Fe II
lines with high energy of excitation, which
could be one of the explanation for emission
in these wavelengths.

In order to complete the template for miss-
ing 25%, we selected 15 lines which proba-
bly arise with some of these mechanisms, from
Kurutcz database1. The selected lines have
wavelengths on missing parts, strong oscillator
strengh and their energy of excitation goes up
to ∼11 eV. Relative intensities of these 15 lines
are obtained from I Zw 1 spectrum by making
the best fit together with Fe II lines from three
line groups. The selected lines and their rela-
tive intensities are shown in Table 1.

We have assumed that each of lines can
be represented with a Gaussian, described by
width (W), shift (d) and intensity (I). Since all
FeII lines from the template probably originate
in the same region, with the same kinematical
properties, values of d and W are the same for
all Fe II lines in the case of one AGN, but in-
tensities are assumed to be different. We sup-
pose that relative intensities between the lines

1 http://kurucz.harvard.edu/linelists.html
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Fig. 2. Spectrum of SDSS J141755.54+431155.8 in the λλ 4400-5500 Å range: A) observed spectra (dots)
and the best fit (solid line). B) decomposition of lines on Gauss functions. Template of Fe II is denoted with
dashed line, and represented separately in panel C (below).

within one line group ( 4F, 6S or 4G) can be
obtained as:

I1

I2
= (

λ2

λ1
)
3 f1

f2
· g1

g2
· e−(E1−E2)/kT (1)

where I1 and I2 are intensities of the lines with
the same lower level of transition, λ1 and λ2 are
transition wavelengths, g1 and g2 are statistical
weights for the upper energy level of the corre-
sponding transition, and f1 and f2 are oscillator
strengths, E1 and E2 are energies of the upper
level of transitions, k is the Boltzman constant
and T is the excitation temperature.

According to that, the template of Fe II is
described by 7 free parameters in fit: width,
shift, four parameters of intensity - for 4F, 6S
and 4G line groups and for lines with relative
intensities obtained from I Zw 1. The 7th pa-
rameter is excitation temperature included in
calculating relative intensities whithin 4F, 6S
and 4G line groups.

The fit of the Fe II template is shown in
Fig 2. We apply this template on large sample

of AGNs (305) from SDSS database, and we
found that the template fits well Fe II emission.
In cases when Fe II emission of object has dif-
ferent properties than the one in I Zw 1, small
disagreement is noticed in lines which relative
intensities are obtained from I Zw 1 (see Fig
4, top). The list of 35 selected lines from three
line groups, their oscillator strengths and cal-
culated relative intensities for different excita-
tion temperatures are shown in Table 2.

2.1. Comparison with other templates

We applied empirical template from
Dong et al. (2008) and Veron-Cetty et al.
(2004) and theoretical one calculated
by Bruhweiler, & Verner (2008) in or-
der to compare them with our template.
Veron-Cetty et al. (2004) constructed the
Fe II template by identifying a system of
broad and a system of narrow Fe II lines in I
Zw 1 spectrum, and measuring their relative
intensities in that object.
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Table 2. The list of the 35 strongest Fe II lines within the λλ 4400-5500 Å range used to calculate
the Fe II template. In the first column are wavelengths, in the second terms of transitions, in
the third are gf values used for the template calculation, in the fourth are the references for
the source of oscillator strengths, and in the 5th-7th columns are relative intensities, calculated
for T=5000 K, 10000 K and 15000 K. Intensities of lines from 4F, 6S and 4G groups are
normalized on intensities of λ 4549.474 Å, λ 5018.44 Å and λ 5316.6 Å lines (respectively).
References for oscillator strengths are: 1 – Fuhr et al. (1981), 2 – Giridhar, & Ferro (1995), 3 –
NIST Atomic Spectra Database (http://physics.nist.gov/PhysRefData/ASD/), 4 – Kurucz (1990)
and 5 – http://kurucz.harvard.edu/linelists.html.

Wavelength Terms gf ref. Relative intensity
T=5000 K T=10000 K T=15000 K

4472.929 b 4F5/2 - z 4Fo
3/2 4.02E-04 1 0.033 0.036 0.037

4489.183 b 4F7/2 - z 4Fo
5/2 1.20E-03 1 0.105 0.110 0.111

4491.405 b 4F3/2 - z 4Fo
3/2 2.76E-03 1 0.226 0.243 0.249

4508.288 b 4F3/2 - z 4Do
1/2 4.16E-03 2 0.345 0.367 0.375

4515.339 b 4F5/2 - z 4Fo
5/2 3.89E-03 2 0.333 0.348 0.353

4520.224 b 4F9/2 - z 4Fo
7/2 2.50E-03 3 0.235 0.233 0.233

4522.634 b 4F5/2 - z 4Do
3/2 9.60E-03 3 0.827 0.859 0.870

4534.168 b 4F3/2 - z 4Fo
5/2 3.32E-04 3 0.028 0.029 0.030

4541.524 b 4F3/2 - z 4Do
3/2 8.80E-04 3 0.075 0.078 0.079

4549.474 b 4F7/2 - z 4Do
5/2 1.10E-02 4 1.000 1.000 1.000

4555.893 b 4F7/2 - z 4Fo
7/2 5.20E-03 3 0.477 0.474 0.474

4576.340 b 4F5/2 - z 4Do
5/2 1.51E-03 4 0.136 0.136 0.136

4582.835 b 4F5/2 - z 4Fo
7/2 7.80E-04 3 0.070 0.070 0.070

4583.837 b 4F9/2 - z 4Do
7/2 1.44E-02 2 1.420 1.353 1.331

4620.521 b 4F7/2 - z 4Do
7/2 8.32E-04 4 0.080 0.076 0.075

4629.339 b 4F9/2 - z 4Fo
9/2 4.90E-03 4 0.497 0.459 0.447

4666.758 b 4F7/2 - z 4Fo
9/2 6.02E-04 4 0.060 0.055 0.054

4993.358 b 4F9/2 - z 6Po
7/2 3.26E-04 4 0.041 0.030 0.027

5146.127 b 4F7/2 - z 6Fo
7/2 1.22E-04 5 0.016 0.011 0.010

4731.453 a 6S 5/2 - z 4Do
7/2 1.20E-03 2 0.025 0.030 0.032

4923.927 a 6S 5/2 - z 6Po
3/2 2.75E-02 4 0.656 0.693 0.706

5018.440 a 6S 5/2 - z 6Po
5/2 3.98E-02 4 1.000 1.000 1.000

5169.033 a 6S 5/2 - z 6Po
7/2 3.42E-02 1 0.929 0.854 0.831

5284.109 a 6S 5/2 - z 6Fo
7/2 7.56E-04 2 0.022 0.019 0.018

5197.577 a 4G5/2 - z 4Fo
3/2 7.92E-03 5 0.532 0.620 0.652

5234.625 a 4G7/2 - z 4Fo
5/2 8.80E-03 3 0.615 0.695 0.723

5264.812 a 4G5/2 - z 4Do
3/2 1.08E-03 1 0.075 0.084 0.087

5276.002 a 4G9/2 - z 4Fo
7/2 1.148e-02 2 0.861 0.928 0.951

5316.615 a 4G11/2 - z 4Fo
9/2 1.17E-02 4 1.000 1.000 1.000

5325.553 a 4G7/2 - z 4Fo
7/2 6.02E-04 4 0.044 0.047 0.048

5316.784 a 4G7/2 - z 4Do
5/2 1.23E-03 5 0.089 0.097 0.099

5337.732 a 4G5/2 - z 4Do
5/2 1.28E-04 5 0.009 0.010 0.010

5362.869 a 4G9/2 - z 4Do
7/2 1.82E-03 5 0.142 0.146 0.148

5414.073 a 4G7/2 - z 4Do
7/2 1.60E-04 5 0.012 0.012 0.013

5425.257 a 4G9/2 - z 4Fo
9/2 4.36E-04 5 0.035 0.035 0.035
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Fig. 3. Examples of fit of SDSS J020039.15-
084554.9 object: with our template (top), with em-
pirical template of Dong et al. (2008) (middle) and
with theoretical template of Bruhweiler, & Verner
(2008) (bottom). Since object have iron emission
equally strong in blue and red iron bump (as I Zw
1), all three models fit well observed lines.
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Fig. 4. Examples of fit of SDSS J111603.13 +

020852.2 object: with our template (top), with em-
pirical template of Dong et al. (2008) (middle) and
with theoretical template of Bruhweiler, & Verner
(2008) (bottom). In this object iron emission is
much stronger in the blue then in the red bump. Our
template show disagreement in lines which relative
intensity is taken from I Zw 1, but other three wave-
length regions based on three line groups fit well ob-
served Fe II. Other two models can not fit well this
kind of Fe II emission.
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In λλ 4400-5500 Å range they identified 46
broad and 95 narrow lines. Dong et al. (2008)
improved that template by fitting with two pa-
rameters of intensity - one for broad, one for
narrow Fe II lines.

Bruhweiler, & Verner (2008) calculated
Fe II template using CLOUDY and an 830
level model atom, taking into account the pro-
cesses of continuum and line pumping. In cal-
culation, they apply solar abundances for a
range of physical conditions as flux of ion-
izing photons [ΦH], hydrogen density [nH]
and microturbulence [ξ]. We found that model
with log[nH/(cm−3)]=11, [ξ]/(1 km s−1)=20
and log[ΦH/(cm−2 s−1)]=21 corresponds bet-
ter than others to Fe II lines in observed spec-
tra. In Fig 3 is shown the spectrum of SDSS
J020039.15-084554.9 (NLSy1), fitted with our
template (top), with template based on line in-
tensities from I Zw 1 (Dong et al. 2008) (mid-
dle) and with template calculated by CLOUDY
(Bruhweiler, & Verner 2008) (bottom). Since
this object has the Fe II emission similar as
I Zw 1, all three templates fit well iron lines.
But, in the case of object SDSS J111603.13 +
020852.2 (Fig 4), the iron lines in the blue
bump are stronger comparing to those in the
red, which is significantly different from I Zw 1
object. In this case our model shows disagree-
ment only in lines which relative intensity is
taken from I Zw 1 (Fig 4, top), but other two
models show larger disagreement in fit of this
kind of Fe II emission (Fig 4, middle and bot-
tom).

3. Conclusions

We found that template can satisfactorily fit the
Fe II lines, which enable more precise investi-

gation of the Fe II lines. In the spectra which
Fe II emission lines have different relative in-
tensities than in I Zw 1, this template fits better
than templates based on I Zw 1 object.

Acknowledgements. This work is a part of the
projects (146002): “Astrophysical Spectroscopy of
Extragalactic Objects” and (146001): “Influence of
collisions with charged particles on astrophysical
spectra”, supported by Serbian Ministry of Science
and Technological Development.

Data for the present study have been entirely
collected at the SDSS database.

References

Boroson, T. A., & Green, R. F. 1992, ApJS, 80,
109

Bruhweiler, F., & Verner, E. 2008, ApJ, 675,
83

Dong, X., Wang, T., Wang, J., Yuan, W., Zhou,
H., Dai, H., & Zhang, K. 2008, MNRAS,
383, 581

Fuhr, J. R., Martin, G. A., Wiese, W. L., &
Younger, S. M. 1981, J. Phys. Chem. Ref.
Data, 10, 305

Giridhar, S. & Ferro, A. A. 1995, RMxAA, 31,
23

Hartmann, H., & Johanson, S. 2000, A&A,
359, 627

Kurucz, R.L. 1990, Trans. I. A. U. XXB, ed.
M. McNally (Dordrecht: Kluwer), 168

Veron-Cetty, M.-P., Joly, M., Veron, P., 2004,
A&A, 417, 515

Verner, E. M., Verner, D. A., Korista, K. T. et
al. 1999, ApJS, 120, 101



Mem. S.A.It. Suppl. Vol. 15, 192
c© SAIt 2010

Memorie della

Supplementi

Wide-�eld plate archives in Rozhen and
Belgrade observatories

Katya Tsvetkova1, Milcho Tsvetkov1, Milan S. Dimitrijević2,3,
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Abstract. The wide-field plate archives at disposal in Rozhen Observatory (9332 plates
obtained in the period 1979 – 1994) and Belgrade Observatory (14500 plates obtained in
the period 1936 - 1996) are presented. The plate archives, made in the frames of differ-
ent observing programmes, reflect the tendencies in the development of astronomy in these
countries. The results from the joint collaboration concerning the plate cataloguing and
digitization with EPSON flatbed scanners providing good speed of scanning and good as-
trometric and photometric accuracy while generating digital data, as well as the inclusion
of the images of the scanned plates in WFPDB and BELDATA and their online access in
the frames of the Virtual Observatory, are presented too.
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1. Introduction

In 1872 B. Gould began the first systematic
astronomical observations of stellar clusters
using photographic plates. The advantages of
the photographic observations with plates (or
films) as detectors and information storage in
comparison with the visual observations soon
prepared the coming of photographic era in as-
tronomy which lasted about 130 years and was
replaced by the CCD one. Today the plates
are on one hand - unique source of informa-
tion for the past of the different astronomi-

Send offprint requests to: K. Tsvekova

cal objects, and on the other hand - scientific
heritage representing the previous stage of the
present astronomical knowledge. A compiled
list of astronomical tasks based on the present
exploitation of the archival plates can be found
in Tsvetkova (2009).

Since 1991 thanks to the development
of information and communication technolo-
gies we undertook large-scale work on ex-
panding the use of the stored astronomical
plate collections with establishment and de-
velopment of a database for wide-field (> 10)
plates - Wide-Field Plate Database (WFPDB,
http://www.skyarchive.org, (Tsvetkov 1991).
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Fig. 1. Time distribution of the number of worldwide plate archives.

Today the WFPDB comprises the informa-
tion for 442 plate archives containing about
2200000 plates (in the Catalogue of Wide-
Field Plate Archives, (Tsvetkova and Tsvetkov

2008) and the descriptive information for
546000 plates (in the Catalogue of Plate
Indexes). Combining the information from the
both catalogues one can be completely in-
formed about the archives and its contents.

As “plate archive” we denote a collection
of plates obtained with a definite telescope at
a definite observational site and stored at a
definite place. This means that one telescope
may have more than one archive, if the tele-
scope was moved or if its plates are stored
at different observatories or institutions. The
most of the wide-field plate archives are es-
tablished with small apertures telescopes up to
50-60 cm, mostly refractors, astrographs and
cameras. The number of plates in the individ-
ual archives ranges between several tenths to
more than 100000. Only a small number of
archives have more than 10000 plates. The es-
tablishment of the plate archives in the dif-
ferent observatories is shown in Fig. 1 using
the data from the Catalogue of the Wide-Field
Plate Archives (Tsvetkova and Tsvetkov 2006,
2008).

This distribution reveals the history and
tendency of development of astronomy. For
instance, one can notice a peak around 1892

when the photographic observations in astron-
omy began to be widely used, and quickly
increased number since 1960, when was the
“Golden Age” of wide-field photography, as
well as the both depressions because of the two
world wars. The maximum in the appearance
of new archives is after 1955 up to the be-
ginning of 1970, when the plate observations
comprised in more than 130 archives started.
It is interesting fact that while in the observa-
tories in Bulgaria, Romania and Serbia there
are plate collections with total number of plates
respectively 9332, 16403 and 14500, in the
observatories of the both neighbouring coun-
tries Greece and Turkey no any plate obser-
vations were conducted, due obviously to the
specific development of astronomy in these
countries. Analysing the content of the plate
archives, namely the number of plates and its
time distribution, the observing programmes in
the frames of which the plates were obtained,
observed object type, used method of observa-
tion, exposure multiplicity and duration, emul-
sions and filters for realization of given photo-
metric system, one can have a look to history
and development of astronomy in the respec-
tive country. Very often the time distribution
of the plates reveals a coincidence between the
maximums of the observational activity and
the periods of some observational campaigns
executed in the respective observatory: sky sur-
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Fig. 2. WFPDB search result with instrument identifier ROZ050.

vey, supernova search, investigations of flare
stars in stellar associations and clusters.

2. Rozhen Observatory wide-field
plate archives

The plate observations in Rozhen Observatory
began immediately after the installation and
test observations of the both wide-field tele-
scopes - 2m Ritchey-Chretien-Coude (RCC,
in 1980) and Schmidt (in 1979) telescopes,
and when in 1981 the observatory was of-
ficially opened, already there were a lot of
plates obtained. In Tables 1 and 2 the essen-
cial information for the Rozhen telescopes and
plate archives respectively, as an excerpt of the
Catalogue of Wide-Field Plate Archives (ver-
sion 5.2 August 2009) is present.

Using the data retrieval from the WFPDB
with instrument identifier ROZ200 and
ROZ050 respectively, a statistics concerning
the all-sky distribution of the plate centres, the
distribution of the number of plates according

to the type of the observed objects (aster-
oids, planets, comets, variable stars, open or
globular clusters, galaxies, etc.), the exposure
duration influencing the plate limit, as well
as the exposure multiplicity as a method of
observation required by different programmes
(for asteroids, search for flare stars, etc.), the
used emulsions, the plate size when it concerns
the plate digitization, is presented here. In the
Wide-Field Plate Database - Sofia Search Page
(http://draco.skyarchive.org/search/) can be
obtained details for the both archives of the
Rozhen Observatory (see Fig. 2 for the details
of the archive of the 50/70 cm Schmidt tele-
scope under the WFPDB identifier ROZ050),
as well as the all-sky distribution of the plate
centres. The distribution of the number of
the obtained 1984 plates with the 2m RCC
telescope within the period 1980 – 1992 (Fig.
3) is influenced not only by the astroclimatic
conditions, but also by such facts in the history
of the observatory as the realuminization of
the primary mirror of the telescope in 1987.
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Fig. 3. Time distribution of the number of plates of the Rozhen 2m RCC telescope.

Fig. 4. Time distribution of the number of plates of the Rozhen 50/70 cm Schmidt telescope.

The time distribution of all 7348 plates (170 of
them with objective prism) obtained with the
Rozhen Schmidt telescope in the period 1979
– 1994 is shown in Fig. 4. The distribution
of the number of the ROZ200 and ROZ050
plates by month reflects the better conditions

for observations in July, August, September
and October in Rozhen Observatory.

The plate observations were performed in
the Johnson wide band photographic system
– UBVRI, or in pg, for the ROZ200 plates
with about 57% of all obtained in B colour,
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Table 1. Rozhen Observatory wide-field telescopes

WFPDB Aperture Focal Scale Tel. Field
identifier (m) length (m) ”/mm type size (deg)
ROZ050 0.50/0.70 1.72 120 Schmidt 4.5
ROZ200 2.00 16 13 Ritchey-Chretien 1.0

Table 2. Rozhen Observatory wide-field plate archives

WFPDB Years of Number Size of Archive Astronomer
instr. identifier operation of plates plates (cm) type in duty

ROZ050 1979-1994 7348 13x13, 16x16 C M. Tsvetkov
ROZ200 1980-1992 1984 30x30 C N. Petrov

Fig. 5. Observing programmes carried out with the Rozhen 2m RCC telescope.

while for ROZ050 plates 52% are pg plates.
From the distribution of the duration of expo-
sures used for observations carried out with the
2m RCC telescope it is seen that 44% of all
plates were obtained with exposure duration
less and equal of 30 min. In the distribution
the very short exposures less than 5 min consti-
tute about one third - 28% of them, present by

an observed maximum. The plates with expo-
sure duration equal of 30 min are another third
– 29%. Half of the plates with exposure dura-
tion bigger than 30 min and less than 100 min
were obtained with exposure equal of 60 min
which give another maximum in this distribu-
tion. The plates with exposure duration big-
ger than 100 min up to the maximum exposure
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Fig. 6. Observing programmes carried out with the Rozhen 50/70 cm Schmidt telescope.

used (300 min) constitute about 16% of all 2m
RCC plates. Predominantly such long exposure
plates were used for observations of M31 and
other galaxies. 93% of all ROZ050 plates are
with exposures less than 40 min. The predom-
inant exposures are 20 min (29%) and 30 min
(18%).

The observing programmes of the Rozhen
2m RCC telescope include the observations
of globular clusters (639 plates), active galax-
ies (Starburst, Seyfert, quasars, Markarian’s,
Arakelian’s), and interacting galaxies (475
plates), stellar clusters and associations (217
plates), variable stars (112 plates), comets (90
plates), as well as groups or clusters of galax-
ies, different fields, asteroids, standards, etc.
The used emulsions were Kodak (103aO, 103a

D, 103aF, IIaO, IIaD, IIaF, IIIaF, IIIaJ, etc.) and
ORWO (ZU 21, ZP3, RP1, etc).

In the observing programmes of the
Rozhen 50/70 cm Schmidt telescope the most
observed objects were the asteroids (2450
plates), followed by the search for flare-ups
of flare stars in stellar clusters and associa-
tions as the Pleiades, Gamma Cygni region,
M42/43 in Orion, Praesepe, Alpha Per, Tauri
Dark Clouds, the open cluster NGC 2264,
the emission nebula NGC 7000 (with totally
1564 plates). Another observed objects were
open stellar clusters - among them IC 4665
with 263 plates available, IC 5146 with 80
plates available; different type variable stars
(e.g. for the unusual nova-like star KR Aur
there are 177 plates); different type galaxies;
comets: Halley, Shoemaker-Levy 9 (1993e),
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Giacobini-Zinner (21P), Tempel 1, Tempel
2, Schaumasse, Panther, Metcalf-Brewington
(1991a), Tanaka-Machholz (1992d), Austin,
Bradfield (C/2004 F4), Encke, Helin (1977e),
Kopff, Levy (1990 XX), Machholz (C/2004
Q2); different fields; major planets; globular
clusters, etc.

3. Belgrade Observatory wide-field
plate archives

At the time of the establishment in 1887
the Belgrade Observatory was located in the
center of the city of Belgrade. The photo-
graphic plate observations began after moving
the observatory in 1932 on the Veliki Vračar
Hill (today Zvezdara) with better conditions
with the supplied wide-field telescopes 16 cm
Zeiss Astrograph, Zeiss Refractor with 16 cm
photographic camera and Askania Equatorial
Refractor with 12.5 cm photographic camera.
The systematic observations started in 1936
with the Zeiss astrograph when with expo-
sure duration of 3 hours the most produc-
tive observer M. Protić reached 14-15th stel-
lar magnitude while observed minor planets.
The observing programmes executed with the
Belgrade wide-field telescopes include search
for new minor planets (33 new discovered) and
investigations of known minor planets, obser-
vations of comets, Sun, major planets, stellar
regions, stars and stellar clusters, zone obser-
vations, nebulae, etc. (Protić-Benišek 2006).
Details for the inventory of the Belgrade plate
collection, cataloguing and plate digitization
can be found in (Tsvetkova et al. 2009).

In Tables 3 and 4 the main characteris-
tics of the Belgrade Observatory wide-field
telescopes (with respective WFPDB identifiers
and the names under which the telescopes are
known in the observatory), as well as the char-
acteristics of their plate archives are respec-
tively given as an excerpt of the Catalogue
of Wide-Field Plate Archives (version 5.2
August 2009). In Fig. 7 the time distribution of
3000 scanned Belgrade plates is given. Fig. 8
presents the observing programmes carried out
with the Belgrade wide-field telescopes.

The preparation of the computer-readable
versions of the Belgrade Observatory wide-

field plate archives from the stored logbooks
is running simultaneously with the plate scan-
ning. The used emulsions were Kodak 103aO,
IIaO, 103aJ, 103aF, etc., Ferrania Panchro
anti-halo, Agfa Astro, Perutz, Gevaert Super
Chromosa, ORWO ZU2, ZU21, Ilford.

4. Plate digitization

The main requirements to the scanners, suit-
able for plate digitization, are good astrometric
and photometric accuracies while generating
archival quality digital data with fast scanning
speeds. The available PDS1010plus microden-
sitometer in Sofia Sky Archive Data Center
(SSADC), giving possibility for high preci-
sion, is too slow for systematic plate scanning.
The improved flatbed scanners fulfill the re-
quirements and facilitate large-scale digitiza-
tion making it more cost-effective. In Table
5 the flatbed scanners EPSON at disposal in
Rozhen Observatory, SSADC and Belgrade
Observatory, and their scanning platforms as
far as they are dependent on the plate size, are
present.

In Table 6 the main parameters of the avail-
able flatbed scanners are present: Optical den-
sity (Dmax), Color depth (bit internal/bit exter-
nal), Grayscale depth (bit internal/bit external),
Maximum hardware resolution.

The used software for scanning is the stan-
dard one for making preview images - Adobe
Photoshop, and the programme Scanfits devel-
oped by S. Mottola (Barbieri et al. 2003) for
the real scans in FITS format.

The plate scanning was done with whole
density range (0 – 255) and Gamma = 1.00.
The chosen resolution is a compromise be-
tween the outcome file size and the astronom-
ical task. The chosen color depth is dependent
also from the task: for preview images in or-
der to save the observer’s marks on the plate,
the image type is 8-bit 24 bit Color, for the real
scans – 16-bit Grayscale.

Concerning the easier web accessibility
and to store the information from the ob-
server’s marks on the plate a system for quick
plate visualization – plate previews, was devel-
oped. The preview images are done with 600
(or 1200) dpi in TIFF format and compressed
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Fig. 7. Time distribution of 3000 scanned Belgrade plates.

Fig. 8. Observing programmes carried out with the Belgrade Observatory wide-field telescopes.
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Table 3. Belgrade Observatory wide-field telescopes

WFPDB Aperture Focal Scale Tel. Field
identifier (m) length (m) ”/mm type size (deg)

BEL012 0.12 1.00 206 Askania Rfr 7.0
BEL016A 0.16 0.80 258 Zeiss Ast 11.5
BEL016B 0.16 0.80 258 Zeiss Rfr 11.5

Table 4. Belgrade Observatory wide-field plate archives

WFPDB Years of Number Size of Archive Astronomer
instr. identifier operation of plates plates (cm) type in duty

BEL012 1970-1996 4000 9x12, 13x18 TC V. Protić-Benišek
BEL016A 1936-1985 10000 9x12, 13x18 TC V. Protić-Benišek
BEL016B 1936-1941 500 6x9 T V. Protić-Benišek

Table 5. Flatbed scanners at disposal

Institution EPSON flatbed scanner type Transparency scanning area (mm)

Rozhen Obs. EXPRESSION 10000XL 310x419
SSADC EXPRESSION 1640XL 290x419

PERFECTION V700 PHOTO 203x254
Belgrade Obs. PERFECTION V700 PHOTO 203x254

2000x2000 pxl JPEG format. The real scans
for photometric or astrometric tasks are done
with optimal big resolution 1600 (or 2400) dpi.
In order to have adequate web archiving among
the variety of file formats we keep within FITS
format for digitized plate images as require-
ments of Virtual Observatory.

The standards and metadata for digitized
photographic plates in order to provide index-
ing, accessing, preserving, and searching for
plate images are similar to the developed ones
in AIP for the Potsdam CdC plates included in
the German Astrophysical Virtual Observatory
(GAVO, http://vo.aip.de/plates/, (Tsvetkov et
al. 2009). The search interface for the scanned
plates give information for the plate identifier,
coordinates, date, file type (compressed JPEG,
TIFF, FITS format), header of the FITS file, file
size, and the scan.

What concerns the preservation of digital
content, stored on the servers of WFPDB and
Serbian VO (Jevremović et al. 2009), using
the advanced information technologies we are
in process of application of wavelet based ap-
proaches to more effective compression of the
huge volume of scanned plate data.

A preview image of the ROZ050 000382
plate in M42/M43 in the Orion region with
the marks of the observer is shown in Fig. 9.
In Fig. 10 a part of scanned BEL016A480007
plate with image of comet 1948a (Mrkos), and
with the marks of Milorad Protić is shown.
The history of the discovery of this comet is
that on 1947 Dec 20, A. Mrkos discovered the
comet on his plate obtained in the Skalnate
Pleso Observatory, but because bad weather
next days he could not confirm it. Again he
observed on 1948 Jan 18 and anounced the
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Table 6. Main parameters of the available flatbed scanners

Scanner Dmax Color depth Grayscale depth Resolution (dpi)

1640XL 3.6 42/42 14/14 1600
10000XL 3.8 42/42 16/16 2400x4800
V700 PHOTO 4 42/42 16/16 4800x9600

Fig. 9. The scanned ROZ050 000382 plate in the
Orion region.

discovery of a new comet named 1948a. In
Belgrade Milorad Protic observed the same
comet on 1948 Jan 10, i.e. before the an-
nounced discovery. Thus this plate was used
for improving the comet coordinates.

5. Collaboration results

The collaboration in the wide-field plate
archiving was in the frames of joint bi-
lateral projects between the Astronomical
Observatory of Belgrade and Space
Research Institute, Bulgarian Academy of
Sciences (2004-2006) and the Astronomical
Observatory of Belgrade and Institute of
Astronomy, Bulgarian Academy of Sciences
(2007-2009). The topics were Cataloguing
the wide-field photographic observations,

Fig. 10. A part of scanned BEL016A480007 plate
with image of 1948a comet.

Digitization of selected plates, Plate pro-
cessing (with the routines supplied by IRAF
software packages and IDL astronomy users
library), Application of archived observations,
Exchange of experience in development
and application of astronomical databases
(WFPDB and BELDATA) and organization of
mirror sites of the databases.

The working programme included:
Preparation of plate catalogues for the
wide-field photographic observations at
Belgrade Observatory in the WFPDB format;
Digitization of Belgrade plates; Inclusion of
the plate catalogues in the WFPDB and in
BELDATA; Estimation of the quality of the
digitization data; Inclusion of the images of
the scanned plates in WFPDB and BELDATA
and online access; Organization of mirror
sites.

As results the information for the Belgrade
plate archives is already included in the
WFPDB, there is an online access to this in-
formation for all the astronomical commu-
nity through the WFPDB updated version
in SSADC. The plate archiving is included



202 Tsvetkova: Wide-field plate archives

as a topic in the project Serbian Virtual
Observatory (Jevremović et al. 2009), running
since February 2008. The Belgrade plates in
the region of the Pleiades have been scanned
and added to the Pleiades Plate Database
(PPDB) aiming to reveal the long-term be-
haviour of some Pleiades stars. Already there
is a systematic plate scanning and as a result
up to August 2009 about 3000 plates have been
scanned.

6. Future plans

The further work aims an acceleration of
the plate cataloguing in Belgrade Observatory
in the WFPDB format. The next step will
be analysis of the Belgrade plate catalogues
based on the data retrieval from the WFPDB.
The pipeline of the systematic scanning of
Belgrade Observatory includes procreation of
archives of digitized Belgrade plates with low
resolution for quick plate visualisation and
their online access as a main priority, mak-
ing the preview images in TIFF and JPEG
file format and linkage of the preview im-
ages to the WFPDB, preparation for including
the plate scans data into Virtual Observatory -
putting the data on the local servers in Belgrade
Observatory. As priority tasks are scanning se-
lected Belgrade plates containing images of
minor planets and comets, and scanning plate
envelopes (with flatbed scanner or even with
digital camera), for saving the information
written on them, not put in the catalogue for-
mat.

The last step before the systematic astro-
nomical research is an organization of the plate
scans in an image database and the develop-
ment of a software system for object plate
identifications and for searching in an image
database with many data storage variants as
current tasks. The preparation of digital plate
archives according to the main observing pro-
grammes is already running process in Rozhen
Observatory. The aims are to assemble and ex-
plore massive data sets in order to reveal a
new knowledge existing in the data, but still
not recognized in any individual data set. Some
of the representative plates obtained with the
Schmidt telescope of Rozhen Observatory dur-
ing the observation campaign for search and in-

vestigations of the flare stars in stellar clusters
and associations in 1970 – 1990 are already
scanned. Besides the primary aim to serve for
investigations of the flare stars another result is
the realization of an interlinking the electronic
Information Bulletin on Variable Stars (IBVS)
where the discovered flare stars are published
with the Wide-Field Plate Database (WFPDB)
where one can find the scanned plates contain-
ing the images of the respective flare stars.
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Abstract. We analyze here the significance of Stark broadening for analyzis, interpretation
and synthesis of stellar spectra, and analyzis, diagnostics and modeling of stellar plasma.
It was considered for which types of stars and for which investigations Stark broadening
is significant and methods for theoretical determination of Stark broadening parameters are
discussed. Such investigations on Belgrade Astronomical Observatory are reviewed as well.
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1. Introduction

By analysis of stellar spectral lines, we can
determine their temperatures, the temperature
in particular atmospheric layers, the chemical
composition of stellar plasma, surface grav-
ity. We can understand better nuclear processes
in stellar interiors, and determine the spectral
type and effective temperature by comparing
the considered stellar spectrum with the stan-
dard spectra for particular types.

In comparison with laboratory plasma
sources, plasma conditions in astrophysical
plasmas are exceptionally various. So that
line broadening due to interaction between
absorber/emitter and charged particles (Stark
broadening) is of interest in astrophysics in
plasmas of such extreme conditions like in the
interstellar molecular clouds or neutron star at-
mospheres.

Send offprint requests to: M. S. Dimitrijević

In interstellar molecular clouds, typical
electron temperatures are around 30 K or
smaller, and typical electron densities are 2-15
cm−3. In such conditions, free electrons may be
captured (recombination) by an ion in very dis-
tant orbit with principal quantum number (n)
values of several hundreds and deexcite in cas-
cade to energy levels n-1, n-2,... radiating in ra-
dio domain. Such distant electrons are weakly
bounded with the core and may be influenced
by very weak electric microfield, so that Stark
broadening may be important.

In interstellar ionized hydrogen clouds,
electron temperatures are around 10 000 K and
electron density is of the order of 104cm−3.
Corresponding series of adjacent radio recom-
bination lines originating from energy levels
with high (several hundreds, even more than
thousand) n values are influenced by Stark
broadening.
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For temperatures larger than around 10 000
K, hydrogen, the main constituent of stellar at-
mospheres is mainly ionized, and among col-
lisional broadening mechanisms for spectral
lines, the dominant is the Stark effect. This is
the case for white dwarfs and hot stars in par-
ticular of A and late B types, since due to high
temperature, stars of O and early B types have
smaller surface gravity so that the electron den-
sity is smaller. Even in cooler star atmospheres
as e.g. Solar one, Stark broadening may be im-
portant, since the influence of Stark broadening
within a spectral series increases with the in-
crease of the principal quantum number of the
upper level, and also in subphotospheric layers
electron density and temperature increase and
Stark broadening becomes dominant.

The density and temperature range of inter-
est for the radiative envelopes of A and F stars
is 1014m−3 ≤ Ne ≤ 1016m−3; 104 ≤ T ≤ 4
105 (Stehleé 1994).

White dwarfs of DA and DB type have ef-
fective temperatures between around 10 000
K and 30 000 K so that Stark broadening
is of interest for their spectra investigation
and plasma research, analysis and modeling.
Spectra of DA white dwarfs are character-
ized by broad hydrogen lines, while those
of DB white dwarfs are dominated by the
lines of neutral helium. White dwarfs of DO
type have effective temperatures from approx-
imately 45000 up to around 120 000 (Dreizler
and Werner 1996) and Stark broadening may
be very important for the investigation of their
spectra (Hamdi et al. 2008).

For applications of results of Stark broad-
ening investigations, very interesting are
PG1159 stars, hot hydrogen deficient pre-
white dwarfs, with effective temperatures rang-
ing from Te f f = 100 000 K to 140 000 K, where
of course Stark broadening is very important
(Werner et al. 1991). These stars have high sur-
face gravity (log g= 7), and their photospheres
are dominated by helium and carbon with a sig-
nificant amount of oxygen present (C/He = 0.5
and O/He = 0.13) (Werner et al. 1991). Their
spectra, strongly influenced by Stark broaden-
ing, are dominated by He II, C IV, O VI and N
V lines.

The densities of matter and electron con-
centrations and temperatures in atmospheres of
neutron stars are orders of magnitude larger
than in atmospheres of white dwarfs, and are
typical for stellar interiors. Surface tempera-
tures for the photospheric emission are of the
order of 106 - 107 K, and electron densities of
the order of 1024 cm−3 (Paerels 1997).

In this work we will consider the signifi-
cance of Stark broadening for investigations
of astrophysical plasma and some results
obtained in the Group for Astrophysical
Spectroscopy on Belgrade Astronomical
Observatory.

2. Stellar plasma research

Line shapes enter in the modelisation of stellar
atmospheric layers by the determination esti-
mation of the quantities such as absorption co-
efficient κν, Rosseland optical depth τRoss and
the total opacity cross-section per atom σν.

Let we take the direction of gravity as z-
direction, dealing with a stellar atmosphere. If
the atmosphere is in macroscopic mechanical
equilibrium and with rho is denoted gas den-
sity, the optical depth is

τν =

∫ ∞

z
κνρdz, (1)

κν = N(A, i)φν
πe2

mc
fi j, (2)

where κν is the absorption coefficient at a fre-
quency ν, N(A, i) is the volumic density of radi-
ators in the state i, fi j is the absorption oscilla-
tor strength, m is the electron mass and φν spec-
tral line profile. The total opacity cross-section
per atom is

σν(op) = Mκν, (3)

where M is the mean atom mass, and the opac-
ity per unit length is

ρκν = Nσν(op), (4)

Let us introduce an independent variable, a
mean optical depth

τRoss =

∫ ∞

z
κRossρdz. (5)
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For the Rosseland mean optical depth τRoss,
κRoss is defined as

1
κRoss

∫ ∞

0

dBν
dT

dν =

∫ ∞

0

1
κν

dBν
dT

dν, (6)

where

Bν(T ) =
2hν3

c2 (ehν/kT − 1)−1. (7)

Now the Rosseland-mean opacity cross-
section is

σRoss = MκRoss. (8)

Stark broadening parameters are needed as
well for the determination of the chemical
composition of stellar atmospheres i.e. for stel-
lar elemental abundances determination. The
method which uses synthetic and observed
spectra and adjustment of atmospheric model
parameters to obtain the best agreement is well
developed and applied to many stars. It has
been found that exist chemically peculiar stars
especially within the spectral class interval F0-
B2 (see e.g. (Khokhlova 1994)) with abun-
dances for particular elements for several or-
der of magnitude different from solar ones. It
has been found as well that the CP stars sur-
face is chemically inhomogeneous so that lo-
cal chemical composition depending on coor-
dinates on the stellar surface has been intro-
duced. Such anomalies are explained mainly
by diffusion mechanism occurring in stellar en-
velopes and (or) atmospheres and differences
in radiative acceleration of particular elements
(LeBlanc and Michaud 1995). The radiative
acceleration gr at ν, in the frequency interval
dν, acting on the element A (with density N(A)
and mass mA) is (Stehlé 1995)

mAgr =
κν(A)
N(A)

Φν
dν
c
, (9)

where κν(A) is the contribution of A to the
monochromatic absorption coefficient, and Φν

the radiative flux. In the opaque envelope of
the radius r, the radiative flux is approximately
equal to (Stehlé 1995)

Φν =
4π
3

1
ρκν

∂Bν
∂T

(
−∂T
∂r

), (10)

κν = κν(A) + κrest, (11)

where κrest are other contributions to the total
absorption coefficient apart κν(A). The major-
ity of CP stars are A and B type stars where
Stark broadening is the main pressure broad-
ening mechanism.

With the improved sensitivity of space born
X-ray instruments, spectral lines originating
from neutron star atmospheres are of increas-
ing interest. Since the characteristic density in
the atmosphere is directly proportional to the
acceleration of gravity at the stellar surface,
measurement of the pressure broadening of ab-
sorption lines will yield a direct measurement
of M/R2, where M and R are the stellar mass
and radius. When this is coupled with a mea-
surement of the gravitational redshift (propor-
tional to M/R) in the same, or any other, line or
set of lines, the mass and radius can be deter-
mined separately. These mass and radius mea-
surements do not involve the distance to star,
which is usually poorly determined, or the size
of the emitting area (Paerels 1997).

The Stark width for a hydrogen - domi-
nated plasma (z = 1,Npert = Ne, µ = 1/2), as-
suming that electron and proton broadening are
comparable in the static approximation (Griem
et al. 1979) is (Paerels 1997)

WS tark[eV] = 163 · Z−1M2/3
1.4 R−4/3

6 T−2/3
6 eV. (12)

Here, Z is the ionic nuclear charge, M1.4 the
stellar mass in units of 1.4 solar masses, R6
the radius in units of 106 cm, and T6 the at-
mospheric temperature in units of 106 K.

In Paerels (1997) a typical Stark width of
20 eV has been found for H-like oxygen Lyα,
and a Stark width of 60 eV has been predicted
for oxygen Lyβ.

3. Application of the semiclassical
method for Stark broadening
investigation on Belgrade
Astronomical Observatory

In spite of the fact that the most sophis-
ticated theoretical method for the calcula-
tion of a Stark broadened line profile is
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the quantum mechanical strong coupling ap-
proach, due to its complexity and numeri-
cal difficulties, only a small number of such
calculations exist (see e. g. references in
Dimitrijević and Sahal-Bréchot (1996)). An
example of the contribution of the Group
for Astrophysical Spectroscopy on Belgrade
Astronomical Observatory is the first calcula-
tion of Stark broadening parameters within the
quantum mechanical strong coupling method
for a nonhydrogen neutral emitter for Li I 2s 2S
- 2p 2Po transition (Dimitrijević et al. 1981).

In a lot of cases such as e.g. complex
spectra, heavy elements or transitions between
highly excited energy levels, the more sophys-
ticated quantum mechanical approach is very
difficult or even practically impossible to use
and, in such cases, the semiclassical approach
remains the most efficient method for Stark
broadening calculations.

In order to complete as much as possible
Stark broadening data needed for astrophysi-
cal and laboratory plasma research and stellar
opacities determinations, we have performed
in a series of papers large scale calculations
of Stark broadening parameters for a number
of spectral lines of various emitters (see e.g.
(Dimitrijević and Sahal-Bréchot 1996) refer-
ences therein and (Jevremović et al. 2009)),
within the semiclassical perturbation formal-
ism (Sahal-Bréchot 1969a,b) optimized and
updated several times ((Fleurier et al. 1977;
Dimitrijević and Sahal-Bréchot 1984, 1996)
and references therein), for transitions when a
sufficiently complete set of reliable atomic data
exists and a good accuracy of obtained results
is expected.

Up to now are published Stark broadening
parameters for 79 He, 62 Na, 51 K, 61 Li, 25
Al, 24 Rb, 3 Pd, 19 Be, 270 Mg, 31 Se, 33 Sr,
14 Ba, 189 Ca, 32 Zn, 6 Au, 48 Ag, 18 Ga, 70
Cd I, 9 Cr I, 4 Te I, 25 Ne I, 28 Ca II, 30 Be II,
29 Li II, 66 Mg II, 64 Ba II, 19 Si II, 3 Fe II, 2
Ni II, 22 Ne II, 5 F II, 1 Cd II, 1 Kr II, 2 Ar II, 7
Cr II, 12 B III, 23 Al III, 10 Sc III, 27 Be III, 5
Ne III, 32 Y III, 20 In III, 2 Tl III, 5 F III, 2 Ne
IV, 10 Ti IV, 39 Si IV, 90 C IV, 5 O IV, 114 P
IV, 2 Pb IV, 19 O V, 30 N V, 25 C V, 51 P V, 34
S V, 16 Si V, 26 V V, 26 Ne V, 30 O VI, 21 S
VI, 2 F VI, 15 Si VI, 14 O VII, 10 F VII, 10 Cl

VII, 20 Ne VIII, 4 K VIII, 9 Ar VIII, 6 Kr VIII,
4 Ca IX, 30 K IX, 8 Na IX, 57 Na X, 48 Ca X,
4 Sc X, 7 Al XI, 4 Si XI, 18 Mg XI, 4 Ti XI, 10
Sc XI, 9 Si XII, 27 Ti XII, 61 Si XIII and 33 V
XIII particular spectral lines and multiplets.

The obtained semiclassical result have
been compared with critically selected experi-
mental data for 13 He I multiplets (Dimitrijević
and Sahal-Bréchot 1985). The agreement be-
tween experimental and semiclassical calcula-
tions is within the limits of ± 20%, that is the
predicted accuracy of the semiclassical method
(Griem 1974).

4. Application of semiclassical Stark
broadening parameters for the
consideration of its influence on
stellar spectral lines

In a number of papers, the influence of Stark
broadening on Au II (Popović et al. 1999a), Co
III (Tankosić et al. 2003), Ge I (Dimitrijević
et al. 2003a), Ga I (Dimitrijević et al. 2004),
Cd I (Simić et al. 2005) and Te I (Simić et
al. 2009) on spectral lines in chemically pe-
culiar A type stellar atmospheres was investi-
gated and for each investigated spectrum are
found atmospheric layers where the contribu-
tion of this broadening mechanism is dominant
or could not be neglected. In mentioned papers
as the model for a chemically peculiar star at-
mosphere of A type star was used model with
plasma conditions close to χ Lupi HgMn star
of Ap type. Such investigations were also per-
formed for DA, DB and DO white dwarf atmo-
spheres (Popović et al. 1999a; Tankosić et al.
2003; Hamdi et al. 2008) and it was found

that for such stars Stark broadening is domi-
nant compared to Doppler in practically all rel-
evant atmospheric layers.

As an example of the influence of Stark
broadening in atmospheres of hot stars in Fig.
1 is given Stark widths for Te I 6s 5So - 6p
5P (9903.9 Å) multiplet (Simić et al. 2009)
compared with Doppler widths for a model
(Te f f =10000 K, log g= 4.5) of A type star
atmosphere (Kurucz 1979). Namely Doppler
broadening is in hot atmospheres an impor-
tant concurrent broadening mechanism and by
comparison of Stark and Doppler widths one
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Fig. 1. Thermal Doppler and Stark widths for Te I
6s 5So - 6p 5P (9903.9 Å) multiplet as functions of
optical depth for an A type star (Te f f = 10000 K, log
g = 4.5).

can conclude on the importance of this mecha-
nism. One should take into account however,
that due to differences in Gauss distribution
function for Doppler profile and Lorentz dis-
tribution for Stark, even if the Stark width is
smaller, this broadening mechanism may influ-
ence line wings. Our results are presented in
Fig. 1 as a function of Rosseland optical depth
- log τ. One can see that the Stark broadening
mechanism is absolutely dominant in compar-
ison with the thermal Doppler mechanism in
deeper layers of stellar atmosphere.

The influence of the Stark broadening on
Cu III, Zn III and Se III spectral lines in DB
white dwarf atmospheres was investigated also
in Simić et al. (2006) for 4s 2F - 4p 2Go

(λ=1774.4 Å), 4s 3D - 4p 3Po (λ=1667.9 Å)
and 4p5s 3Po - 5p 3D (λ=3815.5 Å) by using
the corresponding model with Te f f = 15000
K and log g = 7 (Wickramasinghe 1972).
For the considered model atmosphere of the
DB white dwarfs the prechosen optical depth
points at the standard wavelength λs=5150
Å(τ5150) are used in Wickramasinghe (1972)
and in Simić et al. (2006). As one can see
in Fig. 2 for the DB white dwarf atmosphere
plasma conditions, thermal Doppler broaden-
ing has much less importance in comparison
with the Stark broadening mechanism. For ex-
ample Stark width of the considered Se III
3815.5 Å line is larger than Doppler one up
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Fig. 2. Thermal Doppler and Stark widths for Cu III
4s 2F - 4p 2Go (λ=1774.4 Å), Zn III 4s 3D - 4p 3Po

(λ=1667.9 Å) and Se III 4p5s 3Po - 5p 3D (λ=3815.5
Å) spectral lines for a DB white dwarf atmosphere
model with Te f f = 15,000 K and log g = 7, as a
function of optical depth τ5150.
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Fig. 3. Stark and Doppler width for Si VI 2p4(3P)3s
2P-2p4(3P)3p 2Do(λ = 1226, 7Å) spectral line as
a function of Rosseland optical depth. Stark and
Doppler width are given for four models of DO
white dwarfs with log g = 6–9 i Te f f = 80 000 K.

to two orders of magnitude within the consid-
ered range of optical depths. Much larger Stark
widths in DB white dwarf atmospheres in com-
parison with A type stars are the consequence
of larger electron densities due to much larger
log g and larger Te f f , so that electron-impact
(Stark) broadening mechanism is more effec-
tive.

Hamdi et al. (2008) investigated the in-
fluence of Stark broadening on Si VI lines in
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Fig. 4. A comparison between the observed Si I,
6155 Å line profile in the spectrum of Ap star 10 Aql
(thick line) and synthetic spectra calculated with
Stark widths and shifts from Table 1 in Dimitrijević
et al. (2003b) and Si abundance stratification (thin
line), with the same Stark parameters but for homo-
geneous Si distribution (dashed line), and with Stark
width calculated by approximation formulae for the
same stratification (dotted line).

DO white dwarf spectra for 50000 K ≤ Te f f
≤ 100000 K and 6 ≤ log g ≤ 9. It was found
that the influence increases with log g and that
is dominant in broad regions of the cosidered
atmospheres (Fig. 3).

An example of the application of Stark
broadening data in astrophysics may be found
in Dimitrijević et al. (2003b) where the in-
fluence of Stark broadening and stratification
on neutral silicon lines in spectra of normal
late type A star HD 32115, and Ap stars HD
122970 and 10 Aql was investigated. They
found that synthetic line profile of λ = 6155.13
Å Si I line fit much better to the observed one
when it was calculated with Stark width and
shift. Also authors reproduced the asymmetric
and shifted profile of this line in HD 122970
reasonably well using the uniform distribution
of neutral silicon and their results for Stark
broadening parameters. Authors stressed that
with their theoretical Stark broadening param-
eters the sensitivity of Si I λ 6155.13 Å asym-
metry to Si abundance changes in the 10 Aql
atmosphere, can be successfully used in empir-
ical studies of abundance stratification. They
found also that for considered Si I lines the

contribution of electron impacts is dominant
but, impacts with protons and He II ions should
be taken into account as well.

Dimitrijević et al. (2007) have investi-
gated Cr II lines in the spectrum of the Ap
star HD 133792, for which careful abundance
and stratification analysis has been performed
(Kochukhov et al. 2006). HD133792 has an
effective temperature of Te f f =9400 K, a sur-
face gravity of log g = 3.7, and a mean Cr
overabundance +2.6 dex relative to the solar Cr
abundance (Kochukhov et al. 2006). All cal-
culations were carried out with the improved
version SYNTH3 of the code SYNTH for syn-
thetic spectrum calculations. Stark broadening
parameters were introduced in the spectrum
synthesis code. The stratified Cr distribution
in the atmosphere of HD133972 derived in
Kochukhov et al. (2006) was used. Figure 5
shows a comparison between the observed line
profiles of Cr II lines 3403.30 Å and synthetic
calculations with the Stark damping constants
from Kurucz (Kurucz 1993) line lists and with
the data by Dimitrijević et al. (2007). Good
agreement between observations and calcula-
tions for a set of weak Cr II lines proves the
use of the stratified Cr distribution, while all
four strong Cr II lines demonstrate a good ac-
curacy for obtained theoretical Stark broaden-
ing parameters (Dimitrijević et al. 2007).

This opens a new possibility, to check the
theoretical and experimental Stark broaden-
ing results additionally with the help of stel-
lar spectra, which will be particularly inter-
esting with the development of space born
spectroscopy, building of giant telescopes of
the new generation and increase of accuracy
of computer codes for modellisation of stel-
lar atmospheres. The Cr II lines analyzed in
Dimitrijević et al. (2007) are particularly suit-
able for such purpose since they have clean
wings where the influence of Stark broadening
is the most important.

5. Modified semiempirical method for
Stark broadening and
astrophysical applications

The modified semiempirical (MSE) approach
(Dimitrijević and Konjević 1980; Dimitrijević
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Fig. 5. Comparison between the observed Cr II 3403.30 line profile (dots) and synthetic calculations with
the Stark parameters from paper by Dimitrijević et al. (2007) (full line) and those from Kurucz (1993)
(dashed line).

and Kršljanin 1986; Dimitrijević and Konjević
1987; Dimitrijević and Popović 1993, 2001;

Popović and Dimitrijević 1996a) for the calcu-
lation of Stark broadening parameters for non-
hydrogenic ion spectral lines, has been applied
successfully many times for different problems
in astrophysics and physics.

In comparison with the full semiclassi-
cal approach (Sahal-Bréchot 1969a,b; Griem
1974) and the Griem’s semiempirical approach
(Griem 1968) who needs practically the same
set of atomic data as the more sophysticated
semiclassical one, the modified semiempirical
approach needs a considerably smaller num-
ber of such data. In fact, if there are no per-
turbing levels strongly violating the assumed
approximation, for e.g. the line width calcula-
tions, we need only the energy levels with the
difference of the principal quantum numbers
n for the upper and lower level of transition
forming the considered spectral line, ∆n = 0,

since all perturbing levels with ∆n , 0, needed
for a full semiclasical investigation or an in-
vestigation within the Griem’s semiempirical
approach (Griem 1968), are lumped together
and approximately estimated.

Due to the considerably smaller set of
needed atomic data in comparison with semi-
classical and semiempirical methods (Sahal-
Bréchot 1969a,b; Griem 1974, 1968), the
MSE method is particularly useful for stel-
lar spectroscopy depending on very extensive
list of elements and line transitions with their
atomic and line broadening parameters where
it is not possible to use sophisticated theoreti-
cal approaches in all cases of interest.

The MSE method is also very useful when-
ever line broadening data for a large number
of lines are required, and the high precision of
every particular result is not so important like
e.g. for opacity calculations or plasma model-
ing. Moreover, in the case of more complex
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Fig. 6. The same as in Fig.5 but for the Cr II 3421.20, 3422.73 Å lines.

atoms or multiply charged ions the lack of the
accurate atomic data needed for more sophys-
ticated calculations, makes that the reliability
of the semiclassical results decreases. In such
cases the MSE method might be very interest-
ing as well.

The modified semiempirical approach has
been tested several times on numerous exam-
ples (Dimitrijević and Popović 2001). In or-
der to test this method, selected experimental
data for 36 multiplets (7 different ion species)
of triply-charged ions were compared with the-
oretical line widths. The averaged values of the
ratios of measured to calculated widths are as
follows (Dimitrijević and Konjević 1980): for
doubly charged ions 1.06 ± 0.32 and for triply-
charged ions 0.91 ± 0.42. The assumed accu-
racy of the MSE method is about ±50%, but it
has been shown in Popović and Dimitrijević
(1996b), Popović and Dimitrijević (1998) and
Popović et al. (2001a) that the MSE approach,
even in the case of the emitters with very com-
plex spectra (e.g. Xe II and Kr II), gives very

good agreement with experimental measure-
ments (in the interval ± 30%.). For example
for Xe II, 6s-6p transitions, the averaged ratio
between experimental and theoretical widths is
1.15 ± 0.5 (Popović and Dimitrijević 1996b).

Stark widths, and in some cases also and
shifts are determined for spectral lines of the
following emitters/absorbers: Ar II, Fe II, Pt II,
Bi II, Zn II, Cd II, As II, Br II, Sb II, I II, Xe II,
Mn II, La II, Au II, Eu II, V II, Ti II, Kr II, Na
II, Y II, Zr II, Sc II, Nd II, Be III, B III, S III, C
III, N III, O III, F III, Ne III, Na III, Al III, Si
III, P III, S III, Cl III, Ar III, Mn III, Ga III, Ge
III, As III, Se III, Zn III, Mg III, La III, V III,
Ti III, Bi III, Sr III, Cu III, Co III, Cd III, B IV,
Cu IV, Ge IV, C IV, N IV, O IV, Ne IV, Mg IV,
Si IV, P IV, S IV, Cl IV, Ar IV, V IV, Ge IV, C
V, O V, F V, Ne V, Al V, Si V, N VI, F VI, Ne
VI, Si VI, P VI and Cl VI.

An example of the application of the MSE
method is the consideration of so called ”zir-
conium conflict” in χ Lupi star atmosphere
(Popović et al. 2001a). Namely, the zirco-
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nium abundance determination from weak Zr
II optical lines and strong Zr III lines (detected
in UV) is quite different (see e. g. Sikström
(1999)) in HgMn star χ Lupi. Sikström (1999)
supposed that this difference is probably due to
non adequate use of stellar models, e.g. if the
influence of non-LTE effects or if diffusion is
not taken into account.

In Popović et al. (2001a), the electron-
impact broadening parameters calculation of
two astrophysically important Zr II and 34 Zr
III lines has been performed, in order to test the
influence of this broadening mechanism on de-
termination of equivalent widths and to discuss
its possible influence on zirconium abundance
determination. Obtained results have been used
to see how much the electron-impact broaden-
ing can take part in so called ”zirconium con-
flict” in the HgMn star χ Lupi.

Popović et al. (2001a) have calculated
the equivalent widths with the electron-impact
broadening effect and without it for differ-
ent abundances of zirconium. The obtained
results for ZrIII[194.0nm] and ZrII[193.8nm]
lines show that the electron-broadening effect
is more important in the case of higher abun-
dance of zirconium. The equivalent width in-
creases with abundance for both lines, but the
equivalent width for ZrIII[194.0nm] line is
more sensitive than for ZrII[193.8nm] line. It
may cause error in abundance determination
in the case when the electron-impact broaden-
ing effect is not taken into account. In any case
synthesizing of these two lines in order to mea-
sure the zirconium abundance without taking
into account the electron-impact widths will
give that with the ZrIII[194.0nm] the abun-
dance of zirconium is higher than with the
ZrII[193.8nm] line. However, this effect can-
not cause the difference of one order of mag-
nitude in abundance. Although the ”zirconium
conflict” in HgMn star χ Lupi cannot be ex-
plained only by this effects, one should take
into account that this effect may cause errors
in abundance determination.

Another example of the applicability of
MSE method in astrophysics is the investiga-
tion of rare earth element (REE) spectral lines
in the spectra of CP stars. In Popović et al.
(1999b), the Stark widths and shifts for six Eu

II lines and widths for three La II and six La
III multiplets have been calculated by using the
MSE method. The influence of the electron-
impact mechanism on line shapes and equiv-
alent widths in hot star atmospheres has been
considered. It has been shown that Stark broad-
ening is significant in hot stars, and it should
be taken into account in the analysis of stellar
spectral lines for the Te f f > 7000 K, in partic-
ular if europium is overabundant.

In Popović et al. (2001b) Stark widths for
284 Nd II lines have been determined within
the symplified MSE approach. The lines of Nd
II are observed in spectra of CP stars as well
as in spectra of other stars (see e.g. Cowley et
al. (2000); Guthrie (1985); Adelman (1987),
etc.). Due to conditions in stellar atmospheres,
the Nd II lines are dominant in comparison
with Nd I and Nd III lines, e.g. in spectra of
HD101065, a roAp star, Cowley et al. (2000)
found 71 lines of Nd II and only 6 and 7 lines
of Nd I and Nd III, respectively.

It is the reason why for determination of
Neodymium abundance in spectra of CP and
other stars the Nd II lines are usually used. On
the other side, due to complexity of Nd II spec-
trum, it is very difficult to obtain atomic data
(oscillator strengths, Stark widths, etc.) needed
for astrophysical purposes.

Popović et al. (2001b) used for Stark width
calculation the simplified MSE approach of
Dimitrijević and Konjević (1987). This for-
mula gives better results than older approxi-
mate formula of Cowley (1971) often used for
Stark width estimations when more sophisti-
cated methods are not applicable.

In order to test the importance of the
electron-impact broadening effect in stellar at-
mospheres, Popović et al. (2001b) have syn-
thesized the line profiles of 38 Nd II lines us-
ing SYNTH code (Popović et al. 1999c) and
the Kurucz’s ATLAS9 code for stellar atmo-
sphere models (Kurucz 1993) in the tempera-
ture range of 6000 ≤ Te f f ≤ 16000 K, and 3.0
≤ log g ≤ 5.0.

They have synthesized the line pro-
files with and without taking the electron-
impact broadening mechanism for different
types of stellar atmospheres. First, they have
synthesized all considered line profiles for
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Neodymium abundance of A = log[Nd/H]=-
7.0, and two values of log g=4.0 and 4.5 for
different effective temperatures (Te f f = 6000 –
16000 ). All considered lines have similar de-
pendence on effective temperature.

In order to point out the type of stars where
the electron-impact broadening effect is the
most important, Popović et al. (2001b) sum-
marized this influence in different types of stel-
lar atmospheres, considering the minimal and
maximal influence for all studied lines. They
found that the most important influence of
Stark broadening mechanism is in the A-type
stellar atmospheres. Taking into account that
Stark width depends on electron density, the ef-
fect is dominant in hot star atmospheres where
electron density is higher, since hydrogen be-
comes ionized. However for stars of O and
early B type the surface gravity is smaller and
electron density decreases in spite of higher
temperatures. Starting from the fact that ion-
ization potential of Nd II is 10.73 eV and con-
sequently the layers where Nd II ion density
is maximal have electron temperature between
7000 K and 9000 K, Popović et al. (2001b)
have calculated the averaged electron density
in these layers of stellar atmosphere for differ-
ent stellar types for log g=4.0 and they found
that the averaged electron density decreases
with effective temperature. This is the reason
why the maximal influence of Stark broaden-
ing effect in the case of Nd II is in A-type stel-
lar atmospheres.

6. Serbian Virtual Observatory,
STARK-B Database and VAMDC
FP7 project

Serbian virtual observatory (SerVO) is a new
project whose objectives are to publish in VO
compatible format data obtained by Serbian as-
tronomers in order to make them accessible to
scientific community, as well as to provide as-
tronomers in Serbia with VO tools for their re-
search. The project objectives are:

– establishing SerVO and join the EuroVO
and IVOA;

– establishing SerVO data Center for
digitizing and archiving astronomical

data obtained at Belgrade Astronomical
Observatory;

– development of tools for visualization of
data.

One of the aims of this project, is to pub-
lish together with Observatoire de Paris, in col-
laboration with Sylvie Sahal-Bréchot, Marie
Lise Dubernet and Nicolas Moreau, STARK-
B - Stark broadening data base containing as
the first step Stark broadening parameters ob-
tained within the semiclassical perturbation ap-
proach by Sylvie Sahal-Bréchot and myself in
VO compatible format, and make two mirror
sites - in Paris and Belgrade.

In this database which is also included in
the database MOLAT of Paris Observatory and
in the European Virtual Atomic and Molecular
Data centre (VAMDC) FP7 project, enter just
Stark broadening data on which was written
in this paper. We will note that the precur-
sor of SerVO was BELDATA and its prin-
cipal content was database on Stark broad-
ening parameters. The history of BELDATA
may be followed in Popović et al. (1999c,d);
Milovanović et al. (2000); Dimitrijević et al.
(2003c) and Dimitrijević and Popović (2006).
After intensification of collaboration with
French colleagues around MOLAT database of
Paris observatory BELDATA became STARK-
B. (see http://stark-b.obspm.fr/elements.php).

This database is dedicated for modellisa-
tion of stellar atmospheres, stellar spectra anal-
ysis and synthesis, as well as for laboratory
plasma research, inertial fusion plasma, laser
development and plasmas in technology inves-
tigations.

The simple graphical interface to the data
is provided. User first chooses the element of
interest from the periodic system of elements.
After that the ionization stage, perturber (s),
perturber density, transition and plasma tem-
perature can be set and page with description
of data and table with shifts and widths is gen-
erated.

This database enters also in european
FP7 project Virtual Atomic and Molecular
Data Centre - VAMDC. In Consortium are
15 institutions from 9 countries. Its objec-
tive is to build accessible and interoperable e-
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infrastructure for atomic and molecular data
upgrading and integrating extensive portfolio
of database services and catering for the needs
of variety of data users from academia and in-
dustry.

7. Conclusions

One can conclude that the multidisciplinary re-
search field of Stark broadening of Spectral
lines, gives many possibilities for scientific re-
search. Such investigations in astronomy have
and its conference in Serbia. I-III Yugoslav
conference on spectral line shapes were or-
ganized 1995, 1997 and 1999, in Krivaja at
Bačka Topola, Bela Crkva and Brankovac on
Fruška Gora, IV Serbian conference on spec-
tral line shapes in Arandjelovac 2003, and V-
VII Serbian conference on spectral line shapes
in astrophysics 2005, 2007 and 2009, in Vršac,
Sremski Karlovci and Zrenjanin.
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Astron. Astrophys., 172, 345.
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Astron. Rev In press.

Khokhlova, V. L. 1994, Pis’ma v Astron. Zh.,
20, 110.

Kochukhov, O., Tsymbal, V., Ryabchikova,
T., Makaganyk, V. and Bagnulo, S. 2006,
Astron. Astrophys., 460, 831.

Kurucz, R.L. 1979, Astrophys. J. Suppl. Series,
40, 1.

Kurucz, R. L. 1993, CDROMs 13, 22, 23,
SAO, Cambridge.

LeBlanc, F. and Michaud, G. 1995, Astron.
Astrophys., 303, 166.
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Stehlé, C. 1994, Astron. Astrophys. Suppl.
Series, 104, 509.
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ABSTRACT
Energy levels, electric dipole transition probabilities and oscillator strengths in five times
ionized silicon have been calculated in intermediate coupling. The present calculations were
carried out with the general purpose atomic structure program SUPERSTRUCTURE. The relativistic
corrections to the non-relativistic Hamiltonian are taken into account through the Breit–Pauli
approximation. We have also introduced a semi-empirical correction [term energy corrections
(TEC)] for the calculation of the energy levels. These atomic data are used to provide semiclas-
sical electron-, proton- and ionized helium-impact linewidths and shifts for 15 Si VI multiplet.
Calculated results have been used to consider the influence of Stark broadening for DO white
dwarf atmospheric conditions.

Key words: atomic data – atomic processes – line: formation – stars: atmospheres – white
dwarfs.

1 I N T RO D U C T I O N

Atomic data such as transition probabilities (A) play an important
role in the diagnostics and modelling of laboratory plasmas (Griem
1974). Various kinetic processes appearing in plasma modelling
need reliable knowledge of A values. Further, knowledge of A values
gives a possibility for determination of coefficients (B) which char-
acterize the absorption and stimulated emission. These processes
are also important in laser physics. The classification of transitions
and determination of energy levels are essential parts of the study
of a laboratory spectrum. The lack of available atomic data limits
our ability to infer reliably the properties of many cosmic plasmas
and, hence, address many of the fundamental issues in astrophysics
(Savin 2001).

Accurate Stark broadening parameters are important to obtain
a reliable modelization of stellar interiors. The Stark broadening
mechanism is also important for the investigation, analysis and mod-
elling of B-type, and particularly A-type, stellar atmospheres, as
well as for white dwarf atmospheres (see e.g. Popović et al. 2001;
Dimitrijević et al. 2007).

Silicon, in various ionization stages, is detected in the atmo-
spheres of DO white dwarfs (Werner, Dreizler & Wolff 1995). Si VI

lines have been observed as well for example in coronal line re-

�E-mail: mdimitrijevic@aob.bg.ac.yu

gions of planetary nebulae NGC 6302 and 6537 (Casassus, Roche
& Barlow 2000).

Uzelac and collaborators (Uzelac et al. 1993) studied plasma
broadening of Ne II–Ne VI and F IV–F V experimentally and the-
oretically, they found that the results of simplified semiclassical
(Griem 1974, equation 526) calculations show better agreement at
higher ionization stages, while the modified semi-empirical formula
(Dimitrijević & Konjević 1980) seems to be better for the low-
ionization stages. Unfortunately, due to the lack of atomic data, most
of the reported sophisticated semiclassical Stark broadening param-
eters relate to spectral lines of neutral- and low-ionization stages. In
previous papers (Ben Nessib, Dimitrijević & Sahal-Bréchot 2004;
Hamdi et al. 2007), we calculated Stark broadening parameters
of quadruply ionized silicon and neon using SUPERSTRUCTURE and
Bates & Damgaard (1949) method for oscillator strengths and we
found that the difference is tolerable.

Si VI ion belongs to the fluorine-like sequence, its ground state
configuration is 1s22s22p5 with the term 2P◦. In this work we present
fine-structure energy levels, transition probabilities and oscillator
strengths for Si VI ion. The atomic structure code SUPERSTRUCTURE

was used, which allows for configuration interaction (CI), relativis-
tic effects and semi-empirical term energy corrections (TEC). Cal-
culated energies and oscillator strengths are used to provide Stark
broadening parameters due to electron-, proton- and ionized helium
impact of Si VI lines. The obtained Stark broadening parameters are
used to investigate the influence of Stark broadening mechanism

C© 2008 The Authors. Journal compilation C© 2008 RAS
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in hot, high gravity star atmospheres, as for example DO white
dwarfs.

2 T H E M E T H O D

In this work, the calculations were carried out with the general
purpose atomic structure program SUPERSTRUCTURE (Eissner, Jones
& Nussbaumer 1974), as modified by Nussbaumer & Storey (1978).
The atomic model used to calculate energies of terms or levels and
transition probabilities include 26 configurations: 2s22p5, 2s2p6,
2s22p43�, 2s22p44�, 2s22p45�, 2s22p46�, 2s2p53� and 2p63� (� � n
− 1). CI effects were fully taken into account. The wave functions
are of the type

� =
∑

i

�i Ci , (1)

where the basis functions �i are constructed using one-electron
orbitals. The latter are calculated with a scaled Thomas–Fermi sta-
tistical model potential or obtained from the Coulomb potential.
For each radial orbital Pnl (r), the potential can be adjusted using a
parameter called λ. In the present case, those n- and l-dependent
scaling parameters λnl were determined variationally by optimizing
the weighted sum of the term energies. The Pnl are orthogonalized
to each other such that the function Pn1l is orthogonalized to the
function Pn2l when n2 < n1. The values adopted for the λnl param-
eters are presented in Table 1. In this approach the Hamiltonian is
taken to be in the form

H = Hnr + HBP, (2)

relativistic corrections are included in Breit–Pauli Hamiltonian
(HBP) as perturbation to the non-relativistic Hamiltonian (Hnr). HBP

contains the one-electron operators for the mass correction, the
Darwin contact term, the spin–orbit interaction in the field of the
nucleus and the two-electron operators for spin–orbit, spin–other
orbit and spin–spin interactions. We also use the so-called TEC in-
troduced by Zeippen, Seaton & Morton (1977), in which the Hamil-
tonian matrix is empirically adjusted to give the best agreement
between experimental energies and the final calculated term ener-
gies including the relativistic effects. In practice, the TEC for a given
term is simply the difference between the calculated and measured
energy of the lowest level in the multiplet.

Stark broadening parameter calculations have been performed
within the semiclassical perturbation method (Sahal-Bréchot
1969a,b). A detailed description of this formalism with all the inno-
vations is given in Sahal-Bréchot (1969a,b, 1974, 1991), Fleurier,
Sahal-Bréchot & Chapelle (1977), Dimitrijević, Sahal-Bréchot &
Bommier (1991) and Dimitrijević & Sahal-Bréchot (1996). The full
half-width (w) and shift (d) of an electron-impact broadened spectral

Table 1. Optimized parameters λnl adopted for the 26-configuration model
calculation. Positive values for Thomas–Fermi–Dirac potential and negative
values for Coulomb potential.

n, l λnl n, l λnl n, l λnl n, l λnl

1s 1.4653 4s 1.1091 5d 1.1015 6f −0.6629
2s 1.1844 4p 1.0960 5f 1.1135 6g −1.0777
2p 1.1389 4d 1.1103 5g 1.0776 6h −1.3002
3s 1.1078 4f 1.0478 6s 4.8162
3p 1.0762 5s 1.1580 6p 6.2669
3d 1.1808 5p 1.0902 6d 5.3865

line can be expressed as

W = N

∫
v f (v) dv

[
∑

i ′ �=i

σi i ′ (v) +
∑

f ′ �= f

σ f f ′ (v) + σel

]

+ WR,

d = N

∫
v f (v) dv

∫ RD

R3

2πρ dρ sin(2ϕp), (3)

where N is the electron density, f(υ) the Maxwellian velocity distri-
bution function for electrons, ρ denotes the impact parameter of the
incoming electron, i and f denote the initial and the final atomic en-
ergy levels and i′ and f ′ their corresponding perturbing levels, while
WR gives the contribution of the Feshbach resonances (Fleurier
et al. 1977). The inelastic cross-section σ i i ′ (υ) can be expressed by
an integral over the impact parameter of the transition probability
Pj j ′ (ρ, υ) as

∑

j �= j ′
σi i ′ (υ) = 1

2
πR2

1 +
∫ RD

R1

2πρ dρ
∑

j �= j ′
Pj j ′ (ρ, υ), j = i, f , (4)

and the elastic cross-section is given by

σel = 2πR2
2 +
∫ RD

R2

2πρ dρ sin2 δ,

δ = (ϕ2
p + ϕ2

q

)1/2
.

(5)

The phase shifts ϕp and ϕq due, respectively, to the polarization
potential (r−4) and to the quadrupolar potential (r−3) are given in
section 3 of chapter 2 in Sahal-Bréchot (1969a), and RD is the Debye
radius. All the cut-offs R1, R2, R3 are described in section 1 of chapter
3 in Sahal-Bréchot (1969b).

For electrons, hyperbolic paths due to the attractive Coulomb
force were used, while for perturbing ions the hyperbolic paths are
different since the force is repulsive. The formulae for the ion-impact
widths and shifts are analogous to equations (3)–(5), without the
resonance contribution to the width.

3 R E S U LT S A N D D I S C U S S I O N

The calculated ab initio energies for Si VI are listed in Table 2 along
with experimentally determined energies for a number of levels
taken from a National Institute of Standards and Technology (NIST)
compilation. The configurations for which we present results are
2s22p5, 2s2p6, 2s22p43�, 2s22p44�′; � = s, p, d and �′ = s, p, d. We
use the LS coupling scheme to designate excited energy.

Two different models are used for the determination of energy
levels, the first contains the nine configurations of the model given
in Section 2 and the second contains the totality of the 26 con-
figurations. Both nine-configuration model and more elaborated
26-configuration one give energy levels in good agreement with
the NIST values, indeed, our energies are lower than the NIST ones
by less than 1 per cent except for the two first excited levels, i.e. 2p5

2P◦
1/2 and 2s2p6 2S1/2. However, the results obtained by the second

model are always more accurate that proves the importance of the
CI. Besides, if a term is simply shifted relatively to the ground state,
then the difference with observed energy should be essentially con-
stant. In some terms the levels are not always in correct order. For
example, the observed order of the levels of 2p4(3P)3d4F is (9/2,
7/2, 5/2, 3/2) and the present order is (9/2, 3/2, 5/2, 7/2).

We use the calculated energies and the wavefunctions to calcu-
late oscillator strengths and transition probabilities. With the aim of
improving the quality of our wavefunctions, the 2s2p6 2S1/2 level is
corrected using TEC procedure (see Section 2). This method cannot

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 387, 871–882
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Table 2. Energy levels for Si VI in cm−1. Key: a number assigned to each
level; LS: LS term and parity (superscript ◦ designate an odd level); J: J
value of the level; E9−conf: ab initio energy levels, calculated with nine-
configuration model; E26−conf: ab initio energy levels, calculated with 26-
configuration model; ENIST: NIST values.

Key Configuration LS J E9−conf E26−conf ENIST

1 2p5 2P◦ 3/2 0 0 0
2 1/2 2 796 2 839 5 090
3 2s2p6 2S 1/2 435 632 426 462 406 497
4 2p4(3P)3s 4 P 5/2 971 851 982 366 990 516
5 1/2 975 520 986 496 995 470
6 3/2 975 969 987 021 993 640
7 2p4(3P)3s 2P 3/2 987 370 999 127 1 005 430
8 1/2 987 692 999 494 1 009 118
9 2p4(1D)3s 2D 5/2 1 024 374 1 036 129 1 041 416
10 3/2 1 024 884 1 036 533 1 041 472
11 2p4(3P)3p 4P◦ 3/2 1 052 168 1 061 210 1 069 854
12 5/2 1 052 404 1 061 401 1 068 813
13 1/2 1 053 583 1 062 874 1 071 129
14 2p4(3P)3p 4D◦ 7/2 1 059 089 1 070 621 1 078 935
15 1/2 1 061 265 1 073 242 1 083 003
16 3/2 1 062 447 1 074 609 1 082 215
17 5/2 1 062 788 1 074 942 1 080 700
18 2p4(3P)3p 2D◦ 5/2 1 068 139 1 080 203 1 086 796
19 3/2 1 068 477 1 080 547 1 089 547
20 2p4 (3P)3p 2P◦ 1/2 1 077 264 1 080 958
21 3/2 1 075 947 1 084 287 1 092 171
22 2p4(1S)3s 2S 1/2 1 071 075 1 084 295 1 094 449
23 2p4(3P)3p 4S◦ 3/2 1 074 673 1 087 671 1 093 752
24 2p4(3P)3p 2S◦ 1/2 1 094 162 1 088 558
25 2p4(1D)3p 2F◦ 5/2 1 106 342 1 118 373 1 123 540
26 7/2 1 106 472 1 118 689 1 124 219
27 2p4(1D)3p 2D◦ 3/2 1 116 033 1 128 816 1 134 081
28 5/2 1 116 641 1 129 460 1 134 496
29 2p4(1D)3p 2P◦ 3/2 1 140 823 1 145 932 1 147 901
30 1/2 1 140 921 1 145 980 1 150 282
31 2p4(1S)3p 2P◦ 3/2 1 182 143 1 171 561
32 1/2 1 182 942 1 172 417
33 2p4(3P)3d 4D 7/2 1 161 013 1 172 209 1 181 167
34 5/2 1 162 025 1 173 271 1 181 649
35 3/2 1 162 165 1 173 376 1 182 311
36 1/2 1 162 754 1 173 979 1 182 894
37 2p4(3P)3d 4F 9/2 1 169 569 1 182 612 1 189 844
38 3/2 1 171 689 1 184 525 1 194 327
39 5/2 1 172 030 1 184 838 1 193 223
40 7/2 1 172 047 1 184 946 1 191 541
41 2p4(3P)3d 4P 1/2 1 176 385 1 188 594 1 194 899
42 3/2 1 177 207 1 189 543 1 195 984
43 5/2 1 178 908 1 191 510 1 197 727
44 2p4(3P)3d 2F 7/2 1 177 148 1 189 950 1 194 987
45 5/2 1 178 364 1 190 848 1 197 151
46 2p4(3P)3d 2P 1/2 1 182 736 1 194 144 1 200 710
47 3/2 1 185 454 1 196 939 1 204 740
48 2p4(3P)3d 2D 3/2 1 185 167 1 195 061 1 201 100
49 5/2 1 185 973 1 196 247 1 202 960
50 2p4(1D)3d 2G 7/2 1 214 568 1 227 449
51 9/2 1 214 715 1 227 538 1 232 671
52 2p4(1D)3d 2S 1/2 1 223 636 1 234 097 1 239 190
53 2p4(1 D)3d 2P 3/2 1 224 780 1 234 806 1 241 050
54 1/2 1 225 778 1 235 883 1 242 390
55 2p4(1D)3d 2F 7/2 1 223 872 1 236 910 1 242 649
56 5/2 1 223 946 1 236 950 1 242 186
57 2p4(1D)3d 2D 5/2 1 226 710 1 237 621 1 243 020
58 3/2 1 227 611 1 238 313 1 243 860
59 2p4(1S)3d 2D 3/2 1 290 487 1 280 925 1 291 790
60 5/2 1 291 154 1 281 640 1 291 510

Table 2 – continued

Key Configuration LS J E9−conf E26−conf ENIST

61 2p4(3P)4s 4P 5/2 1 302 866 1 314 745
62 1/2 1 305 283 1 317 544
63 3/2 1 306 890 1 319 305
64 2p4(3P)4s 2P 3/2 1 308 844 1 321 429 1 329 900
65 1/2 1 310 323 1 323 045
66 2p4(3P)4p 4P◦ 5/2 1 333 771 1 340 871
67 3/2 1 333 474 1 340 979
68 1/2 1 334 815 1 342 729
69 2p4(3P)4p 4D◦ 7/2 1 335 203 1 347 589
70 1/2 1 337 989 1 350 092
71 3/2 1 338 555 1 351 294
72 5/2 1 338 545 1 352 144
73 2p4(3P)4p 2D◦ 5/2 1 339 973 1 351 228
74 3/2 1 339 638 1 352 195
75 2p4(3P)4p 2S◦ 1/2 1 340 521 1 352 722
76 2p4(3P)4p 4S◦ 3/2 1 342 995 1 355 616
77 2p4(3P)4p 2P◦ 3/2 1 349 411 1 359 114
78 1/2 1 349 310 1 359 465
79 2p4(1D)4s 2D 5/2 1 352 262 1 365 126 1 371 820
80 3/2 1 352 767 1 365 515
81 2p4(3P)4d 4D 7/2 1 371 226 1 382 797
82 5/2 1 372 174 1 384 161
83 3/2 1 372 430 1 384 614
84 1/2 1 373 107 1 385 519
85 2p4(3P)4d 4F 9/2 1 374 444 1 387 108
86 7/2 1 376 125 1 388 760
87 5/2 1 376 654 1 389 343
88 3/2 1 376 461 1 389 348
89 2p4(3P)4d 4P 1/2 1 377 931 1 390 631
90 3/2 1 379 041 1 391 893
91 5/2 1 380 830 1 393 884
92 2p4(3P)4d 2F 5/2 1 380 128 1 392 885
93 7/2 1 380 477 1 393 669
94 2p4(3P)4d 2P 1/2 1 381 851 1 393 521 1 402 490
95 3/2 1 384 583 1 396 287 1 403 050
96 2p4(3P)4d 2D 3/2 1 385 040 1 395 603
97 5/2 1 385 544 1 396 797 1 404 870
98 2p4(3P)4p 2F◦ 7/2 1 382 852 1 395 696
99 5/2 1 382 929 1 395 739
100 2p4(1D)4p 2D◦ 3/2 1 386 127 1 399 126
101 5/2 1 386 673 1 399 653
102 2p4(1D)4p 2P◦ 1/2 1 392 385 1 405 752
103 3/2 1 392 362 1 405 797
104 2p4(1D)4s 2S 1/2 1 419 675 1 432 175
105 2p4(1D)4d 2G 7/2 1 421 515 1 434 310
106 9/2 1 421 617 1 434 434
107 2p4(1D)4d 2P 3/2 1 424 977 1 436 510
108 1/2 1 425 973 1 437 711
109 2p4(1D)4d 2F 7/2 1 424 368 1 437 280
110 5/2 1 424 453 1 437 401
111 2p4(1D)4d 2D 5/2 1 425 961 1 438 109 1 444 340
112 3/2 1 426 992 1 438 858 1 445 010
113 2p4(1D)4d 2S 1/2 1 427 833 1 440 235
114 2p4(1S)4p 2P◦ 1/2 1 453 543 1 466 060
115 3/2 1 453 658 1 466 257
116 2p4(1S)4d 2D 3/2 1 493 396 1 506 902
117 5/2 1 494 092 1 507 702

be applied for 2p5 2P◦
1/2 level. Electric dipole transition probabili-

ties and weighted oscillator strengths are presented in Table 3 for
transition with lower level from one to 10 and upper level from
three to 95. The majority of wavelengths are in extreme ultraviolet
(XUV) region. F-like ions are of fundamental importance for current
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Table 3. Transition probabilities (Aki), calculated wavelengths (λ) and weighted oscillator strengths (gf) for Si VI spectrum. Present: this work; FF: Froese
Fischer & Tachiev (2004); CT: Coutinho & Trigueiros (1999). The numbers in brackets denote powers of 10.

Transition λ (Å) Aki(s−1) gf
present FF NIST present FF NIST CT

1–3 246.004 1.805(10) 1.777(10) 1.77(10) 3.275(−01) 3.210(−01) 3.206(−01) 4.04(−01)
2–3 247.734 8.840(09) 8.517(09) 8.46(09) 1.627(−01) 1.576(−01) 1.573(−01) 2.00(−01)
1–4 101.795 8.982(07) 7.405(07) 7.51(07) 8.372(−04) 6.784(−04) 6.886(−04) 8.00(−04)
1–5 101.369 1.340(09) 8.423(06) 8.55(06) 4.128(−03) 2.547(−05) 2.588(−05)
2–5 101.661 2.010(09) 2.624(08) 2.64(08) 6.229(−03) 8.016(−04) 8.072(−04) 9.00(−04)
1–6 101.315 1.019(08) 1.167(09) 1.18(09) 6.270(−04) 7.088(−03) 7.161(−03) 7.50(−03)
2–6 101.607 9.716(06) 1.010(08) 1.08(08) 6.016(−05) 6.194(−04) 6.266(−04) 6.00(−04)
1–7 100.087 6.667(10) 6.753(10) 6.74(10) 4.005(−01) 4.004(−01) 3.999(−01) 4.88(−01)
2–7 100.373 1.292(10) 1.098(10) 1.09(10) 7.803(−02) 6.574(−02) 6.561(−02) 7.90(−02)
1–8 100.051 2.509(10) 2.823(10) 2.82(10) 7.530(−02) 8.304(−02) 8.317(−02) 1.02(−01)
2–8 100.336 4.987(10) 5.156(10) 5.15(10) 1.505(−01) 1.532(−01) 1.531(−01) 1.86(−01)
1–9 96.513 3.189(10) 3.087(10) 3.08(10) 2.672(−01) 2.556(−01) 2.558(−01)
1–10 96.475 4.625(09) 3.056(09) 3.03(09) 2.582(−02) 1.687(−02) 1.674(−02) 2.03(−02)
2–10 96.740 2.674(10) 2.796(10) 2.79(10) 1.501(−01) 1.558(−01) 1.559(−01) 1.94(−01)
3–11 152.739 1.064(05) 7.895(05) 1.488(−06) 1.077(−05)
4–11 1268.336 3.944(08) 4.159(08) 4.11(08) 3.805(−01) 3.935(−01) 3.908(−01)
5–11 1338.445 1.569(08) 1.624(08) 1.62(08) 1.685(−01) 1.746(−01) 1.749(−01) 1.89(−01)
6–11 1347.907 8.664(07) 9.855(07) 9.73(07) 9.440(−02) 1.010(−01) 1.004(−01) 1.07(−01)
7–11 1610.745 4.125(05) 5.789(04) 5.56(04) 6.418(−04) 8.312(−05) 8.035(−05)
8–11 1620.320 1.353(07) 3.677(03) 3.79(03) 2.130(−02) 5.938(−06) 6.165(−06)
9–11 3987.165 6.968(04) 1.627(04) 1.62(04) 6.643(−04) 1.218(−04) 1.199(−04)
10–11 4052.352 7.466(03) 5.228(03) 5.44(03) 7.353(−05) 3.929(−05) 4.036(−05)
4–12 1265.271 5.940(08) 5.712(08) 5.64(08) 8.554(−01) 8.322(−01) 8.279(−01) 8.72(−01)
6–12 1344.446 9.628(07) 1.104(08) 1.10(08) 1.565(−01) 1.744(−01) 1.753(−01) 1.91(−01)
7–12 1605.805 1.630(06) 2.988(05) 3.09(05) 3.781(−03) 6.648(−04) 6.918(−04)
9–12 246.004 1.458(05) 2.110(03) 2.37(03) 2.054(−03) 2.554(−05) 2.837(−05)
10–12 247.734 3.719(01) 2.179(02) 2.40(02) 5.410(−07) 2.646(−06) 2.890(−06)
3–13 101.795 2.939(05) 4.160(05) 2.046(−06) 2.628(−06)
5–13 1309.272 3.686(07) 7.502(07) 7.46(07) 1.894(−02) 3.900(−02) 3.899(−02)
6–13 1318.325 5.969(08) 5.915(08) 5.85(08) 3.111(−01) 2.933(−01) 2.917(−01) 3.10(−01)
7–13 1568.682 1.079(06) 8.921(05) 9.49(05) 7.964(−04) 6.160(−04) 6.606(−04)
8–13 1577.761 1.707(06) 4.217(05) 4.38(05) 1.274(−03) 3.268(−04) 3.419(−04)
10–13 3796.252 1.573(04) 1.490(04) 1.49(04) 6.798(−05) 5.128(−05) 5.018(−05)
4–14 1133.080 1.056(09) 1.033(09) 1.03(09) 1.626(+00) 1.581(+00) 1.577(+00) 1.71(+00)
9–14 2899.222 6.193(03) 3.205(03) 3.54(03) 6.244(−05) 2.776(−05) 3.019(−05)
3–15 149.982 5.880(04) 1.367(06) 1.40(06) 3.966(−07) 8.972(−06) 9.141(−06) 9.00(−05)
5–15 1152.795 9.112(08) 8.776(08) 8.74(08) 3.631(−01) 3.426(−01) 3.419(−01) 3.70(−01)
6–15 1159.808 6.171(07) 1.290(08) 1.29(08) 2.489(−02) 4.836(−02) 4.841(−02)
7–15 1349.252 9.550(05) 2.566(05) 2.58(05) 5.213(−04) 1.278(−04) 1.228(−04)
8–15 1355.964 1.964(07) 7.280(05) 7.09(05) 1.083(−02) 3.998(−04) 3.899(−04)
10–15 2724.120 6.668(04) 8.238(03) 1.484(−04) 1.454(−05)
3–16 149.675 3.954(05) 5.543(05) 5.73(05) 5.312(−06) 7.292(−06) 7.516(−06)
4–16 1084.091 2.953(07) 2.000(07) 2.03(07) 2.081(−02) 1.423(−02) 1.452(−02)
5–16 1134.903 4.668(08) 4.842(08) 4.82(08) 3.606(−01) 3.850(−01) 3.837(−01) 4.13(−01)
6–16 1141.699 5.093(08) 4.957(08) 4.95(08) 3.981(−01) 3.781(−01) 3.768(−01) 4.11(−01)
7–16 1324.806 1.466(06) 1.213(03) 1.88(03) 1.543(−03) 1.232(−06) 1.909(−06)
8–16 1331.276 2.832(07) 4.541(06) 4.53(06) 3.010(−02) 5.094(−03) 5.081(−03)
9–16 2598.741 7.183(04) 8.858(03) 9.91(03) 2.909(−04) 3.241(−05) 3.572(−05)
10–16 2626.277 1.035(02) 1.337(04) 1.45(04) 4.281(−07) 4.908(−05) 5.236(−05)
4–17 1080.192 2.103(08) 1.903(08) 1.91(08) 2.207(−01) 2.100(−01) 2.113(−01) 2.38(−01)
6–17 1137.375 8.616(08) 7.873(08) 7.83(08) 1.003(+00) 9.320(−01) 9.289(−01) 9.98(−01)
7–17 1318.987 7.133(06) 1.864(07) 1.86(07) 1.116(−02) 2.957(−02) 2.958(−02)
9–17 2576.446 2.564(03) 8.978(03) 9.31(03) 1.531(−05) 5.316(−05) 5.432(−05)
4–18 1022.110 5.562(05) 1.307(07) 1.33(07) 5.227(−04) 1.265(−02) 1.285(−02)
6–18 1073.164 1.749(07) 2.238(07) 2.22(07) 1.811(−02) 2.313(−02) 2.301(−02)
7–18 1233.405 8.506(08) 8.032(08) 8.02(08) 1.164(+00) 1.090(−01) 1.088(+00)
9–18 2268.921 7.863(04) 2.465(05) 2.49(05) 3.641(−04) 1.090(−03) 1.086(−03)
10–18 2289.882 1.355(02) 6.522(03) 6.85(03) 6.391(−07) 2.892(−05) 2.999(−05)
3–19 148.357 2.047(06) 1.279(07) 2.702(−05) 1.645(−04)
4–19 1018.526 8.703(06) 2.181(06) 2.75(06) 5.415(−03) 1.326(−03) 1.336(−03)
5–19 1063.250 9.488(07) 2.892(06) 6.433(−02) 1.952(−03) 1.862(−03)
6–19 1063.250 1.100(05) 1.283(06) 1.22(06) 7.545(−05) 8.336(−04) 7.961(−04)
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Table 3 – continued

Transition λ (Å) Aki(s−1) gf
present FF NIST present FF NIST CT

7–19 1228.189 9.754(07) 4.377(08) 4.54(08) 8.824(−02) 3.701(−01) 3.845(−01) 3.66(−01)
8–19 1233.748 6.973(08) 3.698(08) 3.48(08) 6.365(−01) 3.420(−01) 3.221(−01)
9–19 2251.333 3.457(05) 6.305(06) 7.30(06) 1.051(−03) 1.648(−02) 1.887(−02)
10–19 2271.969 4.466(04) 2.421(06) 2.63(06) 1.382(−04) 6.344(−03) 6.807(−03)
3–20 148.267 1.378(08) 8.949(07) 9.085(−04) 5.760(−04)
5–20 1058.626 6.333(05) 1.717(05) 2.128(−04) 5.804(−05)
6–20 1064.537 6.918(06) 1.331(06) 2.351(−03) 4.332(−04)
7–20 1222.023 5.861(08) 6.643(08) 2.624(−01) 2.813(−01)
8–20 1227.526 6.666(07) 5.304(07) 3.012(−02) 2.458(−02)
10–20 2250.959 2.878(07) 2.829(07) 4.373(−02) 3.719(−02)
3–21 147.538 1.880(08) 1.114(08) 1.10(08) 2.454(−03) 1.422(−03) 1.339(−03)
4–21 981.153 1.120(07) 7.761(06) 5.01(06) 6.464(−03) 4.476(−03) 2.904(−03)
5–21 1022.589 4.986(06) 1.343(07) 1.08(07) 3.127(−03) 8.554(−03) 6.902(−03)
6–21 1028.103 1.619(07) 2.197(06) 1.026(−02) 1.348(−03)
7–21 1174.254 5.806(08) 2.535(08) 2.33(08) 4.801(−01) 2.008(−01) 1.853(−01) 2.24(−01)
8–21 1179.334 4.876(07) 4.094(08) 4.31(08) 4.067(−02) 3.538(−01) 3.741(−01) 3.42(−01)
9–21 2076.504 4.517(07) 4.361(07) 4.31(07) 1.168(−01) 1.018(−01) 1.002(−01)
10–21 2094.047 5.294(06) 3.415(06) 3.31(06) 1.392(−02) 7.996(−03) 7.726(−03)
1–22 92.226 2.083(10) 1.964(10) 1.96(10) 5.314(−02) 4.908(−02) 4.920(−02) 6.70(−02)
2–22 92.468 1.110(10) 1.232(10) 1.23(10) 2.845(−02) 3.108(−02) 3.097(−02) 4.26(−02)
3–23 146.805 5.237(06) 1.548(05) 6.769(−05) 1.968(−06)
4–23 949.626 7.718(08) 6.774(08) 6.81(08) 4.174(−01) 3.808(−01) 3.837(−01) 3.48(−01)
5–23 988.389 3.575(08) 3.063(08) 3.08(08) 2.095(−01) 1.899(−01) 1.909(−01) 1.89(−01)
6–23 993.539 5.751(08) 5.521(08) 5.52(08) 3.405(−01) 3.301(−01) 3.303(−01) 3.30(−01)
7–23 1129.379 4.435(06) 4.529(05) 5.45(04) 3.393(−03) 3.484(−04) 4.197(−05)
8–23 1134.078 3.772(06) 7.482(06) 5.32(06) 2.909(−03) 6.270(−03) 4.456(−03)
9–23 1940.178 1.976(06) 1.302(06) 4.461(−03) 2.892(−03)
10–23 1955.485 2.723(04) 9.887(04) 6.245(−05) 2.200(−04)
3–24 146.615 4.880(07) 2.590(07) 3.145(−04) 1.644(−04)
5–24 979.803 4.553(07) 2.065(06) 1.311(−02) 6.328(−04)
6–24 984.864 1.963(03) 3.411(06) 5.710(−07) 1.008(−03)
7–24 1118.182 2.447(08) 1.833(08) 9.173(−02) 6.964(−02)
8–24 1122.788 7.678(08) 6.707(08) 2.902(−01) 2.772(−01)
10–24 1922.160 1.678(07) 2.055(07) 1.859(−02) 2.237(−02)
5–25 735.260 4.657(06) 2.265(−03)
6–25 761.314 5.428(05) 1.357(04) 1.51(04) 2.830(−04) 7.164(−06) 8.035(−06)
7–25 838.603 7.411(04) 7.983(04) 4.688(−05) 5.100(−05)
9–25 1215.905 8.749(07) 7.805(07) 7.65(07) 1.163(−01) 1.035(−01) 1.020(−01) 1.09(−01)
10–25 1221.899 7.763(08) 7.612(08) 7.56(08) 1.043(+00) 1.011(+00) 1.006(+00) 1.11(+00)
4–26 733.553 8.310(05) 1.120(05) 1.20(05) 5.363(−04) 7.446(−05) 8.035(−05)
9–26 1211.242 8.876(08) 8.628(08) 8.56(08) 1.562(+00) 1.501(+00) 1.499(+00) 1.64(+00)
3–27 138.443 1.456(03) 4.078(06) 4.89(06) 1.674(−08) 4.622(−05)
4–27 682.827 3.924(05) 6.054(04) 6.24(04) 1.097(−04) 1.749(−05) 1.811(−05)
5–27 702.641 1.011(06) 5.116(-1) 1.89(00) 2.994(−04) 1.584(−10) 5.902(−10)
6–27 705.240 1.533(06) 1.283(06) 4.40(05) 4.573(−04) 1.294(−04) 1.339(−04)
7–27 771.072 1.238(06) 1.967(07) 2.00(07) 4.413(−04) 7.076(−03) 7.244(−03)
8–27 773.259 5.680(06) 5.306(06) 5.19(06) 2.037(−03) 2.024(−03) 1.995(−03)
9–27 1078.900 1.254(08) 7.247(07) 7.17(07) 8.756(−02) 5.049(−02) 5.023(−02)
10–27 1083.616 1.118(09) 1.117(09) 1.11(09) 7.875(−01) 7.792(−01) 7.798(−01) 8.03(−01)
4–28 679.840 2.305(07) 4.734(05) 4.88(05) 9.584(−03) 2.040(−04) 2.118(−04)
6–28 702.055 4.910(06) 5.481(03) 4.62(03) 2.177(−03) 2.467(−06) 2.094(−06)
7–28 767.266 6.267(06) 1.070(07) 1.05(07) 3.319(−03) 5.740(−03) 5.675(−03)
9–28 1071.462 1.150(09) 1.100(09) 1.10(09) 1.187(+00) 1.140(+00) 1.140(+00) 1.17(+00)
10–28 1076.114 1.288(08) 1.137(08) 1.13(08) 1.342(−01) 1.179(−01) 1.174(−01) 1.18(−01)
3–29 135.238 5.172(08) 7.112(08) 7.11(08) 5.673(−03) 7.758(−03) 7.762(−03)
4–29 611.374 2.805(07) 5.525(05) 5.48(05) 6.287(−03) 1.326(−04) 1.327(−04)
5–29 627.211 2.072(07) 1.148(05) 1.09(05) 4.888(−03) 2.936(−05) 2.818(−05)
6–29 629.281 2.656(05) 1.930(07) 1.92(07) 6.306(−05) 4.820(−03) 4.841(−03)
7–29 681.173 1.678(09) 1.402(09) 1.38(09) 4.670(−01) 4.104(−01) 4.083(−01) 4.32(−01)
8–29 682.880 3.009(08) 2.957(08) 2.92(08) 8.415(−02) 9.122(−02) 9.078(−02) 9.61(−02)
9–29 910.722 1.294(09) 1.235(09) 1.23(09) 6.436(−01) 6.498(−01) 6.486(−01)
10–29 914.081 1.412(08) 5.801(07) 5.69(07) 7.075(−02) 3.054(−02) 3.013(−02)
3–30 135.230 5.478(08) 8.058(08) 8.06(08) 3.004(−03) 4.368(−03) 4.355(−03)

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 387, 871–882



876 R. Hamdi et al.

Table 3 – continued

Transition λ (Å) Aki(s−1) gf
present FF NIST present FF NIST CT

5–30 627.022 7.195(07) 3.778(06) 3.77(06) 8.482(−03) 4.686(−04) 4.720(−04)
6–30 629.090 1.571(05) 4.630(06) 4.61(06) 1.864(−05) 5.608(−04) 5.636(−04)
7–30 680.950 6.378(08) 4.582(08) 4.52(08) 8.868(−02) 6.496(−02) 6.411(−02) 6.83(−02)
8–30 682.655 1.200(09) 1.070(09) 1.06(09) 1.677(−01) 1.596(−01) 1.588(−01) 1.68(−01)
10–30 913.679 1.459(09) 1.448(09) 1.44(09) 3.653(−01) 3.649(−01) 3.647(−01) 3.73(−01)
3–31 130.708 8.779(08) 6.247(08) 8.995(−03) 6.224(−03)
4–31 528.555 4.887(06) 1.410(05) 8.188(−04) 2.283(−05)
5–31 540.350 3.953(06) 1.024(04) 6.922(−04) 1.745(−06)
6–31 541.886 6.974(06) 2.069(06) 1.228(−03) 3.461(−04)
7–31 579.929 2.418(08) 1.207(08) 4.877(−02) 2.297(−02)
8–31 581.166 6.960(07) 2.686(07) 1.410(−02) 5.334(−03)
9–31 738.377 1.559(05) 2.646(06) 5.098(−05) 7.962(−04)
10–31 740.583 2.238(04) 1.572(06) 7.363(−06) 4.732(−04)
3–32 130.562 8.400(08) 5.510(08) 4.293(−03) 2.744(−03)
5–32 537.865 8.805(06) 6.903(05) 7.638(−04) 5.880(−05)
6–32 539.386 1.317(03) 7.534(05) 1.149(−07) 6.296(−05)
7–32 577.068 8.320(07) 7.216(07) 8.308(−03) 6.860(−03)
8–32 578.292 1.931(08) 1.451(08) 1.937(−02) 1.438(−02)
10–32 735.923 5.602(06) 1.894(06) 9.097(−04) 2.847(−04)
1–34 85.232 8.382(06) 2.275(07) 2.30(07) 5.477(−05) 1.464(−04) 1.482(−04)
1–35 85.224 9.086(05) 1.456(08) 1.45(08) 3.958(−06) 6.244(−04) 6.237(−04)
2–35 85.431 6.482(07) 3.464(07) 3.50(07) 2.837(−04) 1.498(−04) 1.517(−04)
1–36 85.181 8.300(07) 8.691(07) 8.61(07) 1.806(−04) 1.861(−04) 1.845(−04)
2–36 85.387 1.621(08) 2.003(08) 1.99(08) 3.545(−04) 4.328(−04) 4.295(−04)
1–38 84.422 8.666(07) 1.172(09) 1.18(09) 3.704(−04) 4.921(−03) 4.954(−03) 1.03(−01)
2–38 84.625 4.078(08) 2.408(09) 2.44(09) 1.751(−03) 1.020(−02) 1.035(−02) 1.96(−02)
1–41 84.133 8.295(08) 1.409(09) 1.761(−03) 2.958(−03)
2–41 84.334 5.368(08) 1.743(07) 1.145(−03) 3.690(−05)
1–42 84.066 4.006(08) 2.740(09) 1.698(−03) 1.148(−02)
2–42 84.267 3.639(07) 5.164(08) 1.550(−04) 2.182(−03) 3.00(−04)
1–43 83.927 1.359(08) 3.789(08) 8.612(−04) 2.374(−03) 1.46(−02)
1–45 83.974 1.817(10) 2.211(10) 1.153(−01) 1.386(−01)
1–46 83.742 3.143(10) 2.980(10) 2.99(10) 6.608(−02) 6.196(−02) 6.194(−02) 5.95(−02)
2–46 83.942 5.476(10) 4.368(10) 4.36(10) 1.157(−01) 9.156(−02) 9.141(−02) 8.40(−02)
1–47 83.546 6.063(10) 1.686(10) 1.77(10) 2.538(−01) 6.960(−02) 7.227(-02) 3.09(−01)
2–47 83.745 2.522(10) 9.938(10) 9.74(10) 1.061(−01) 4.138(−01) 4.064(−01) 4.00(−04)
1–48 83.678 4.790(10) 9.699(10) 9.60(10) 2.012(−01) 4.028(−01) 3.990(−01) 7.03(−02)
2–48 83.877 1.934(11) 9.296(10) 9.47(10) 8.162(−01) 3.894(−01) 3.981(−01) 8.26(−01)
1–49 83.595 2.281(11) 2.341(11) 2.34(11) 1.434(+00) 1.545(+00) 1.452(+00) 1.27(+00)
1–52 81.031 3.016(11) 2.850(11) 2.76(11) 5.939(−01) 5.556(−01) 5.395(−01) 6.00(−01)
2–52 81.218 7.742(10) 7.643(10) 8.45(10) 1.531(−01) 1.502(−01) 1.663(−01) 2.13(−01)
1–53 80.984 3.209(11) 2.749(11) 2.74(11) 1.262(+00) 1.068(+00) 1.069(+00) 1.33(+00)
2–53 81.171 3.233(10) 5.658(10) 5.67(10) 1.278(−01) 2.218(−01) 2.218(−01) 2.91(−01)
1–54 80.914 6.868(10) 6.732(10) 6.85(10) 1.348(−01) 1.306(−01) 1.333(−01) 2.11(−01)
2–54 81.100 2.860(11) 2.804(11) 2.78(11) 5.640(−01) 5.484(−01) 5.457(−01) 6.27(−01)
1–56 80.844 3.445(10) 6.766(10) 2.025(−01) 3.939(−01) 7.83(−02)
1–57 80.800 1.848(11) 1.335(11) 1.31(11) 1.085(+00) 7.764(−01) 7.603(−01) 1.59(+00)
1–58 80.755 1.352(10) 3.492(10) 3.50(10) 5.289(−02) 1.351(−01) 1.355(−01) 1.97(−01)
2–58 80.941 1.969(11) 1.891(11) 1.89(11) 7.735(−01) 7.380(−01) 7.362(−01) 1.01(+00)
1–59 78.069 8.919(09) 7.731(09) 7.74(09) 3.260(−02) 2.776(−02) 2.779(−02)
2–59 78.242 4.642(10) 5.577(10) 5.57(10) 1.704(−01) 2.018(−01) 2.018(−01) 2.72(−01)
1–60 78.025 4.737(10) 5.054(10) 5.05(10) 2.594(−01) 2.723(−01) 2.722(−01) 3.75(−01)
1–61 76.060 2.957(07) 1.539(−04)
1–62 75.899 3.236(09) 5.589(−03)
2–62 76.063 6.405(09) 1.111(−02)
1–63 75.797 1.243(09) 4.281(−03) 1.14(−02)
2–63 75.961 2.661(08) 9.209(−04)
1–64 75.676 2.243(10) 1.24(10) 7.702(−02) 4.197(−02) 4.21(−02)
2–64 75.839 4.741(09) 2.11(09) 1.635(−02) 7.194(−03) 7.20(−03)
1–65 75.583 5.689(09) 9.746(−03)
2–65 75.746 1.202(10) 2.069(−02)
4–66 278.937 1.029(10) 7.204(−01)
6–66 282.606 2.931(09) 2.106(−01)
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Table 3 – continued

Transition λ (Å) Aki(s−1) gf
present FF NIST present FF NIST CT

7–66 292.617 2.511(07) 1.934(−03)
9–66 328.147 5.179(07) 5.016(−03)
10–66 328.582 6.473(03) 6.287(−07)
3–67 107.011 3.996(06) 2.744(−05)
4–67 278.853 6.399(09) 2.984(−01)
5–67 282.101 3.730(09) 1.780(−01)
6–67 282.519 1.629(09) 7.796(−02)
7–67 292.524 1.005(07) 5.159(−04)
8–67 292.839 4.215(08) 2.168(−02)
9–67 328.031 2.309(07) 1.490(−03)
10–67 328.466 2.775(06) 1.796(−04)
3–68 106.811 3.368(06) 1.152(−05)
5–68 280.715 1.075(09) 2.539(−02)
6–68 281.129 1.059(10) 2.511(−01)
7–68 291.034 3.005(07) 7.632(−04)
8–68 291.345 6.976(07) 1.776(−03)
10–68 326.587 8.116(06) 2.596(−04)
4–69 273.806 3.264(09) 2.935(−01)
9–69 321.069 7.827(06) 9.678(−04)
3–70 105.978 6.730(03) 2.266(−08)
5–70 275.031 3.121(09) 7.079(−02)
6–70 275.428 3.863(02) 8.788(−09)
7–70 284.929 8.093(04) 1.970(−06)
8–70 285.227 1.165(08) 2.841(−03)
10–70 318.919 1.142(04) 3.482(−07)
3–71 105.843 1.511(06) 1.011(−05)
4–71 271.056 9.192(06) 4.050(−04)
5–71 274.125 1.417(09) 6.385(−02)
6–71 274.519 1.151(09) 5.201(−02)
7–71 283.956 3.861(04) 1.867(−06)
8–71 284.252 2.438(08) 1.181(−02)
9–71 317.295 4.312(06) 2.603(−04)
10–71 317.701 6.615(04) 4.004(−06)
4–72 270.433 5.068(07) 3.334(−03)
6–72 273.880 1.299(09) 8.765(−02)
7–72 283.272 2.124(09) 1.533(−01)
9–72 316.441 3.720(04) 3.351(−06)
10–72 316.845 3.494(05) 3.155(−05)
4–73 271.104 2.072(08) 1.370(−02)
6–73 274.569 1.876(09) 1.272(−01)
7–73 284.009 8.893(08) 6.453(−02)
9–73 317.361 2.303(06) 2.086(−04)
10–73 317.768 6.699(06) 6.085(−04)
3–74 105.742 2.059(05) 1.381(−06)
4–74 270.396 1.558(08) 6.832(−03)
5–74 273.449 5.931(08) 2.660(−02)
6–74 273.842 6.104(05) 2.745(−05)
7–74 283.232 3.949(08) 1.900(−02)
8–74 283.526 2.129(09) 1.026(−01)
9–74 316.390 1.947(06) 1.169(−04)
10–74 316.795 1.613(06) 9.709(−05)
3–75 105.683 1.462(07) 4.896(−05)
5–75 273.056 1.449(06) 3.239(−05)
6–75 273.447 1.060(07) 2.376(−04)
7–75 282.809 2.598(09) 6.230(−02)
8–75 283.103 5.264(07) 1.265(−03)
10–75 316.266 4.386(08) 1.315(−02)
3–76 105.361 2.021(06) 1.345(−05)
4–76 267.917 3.085(08) 1.328(−02)
5–76 270.915 1.073(09) 4.722(−02)
6–76 271.300 1.127(09) 4.973(−02)
7–76 280.513 1.603(07) 7.565(−04)
8–76 280.802 3.923(07) 1.855(−03)
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Table 3 – continued

Transition λ (Å) Aki(s−1) gf
present FF NIST present FF NIST CT

9–76 313.002 1.264(06) 7.425(−05)
10–76 313.398 1.091(06) 6.425(−05)
3–77 104.974 4.741(07) 3.133(−04)
4–77 265.429 3.542(06) 1.497(−04)
5–77 268.371 6.593(07) 2.848(−03)
6–77 268.750 7.602(06) 3.293(−04)
7–77 277.787 1.359(09) 6.288(−02)
8–77 278.07 1.709(08) 7.925(−03)
9–77 309.612 1.217(09) 6.997(−02)
10–77 309.999 1.274(08) 7.344(−03)
3–78 104.935 3.845(07) 1.270(−04)
5–78 268.119 1.251(08) 2.696(−03)
6–78 268.497 1.917(07) 4.144(−04)
7–78 277.517 1.251(06) 2.888(−05)
8–78 277.800 1.619(09) 3.747(−02)
10–78 309.663 8.910(08) 2.562(−02)
1–79 73.253 9.110(09) 8.24(09) 4.398(−02) 3.935(−02) 3.94(−02)
1–80 73.232 1.305(09) 4.198(−03)
2–80 73.385 7.299(09) 2.357(−02)
1–82 72.246 2.920(08) 1.371(−03)
1–83 72.222 1.216(02) 3.802(−10)
2–83 72.371 2.423(08) 7.611(−04)
1–84 72.175 5.005(08) 7.818(−04)
2–84 72.323 9.647(08) 1.513(−03)
1–87 71.976 2.262(10) 1.054(−01) 1.89(−01)
1–88 71.976 1.382(08) 4.293(−04)
2–88 72.124 6.586(08) 2.055(−03) 1.03(−01)
1–89 71.910 2.267(09) 3.515(−03)
2–89 72.057 3.055(09) 4.756(−03)
1–90 71.845 1.208(09) 3.740(−03) 2.35(−02)
2–90 71.991 2.033(07) 6.318(−05) 2.00(−04)
1–91 71.742 1.462(09) 6.769(−03) 1.96(−02)
1–92 71.793 1.906(10) 8.839(−02)
1–94 71.761 2.760(10) 2.19(10) 4.261(−02) 3.341(−02) 3.34(−02)
2–94 71.907 5.142(10) 3.56(10) 7.972(−02) 5.457(−02) 5.47(−02)
1–95 71.761 2.760(10) 7.20(10) 4.261(−02)
2–95 71.907 5.142(10) 3.26(07) 7.972(−02) 1.000(−04) 1.00(−04)

X-ray laser research. Our transition probabilities are compared with
NIST values and multiconfiguration Hartree–Fock (MCHF) results
of Froese Fischer & Tachiev (2004), who use the observed energies
for the calculation of transition probabilities. The agreement is by
less than 30 per cent for 70 per cent of strong transitions (A>108 s−1)
of NIST compilation. The agreement is much less for weak ones.
For weighted oscillator strengths, comparison is made also with
Coutinho & Trigueiros (1999) results obtained using multiconfigu-
ration Hartree–Fock relativistic (HFR) approach. In their work the
adjusted energy levels were used to optimize the electrostatic pa-
rameters, these optimized parameters were used again to calculate
the gf values. In general, our oscillator strengths are in good agree-
ment with the other works except for a few transitions as for example
2–5, 1–6, 2–6, 2–38 for which we observe large disagreement. For
the transitions 1–47, 2–48, 2–42 our oscillator strengths agree bet-
ter with Coutinho & Trigueiros results. On the other hand, for the
transitions 2–47, 1–48, 1–56 the agreement with Froese-Fischer &
Tachiev values is better. For the transitions 3–15, 1–38 all three
methods give different results. The inclusion of a larger number of
configurations has an important effect on wavefunctions and A val-
ues. TEC of the 2s2p6 2S1/2 level improve slightly our results. For

example for the 2–3 transition our A value was 1.022E+10 s−1 and
became 8.840E+09 s−1, NIST one is 8.46E+09 s−1. The correction
of quartet terms do not improve the results.

By combining the SUPERSTRUCTURE code for calculating energy
levels and oscillator strengths and the code for the Stark broadening
calculations, we calculated Stark broadening parameters. Calculated
Stark broadening widths [full width at half-maximum (FWHM)] and
shifts for a perturber densities of 1017 cm−3 and temperatures from
50 000 up to 800 000 K are shown in Table 4 for electron-, proton-
and singly ionized helium-impact broadening. Such temperatures
are of interest for the modelling and analysis of X-ray spectra, such
as the spectra obtained by Chandra, modelling of some hot star
atmospheres (e.g. DO white dwarf and PG 1195), subphotospheric
layers, soft X-ray lasers and laser produced plasmas. Higher temper-
atures are of interest for fusion plasma as well as for stellar interiors.

We also specify a parameter C (Dimitrijević & Sahal-Bréchot
1984), which gives an estimate for the maximal perturber density for
which the line may be treated as isolated, when it is divided by the
corresponding FWHM. For each value given in Table 4 the collision
volume V multiplied by the perturber density N is much less than
one and the impact approximation is valid (Sahal-Bréchot 1969a,b).
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Table 4. This table gives electron-, proton- and singly charged helium-impact broadening parameters for Si VI lines calculated using SUPERSTRUCTURE oscillator
strength, for a perturber density of 1017 cm−3 and temperature of 50 000 to 800 000 K. Transitions, averaged wavelength for the multiplet (in Å) and parameter
C are also given. This parameter when divided with the corresponding Stark width gives an estimate for the maximal perturber density for which the line
may be treated as isolated. we: electron-impact full Stark width at half-maximum; de: electron-impact Stark shift; wH

+: proton-impact full Stark width at
half-maximum; dH

+: proton-impact Stark shift; wHe
+: singly charged helium-impact full Stark width at half-maximum; dHe

+: singly charged helium-impact
Stark shift; wMSE: electron-impact full Stark width at half-maximum calculated by Dimitrijević (1993) using modified semi-empirical formula (Dimitrijević &
Konjević 1980).

Transition T (K) we de w+
H d+

H w+
He d+

He wMSE

Si VI 3S-3P 50000 0.750E-02 −0.577E-04 0.360E-04 −0.260E-04 0.687E-04 −0.500E-04 0.415E-02
1226.7 Å 100000 0.532E-02 −0.739E-04 0.897E-04 −0.516E-04 0.173E-03 −0.103E-03 0.294E-02

C = 0.11E+21 200000 0.387E-02 −0.784E-04 0.177E-03 −0.920E-04 0.344E-03 −0.185E-03 0.212E-02
400000 0.291E-02 −0.100E-03 0.269E-03 −0.139E-03 0.529E-03 −0.280E-03 0.169E-02
800000 0.227E-02 −0.888E-04 0.347E-03 −0.189E-03 0.693E-03 −0.384E-03 0.147E-02

Si VI 3S-3P 50000 0.681E-02 −0.660E-04 0.346E-04 −0.294E-04 0.660E-04 −0.566E-04 0.375E-02
1187.2 Å 100000 0.486E-02 −0.841E-04 0.866E-04 −0.582E-04 0.167E-03 −0.116E-03 0.265E-02

C = 0.67E+20 200000 0.354E-02 −0.890E-04 0.171E-03 −0.102E-03 0.335E-03 −0.205E-03 0.191E-02
400000 0.267E-02 −0.109E-03 0.262E-03 −0.150E-03 0.517E-03 −0.304E-03 0.152E-02
800000 0.208E-02 −0.993E-04 0.340E-03 −0.203E-03 0.678E-03 −0.412E-03 0.132E-02

Si VI 3S′-3P′ 50000 0.716E-02 −0.644E-04 0.471E-04 −0.212E-04 0.899E-04 −0.409E-04 0.389E-02
1228.8 Å 100000 0.509E-02 −0.599E-04 0.113E-03 −0.424E-04 0.219E-03 −0.842E-04 0.275E-02

C = 0.72E+20 200000 0.370E-02 −0.615E-04 0.213E-03 −0.771E-04 0.416E-03 −0.155E-03 0.198E-02
400000 0.278E-02 −0.770E-04 0.314E-03 −0.119E-03 0.618E-03 −0.241E-03 0.158E-02
800000 0.216E-02 −0.691E-04 0.389E-03 −0.164E-03 0.774E-03 −0.331E-03 0.137E-02

Si VI 3S′-3P′ 50000 0.572E-02 −0.376E-04 0.399E-04 −0.131E-04 0.762E-04 −0.252E-04 0.312E-02
1087.4 Å 100000 0.408E-02 −0.358E-04 0.948E-04 −0.263E-04 0.183E-03 −0.521E-04 0.220E-02

C = 0.56E+20 200000 0.297E-02 −0.371E-04 0.176E-03 −0.487E-04 0.344E-03 −0.978E-04 0.158E-02
400000 0.223E-02 −0.460E-04 0.256E-03 −0.774E-04 0.505E-03 −0.156E-03 0.126E-02
800000 0.174E-02 −0.413E-04 0.313E-03 −0.107E-03 0.623E-03 −0.216E-03 0.109E-02

Si VI 3S-3P 50000 0.842E-02 −0.107E-03 0.361E-04 −0.374E-04 0.690E-04 −0.721E-04 0.436E-02
1314.8 Å 100000 0.598E-02 −0.118E-03 0.927E-04 −0.740E-04 0.179E-03 −0.147E-03 0.309E-02

C = 0.13E+21 200000 0.434E-02 −0.116E-03 0.189E-03 −0.129E-03 0.368E-03 −0.260E-03 0.224E-02
400000 0.326E-02 −0.148E-03 0.295E-03 −0.190E-03 0.582E-03 −0.384E-03 0.180E-02
800000 0.254E-02 −0.134E-03 0.392E-03 −0.256E-03 0.784E-03 −0.519E-03 0.155E-02

Si VI 3S-3P 50000 0.656E-02 −0.682E-04 0.295E-04 −0.254E-04 0.563E-04 −0.488E-04 0.343E-02
1145.4 Å 100000 0.466E-02 −0.797E-04 0.745E-04 −0.503E-04 0.144E-03 −0.999E-04 0.242E-02

C = 0.10E+21 200000 0.338E-02 −0.787E-04 0.149E-03 −0.887E-04 0.290E-03 −0.178E-03 0.175E-02
400000 0.254E-02 −0.102E-03 0.229E-03 −0.132E-03 0.452E-03 −0.267E-03 0.141E-02
800000 0.198E-02 −0.909E-04 0.300E-03 −0.179E-03 0.599E-03 −0.364E-03 0.122E-02

Si VI 2P-3S 50000 0.209E-04 −0.851E-06 0.885E-08 0.227E-06 0.169E-07 0.438E-06 0.154E-04
100.2 Å 100000 0.138E-04 0.531E-06 0.665E-07 0.449E-06 0.128E-06 0.891E-06 0.109E-04

C = 0.73E+18 200000 0.976E-05 0.815E-06 0.288E-06 0.780E-06 0.571E-06 0.157E-05 0.791E-05
400000 0.740E-05 0.981E-06 0.709E-06 0.114E-05 0.143E-05 0.231E-05 0.628E-05
800000 0.577E-05 0.918E-06 0.131E-05 0.153E-05 0.262E-05 0.311E-05 0.541E-05

Si VI 2P-3D 50000 0.267E-04 −0.113E-05 0.147E-06 −0.328E-07 0.280E-06 −0.631E-07 0.194E-04
83.8 Å 100000 0.179E-04 −0.289E-06 0.365E-06 −0.663E-07 0.703E-06 −0.131E-06 0.137E-04

C = 0.77E+18 200000 0.130E-04 −0.490E-07 0.715E-06 −0.128E-06 0.139E-05 −0.257E-06 0.969E-05
400000 0.967E-05 −0.134E-06 0.108E-05 −0.221E-06 0.212E-05 −0.444E-06 0.747E-05
800000 0.741E-05 −0.802E-07 0.139E-05 −0.321E-06 0.277E-05 −0.647E-06 0.631E-05

Si VI 2P-3D 50000 0.266E-04 −0.116E-05 0.147E-06 −0.165E-07 0.280E-06 −0.318E-07 0.193E-04
83.8 Å 100000 0.174E-04 −0.200E-06 0.364E-06 −0.335E-07 0.701E-06 −0.664E-07 0.137E-04

C = 0.35E+18 200000 0.125E-04 0.533E-07 0.712E-06 −0.662E-07 0.139E-05 −0.132E-06 0.967E-05
400000 0.929E-05 −0.605E-08 0.107E-05 −0.121E-06 0.211E-05 −0.243E-06 0.748E-05
800000 0.709E-05 0.492E-07 0.139E-05 −0.188E-06 0.275E-05 −0.380E-06 0.631E-05

Si VI 2P-3S′ 50000 0.202E-04 −0.613E-06 0.106E-07 0.247E-06 0.202E-07 0.475E-06 0.139E-04
96.7 Å 100000 0.135E-04 0.635E-06 0.787E-07 0.484E-06 0.152E-06 0.961E-06 0.984E-05

C = 0.45E+18 200000 0.958E-05 0.879E-06 0.317E-06 0.831E-06 0.629E-06 0.167E-05 0.712E-05
400000 0.728E-05 0.105E-05 0.752E-06 0.121E-05 0.151E-05 0.244E-05 0.564E-05
800000 0.570E-05 0.993E-06 0.139E-05 0.158E-05 0.278E-05 0.321E-05 0.486E-05
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Table 4 – continued

Transition T (K) we de w+
H d+

H w+
He d+

He wMSE

Si VI 2P-3D′ 50000 0.277E-04 −0.116E-05 0.212E-06 −0.144E-07 0.405E-06 −0.277E-07 0.178E-04
81.2 Å 100000 0.176E-04 −0.202E-06 0.504E-06 −0.291E-07 0.972E-06 −0.578E-07 0.126E-04

C = 0.58E+18 200000 0.127E-04 0.363E-07 0.935E-06 −0.577E-07 0.183E-05 −0.115E-06 0.902E-05
400000 0.937E-05 −0.255E-07 0.136E-05 −0.106E-06 0.268E-05 −0.213E-06 0.710E-05
800000 0.716E-05 0.289E-07 0.166E-05 −0.166E-06 0.330E-05 −0.336E-06 0.612E-05

Si VI 2P-3D′ 50000 0.273E-04 −0.119E-05 0.214E-06 −0.231E-07 0.408E-06 −0.445E-07 0.179E-04
81.2 Å 100000 0.174E-04 −0.260E-06 0.508E-06 −0.468E-07 0.981E-06 −0.928E-07 0.126E-04

C = 0.59E+18 200000 0.125E-04 −0.196E-07 0.942E-06 −0.916E-07 0.184E-05 −0.183E-06 0.904E-05
400000 0.923E-05 −0.845E-07 0.137E-05 −0.161E-06 0.270E-05 −0.324E-06 0.710E-05
800000 0.704E-05 −0.422E-07 0.167E-05 −0.239E-06 0.332E-05 −0.483E-06 0.610E-05

Si VI 2P-3D′ 50000 0.270E-04 −0.107E-05 0.219E-06 −0.148E-07 0.419E-06 −0.285E-07 0.179E-04
81.0 Å 100000 0.175E-04 −0.202E-06 0.520E-06 −0.299E-07 0.100E-05 −0.594E-07 0.127E-04

C = 0.60E+18 200000 0.126E-04 0.317E-07 0.960E-06 −0.592E-07 0.187E-05 −0.118E-06 0.905E-05
400000 0.935E-05 −0.301E-07 0.139E-05 −0.109E-06 0.274E-05 −0.218E-06 0.711E-05
800000 0.714E-05 0.195E-07 0.169E-05 −0.170E-06 0.336E-05 −0.343E-06 0.609E-05

Si VI 3S′-3P′ 50000 0.439E-02 −0.460E-04 0.328E-04 −0.168E-04 0.626E-04 −0.324E-04 0.241E-02
918.8 Å 100000 0.314E-02 −0.597E-04 0.773E-04 −0.333E-04 0.149E-03 −0.662E-04 0.171E-02

C = 0.40E+20 200000 0.229E-02 −0.606E-04 0.142E-03 −0.586E-04 0.278E-03 −0.118E-03 0.123E-02
400000 0.173E-02 −0.737E-04 0.206E-03 −0.869E-04 0.407E-03 −0.176E-03 0.976E-03
800000 0.135E-02 −0.698E-04 0.252E-03 −0.118E-03 0.500E-03 −0.239E-03 0.845E-03

Si VI 3S-3P 50000 0.510E-02 −0.414E-04 0.244E-04 −0.159E-04 0.465E-04 −0.306E-04 0.263E-02
995.6 Å 100000 0.362E-02 −0.514E-04 0.604E-04 −0.317E-04 0.116E-03 −0.630E-04 0.186E-02

C = 0.75E+20 200000 0.263E-02 −0.509E-04 0.118E-03 −0.569E-04 0.230E-03 −0.114E-03 0.134E-02
400000 0.198E-02 −0.655E-04 0.179E-03 −0.864E-04 0.352E-03 −0.175E-03 0.107E-02
800000 0.155E-02 −0.589E-04 0.230E-03 −0.118E-03 0.458E-03 −0.240E-03 0.923E-03

When the impact approximation is not valid, the ion broadening
contribution may be estimated by using the quasi-static approach
(Griem 1974; Sahal-Bréchot 1991; Ben Nessib, Ben Lakhdar &
Sahal-Bréchot 1996).

Unfortunately, no experimental data are yet available for the
Stark broadening parameters so that the comparison is made only
with Dimitrijević’s (1993) results obtained using the modified semi-
empirical formula (Dimitrijević & Konjević 1980). All our values
are greater than Dimitrijević’s ones. The ratio we/wMSE shows in
average an agreement within 56 per cent. Low disagreements are
usually found for resonance lines, for example for the spectral line
2p5 2P◦-2p4(3P)3s 2P (λ = 100, 2 Å) the ratio we/wMSE is only 1.06
for T = 800 000 K.

4 S TA R K B ROA D E N I N G E F F E C T I N W H I T E
DWA R F AT M O S P H E R E S

White dwarfs are separated in two distinct spectroscopic sequences,
the DA and non-DA white dwarfs. The former ones display a pure
hydrogen (optical) spectrum. The second, helium-rich sequence
comprise DO (Teff > 45 000 K), DB (11 000 < Teff < 30 000 K) and
DC (Teff < 11 000 K) white dwarfs. At the highest effective temper-
atures the DOs are connected to the helium, carbon and oxygen-rich
PG 1159.

Silicon, in various ionization stages, is present in the DO white
dwarf atmospheres (Werner et al. 1995). We used our results
for Stark widths to examine the importance of electron-impact
broadening in atmospheres of DO white dwarfs for a trace ele-
ment like Si VI. Model atmospheres were taken from Wesemael
(1981).

In hot star atmospheres, besides electron-impact broadening
(Stark broadening), the important broadening mechanism is a
Doppler (thermal) one as well as the broadening due to the turbu-
lence and stellar rotation. Other types of spectral line broadening,
such as van der Waals, resonance and natural broadening, are usu-
ally negligible. For a Doppler-broadened spectral lines, the intensity
distribution is not Lorentzian as for electron-impact broadening but
Gaussian, whose full half-width of the spectral lines may be deter-
mined by the equation (see e.g. Konjević 1999)

wD [Å] = 7.16 × 10−7λ [Å]

√
T [K]
MSi

, (6)

where atomic weight for silicon is MSi = 28.1 au.
The importance of Stark broadening in stellar atmospheres is il-

lustrated in Figs 1–4. In Fig. 1 Stark (FWHM) and Doppler widths
for Si VI 2p4(3P)3s 2P-2p4(3P)3p 2D◦ (λ = 1226, 7 Å) spectral line
as a function of atmospheric layer temperatures are shown. Stark
widths are shown for six atmospheric models with effective tem-
perature Teff = 50 000–100 000 K and logarithm of surface gravity
log g = 8. We can see in Fig. 1 that Stark broadening is more impor-
tant than Doppler broadening for deeper atmospheric layers for all
effective temperatures. For white dwarf with effective temperature
Teff = 50 000 K, Stark and Doppler widths are equal for temperature
layer T ≈ 70 000 K, and for white dwarf with effective temperature
Teff = 100 000 K, Stark and Doppler are equal for temperature layer
T ≈ 125 000 K. One should take into account, however, that even
when the Doppler width is larger than Stark width, due to different
behaviour of Gaussian and Lorentzian distributions, Stark broad-
ening may be important in line wings. In Fig. 2 we present Stark
(FWHM) and Doppler widths for Si VI (λ = 1226, 7 Å) spectral line
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Figure 1. Stark and Doppler widths for Si VI 2p4(3P)3s 2P-2p4(3P)3p 2D◦
(λ = 1226, 7 Å) spectral line as a function of atmospheric layer temper-
atures. Stark widths are shown for six atmospheric models with effective
temperature Teff = 50 000–100 000 K and log g = 8.

Figure 2. Stark and Doppler widths for Si VI 2p4(3P)3s 2P-2p4(3P)3p 2D◦
(λ = 1226, 7 Å) spectral line as a function of Rosseland optical depth. Stark
widths are shown for six atmospheric models with effective temperature
Teff = 50 000–100 000 K and log g = 8.

Figure 3. Stark and Doppler widths for Si VI 2p4(3P)3s 2P-2p4(3P)3p 2D◦
(λ = 1226, 7 Å) spectral line as a function of atmospheric layer temperatures.
Stark widths are shown for four values of model gravity log g = 6–9, Teff =
80 000 K.

Figure 4. Stark and Doppler widths for Si VI 2p4(3P)3s 2P-2p4(3P)3p 2D◦
(λ = 1226, 7 Å) spectral line as a function of Rosseland optical depth. Stark
widths are shown for four values of model gravity log g = 6–9, Teff =
80 000 K.

as a function of Rosseland optical depth for the same atmospheric
models as in Fig. 1.

The dependence of Stark and Doppler broadening in atmospheric
layer temperature for four values of surface gravity is shown in
Fig. 3. Atmospheric models used here have effective temperature
Teff = 80 000 K. For stellar atmosphere with higher values of surface
gravity (log g = 8–9), Stark broadening is significantly larger than
Doppler one. For stellar atmosphere with surface gravity log g = 7,
Stark widths are comparable to Doppler widths only for deeper hot
atmospheric layer. For stellar atmospheres with log g = 6, Doppler
broadening is dominant for all atmospheric layers.

5 C O N C L U S I O N S

In present work we have calculated ab initio energy levels for the
eight lowest configurations of Si VI. We have also calculated transi-
tion probabilities and oscillator strengths for 288 transitions. These
data are useful for interpretation of laboratory and astrophysical
spectra, since the reliability of the predicted emergent spectra and
the derived spectral diagnoses is directly influenced by the qual-
ity of radiative data. The method used here is semirelativistic one,
the relativistic corrections are included by using the Breit–Pauli
Hamiltonian as perturbation to the non-relativistic Hamiltonian. To
make fully relativistic calculation, the GRASP code (Dyall et al. 1989)
can be used. One should note also that Martin & Wiese (1976) inves-
tigated the influence of relativistic effects on the oscillator strength
values for the lithium isoelectronic sequences and found that the
influence is not important on investigated f values for the ionization
degrees investigated in our work. We have reported results of Stark
broadening parameter calculations for 15 spectral lines of Si VI. For
the simple spectrum, the Stark broadening parameters of different
lines are nearly the same within a multiplet (Wiese & Konjević
1992). Consequently, we have used the averaged atomic data for a
multiplet as a whole and calculate the corresponding Stark widths
and shifts. We see that using the SUPERSTRUCTURE code one obtains
a set of energy levels and oscillator strengths, enabling a calculation
of Stark broadening parameters when other theoretical and experi-
mental data do not exist. The Stark broadening parameters obtained
here, contribute to the creation of a set of such data for as large
as possible number of spectral lines, of significance for a number
of problems in astrophysical, laboratory and technological plasma
research. Our analysis of the influence of Stark broadening on Si VI
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(λ = 1226, 7 Å) spectral line for stellar plasma conditions demon-
strates the importance of this broadening mechanism for hot, high
gravity star atmospheres, as for example DO white dwarfs.

AC K N OW L E D G M E N T S

We would like to thank C. J. Zeippen for providing his version of
SUPERSTRUCTURE code. This work is a part of the projects 146001
‘Influence of Collisional Processes on Astrophysical Plasma Line
Shapes’ and 146002 ‘Astrophysical Spectroscopy of Extragalactic
Objects’ supported by the Ministry of Science of Serbia.

R E F E R E N C E S

Bates D. R., Damgaard A., 1949, Philos. Trans. R. Soc. Lond. A, 242, 101
Ben Nessib N., Ben Lakhdar Z., Sahal-Bréchot S., 1996, Phys. Scr., 54, 608
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Wiese W. L., Konjević N., 1992, J. Quant. Spectrosc. Radiat. Transfer, 47,

185
Zeippen C. J., Seaton M. J., Morton D. C., 1977, MNRAS, 181, 527

This paper has been typeset from a TEX/LATEX file prepared by the author.

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 387, 871–882



Mon. Not. R. Astron. Soc. 387, 871–882 (2008) doi:10.1111/j.1365-2966.2008.13284.x

Atomic data and electron-impact broadening effect in DO white dwarf
atmospheres: Si VI

R. Hamdi,1 N. Ben Nessib,1 N. Milovanović,2 L. Č. Popović,2 M. S. Dimitrijević2�
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ABSTRACT
Energy levels, electric dipole transition probabilities and oscillator strengths in five times
ionized silicon have been calculated in intermediate coupling. The present calculations were
carried out with the general purpose atomic structure program SUPERSTRUCTURE. The relativistic
corrections to the non-relativistic Hamiltonian are taken into account through the Breit–Pauli
approximation. We have also introduced a semi-empirical correction [term energy corrections
(TEC)] for the calculation of the energy levels. These atomic data are used to provide semiclas-
sical electron-, proton- and ionized helium-impact linewidths and shifts for 15 Si VI multiplet.
Calculated results have been used to consider the influence of Stark broadening for DO white
dwarf atmospheric conditions.

Key words: atomic data – atomic processes – line: formation – stars: atmospheres – white
dwarfs.

1 I N T RO D U C T I O N

Atomic data such as transition probabilities (A) play an important
role in the diagnostics and modelling of laboratory plasmas (Griem
1974). Various kinetic processes appearing in plasma modelling
need reliable knowledge of A values. Further, knowledge of A values
gives a possibility for determination of coefficients (B) which char-
acterize the absorption and stimulated emission. These processes
are also important in laser physics. The classification of transitions
and determination of energy levels are essential parts of the study
of a laboratory spectrum. The lack of available atomic data limits
our ability to infer reliably the properties of many cosmic plasmas
and, hence, address many of the fundamental issues in astrophysics
(Savin 2001).

Accurate Stark broadening parameters are important to obtain
a reliable modelization of stellar interiors. The Stark broadening
mechanism is also important for the investigation, analysis and mod-
elling of B-type, and particularly A-type, stellar atmospheres, as
well as for white dwarf atmospheres (see e.g. Popović et al. 2001;
Dimitrijević et al. 2007).

Silicon, in various ionization stages, is detected in the atmo-
spheres of DO white dwarfs (Werner, Dreizler & Wolff 1995). Si VI

lines have been observed as well for example in coronal line re-

�E-mail: mdimitrijevic@aob.bg.ac.yu

gions of planetary nebulae NGC 6302 and 6537 (Casassus, Roche
& Barlow 2000).

Uzelac and collaborators (Uzelac et al. 1993) studied plasma
broadening of Ne II–Ne VI and F IV–F V experimentally and the-
oretically, they found that the results of simplified semiclassical
(Griem 1974, equation 526) calculations show better agreement at
higher ionization stages, while the modified semi-empirical formula
(Dimitrijević & Konjević 1980) seems to be better for the low-
ionization stages. Unfortunately, due to the lack of atomic data, most
of the reported sophisticated semiclassical Stark broadening param-
eters relate to spectral lines of neutral- and low-ionization stages. In
previous papers (Ben Nessib, Dimitrijević & Sahal-Bréchot 2004;
Hamdi et al. 2007), we calculated Stark broadening parameters
of quadruply ionized silicon and neon using SUPERSTRUCTURE and
Bates & Damgaard (1949) method for oscillator strengths and we
found that the difference is tolerable.

Si VI ion belongs to the fluorine-like sequence, its ground state
configuration is 1s22s22p5 with the term 2P◦. In this work we present
fine-structure energy levels, transition probabilities and oscillator
strengths for Si VI ion. The atomic structure code SUPERSTRUCTURE

was used, which allows for configuration interaction (CI), relativis-
tic effects and semi-empirical term energy corrections (TEC). Cal-
culated energies and oscillator strengths are used to provide Stark
broadening parameters due to electron-, proton- and ionized helium
impact of Si VI lines. The obtained Stark broadening parameters are
used to investigate the influence of Stark broadening mechanism
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in hot, high gravity star atmospheres, as for example DO white
dwarfs.

2 T H E M E T H O D

In this work, the calculations were carried out with the general
purpose atomic structure program SUPERSTRUCTURE (Eissner, Jones
& Nussbaumer 1974), as modified by Nussbaumer & Storey (1978).
The atomic model used to calculate energies of terms or levels and
transition probabilities include 26 configurations: 2s22p5, 2s2p6,
2s22p43�, 2s22p44�, 2s22p45�, 2s22p46�, 2s2p53� and 2p63� (� � n
− 1). CI effects were fully taken into account. The wave functions
are of the type

� =
∑

i

�i Ci , (1)

where the basis functions �i are constructed using one-electron
orbitals. The latter are calculated with a scaled Thomas–Fermi sta-
tistical model potential or obtained from the Coulomb potential.
For each radial orbital Pnl (r), the potential can be adjusted using a
parameter called λ. In the present case, those n- and l-dependent
scaling parameters λnl were determined variationally by optimizing
the weighted sum of the term energies. The Pnl are orthogonalized
to each other such that the function Pn1l is orthogonalized to the
function Pn2l when n2 < n1. The values adopted for the λnl param-
eters are presented in Table 1. In this approach the Hamiltonian is
taken to be in the form

H = Hnr + HBP, (2)

relativistic corrections are included in Breit–Pauli Hamiltonian
(HBP) as perturbation to the non-relativistic Hamiltonian (Hnr). HBP

contains the one-electron operators for the mass correction, the
Darwin contact term, the spin–orbit interaction in the field of the
nucleus and the two-electron operators for spin–orbit, spin–other
orbit and spin–spin interactions. We also use the so-called TEC in-
troduced by Zeippen, Seaton & Morton (1977), in which the Hamil-
tonian matrix is empirically adjusted to give the best agreement
between experimental energies and the final calculated term ener-
gies including the relativistic effects. In practice, the TEC for a given
term is simply the difference between the calculated and measured
energy of the lowest level in the multiplet.

Stark broadening parameter calculations have been performed
within the semiclassical perturbation method (Sahal-Bréchot
1969a,b). A detailed description of this formalism with all the inno-
vations is given in Sahal-Bréchot (1969a,b, 1974, 1991), Fleurier,
Sahal-Bréchot & Chapelle (1977), Dimitrijević, Sahal-Bréchot &
Bommier (1991) and Dimitrijević & Sahal-Bréchot (1996). The full
half-width (w) and shift (d) of an electron-impact broadened spectral

Table 1. Optimized parameters λnl adopted for the 26-configuration model
calculation. Positive values for Thomas–Fermi–Dirac potential and negative
values for Coulomb potential.

n, l λnl n, l λnl n, l λnl n, l λnl

1s 1.4653 4s 1.1091 5d 1.1015 6f −0.6629
2s 1.1844 4p 1.0960 5f 1.1135 6g −1.0777
2p 1.1389 4d 1.1103 5g 1.0776 6h −1.3002
3s 1.1078 4f 1.0478 6s 4.8162
3p 1.0762 5s 1.1580 6p 6.2669
3d 1.1808 5p 1.0902 6d 5.3865

line can be expressed as

W = N

∫
v f (v) dv

[
∑

i ′ �=i

σi i ′ (v) +
∑

f ′ �= f

σ f f ′ (v) + σel

]

+ WR,

d = N

∫
v f (v) dv

∫ RD

R3

2πρ dρ sin(2ϕp), (3)

where N is the electron density, f(υ) the Maxwellian velocity distri-
bution function for electrons, ρ denotes the impact parameter of the
incoming electron, i and f denote the initial and the final atomic en-
ergy levels and i′ and f ′ their corresponding perturbing levels, while
WR gives the contribution of the Feshbach resonances (Fleurier
et al. 1977). The inelastic cross-section σ i i ′ (υ) can be expressed by
an integral over the impact parameter of the transition probability
Pj j ′ (ρ, υ) as

∑

j �= j ′
σi i ′ (υ) = 1

2
πR2

1 +
∫ RD

R1

2πρ dρ
∑

j �= j ′
Pj j ′ (ρ, υ), j = i, f , (4)

and the elastic cross-section is given by

σel = 2πR2
2 +
∫ RD

R2

2πρ dρ sin2 δ,

δ = (ϕ2
p + ϕ2

q

)1/2
.

(5)

The phase shifts ϕp and ϕq due, respectively, to the polarization
potential (r−4) and to the quadrupolar potential (r−3) are given in
section 3 of chapter 2 in Sahal-Bréchot (1969a), and RD is the Debye
radius. All the cut-offs R1, R2, R3 are described in section 1 of chapter
3 in Sahal-Bréchot (1969b).

For electrons, hyperbolic paths due to the attractive Coulomb
force were used, while for perturbing ions the hyperbolic paths are
different since the force is repulsive. The formulae for the ion-impact
widths and shifts are analogous to equations (3)–(5), without the
resonance contribution to the width.

3 R E S U LT S A N D D I S C U S S I O N

The calculated ab initio energies for Si VI are listed in Table 2 along
with experimentally determined energies for a number of levels
taken from a National Institute of Standards and Technology (NIST)
compilation. The configurations for which we present results are
2s22p5, 2s2p6, 2s22p43�, 2s22p44�′; � = s, p, d and �′ = s, p, d. We
use the LS coupling scheme to designate excited energy.

Two different models are used for the determination of energy
levels, the first contains the nine configurations of the model given
in Section 2 and the second contains the totality of the 26 con-
figurations. Both nine-configuration model and more elaborated
26-configuration one give energy levels in good agreement with
the NIST values, indeed, our energies are lower than the NIST ones
by less than 1 per cent except for the two first excited levels, i.e. 2p5

2P◦
1/2 and 2s2p6 2S1/2. However, the results obtained by the second

model are always more accurate that proves the importance of the
CI. Besides, if a term is simply shifted relatively to the ground state,
then the difference with observed energy should be essentially con-
stant. In some terms the levels are not always in correct order. For
example, the observed order of the levels of 2p4(3P)3d4F is (9/2,
7/2, 5/2, 3/2) and the present order is (9/2, 3/2, 5/2, 7/2).

We use the calculated energies and the wavefunctions to calcu-
late oscillator strengths and transition probabilities. With the aim of
improving the quality of our wavefunctions, the 2s2p6 2S1/2 level is
corrected using TEC procedure (see Section 2). This method cannot
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Table 2. Energy levels for Si VI in cm−1. Key: a number assigned to each
level; LS: LS term and parity (superscript ◦ designate an odd level); J: J
value of the level; E9−conf: ab initio energy levels, calculated with nine-
configuration model; E26−conf: ab initio energy levels, calculated with 26-
configuration model; ENIST: NIST values.

Key Configuration LS J E9−conf E26−conf ENIST

1 2p5 2P◦ 3/2 0 0 0
2 1/2 2 796 2 839 5 090
3 2s2p6 2S 1/2 435 632 426 462 406 497
4 2p4(3P)3s 4 P 5/2 971 851 982 366 990 516
5 1/2 975 520 986 496 995 470
6 3/2 975 969 987 021 993 640
7 2p4(3P)3s 2P 3/2 987 370 999 127 1 005 430
8 1/2 987 692 999 494 1 009 118
9 2p4(1D)3s 2D 5/2 1 024 374 1 036 129 1 041 416
10 3/2 1 024 884 1 036 533 1 041 472
11 2p4(3P)3p 4P◦ 3/2 1 052 168 1 061 210 1 069 854
12 5/2 1 052 404 1 061 401 1 068 813
13 1/2 1 053 583 1 062 874 1 071 129
14 2p4(3P)3p 4D◦ 7/2 1 059 089 1 070 621 1 078 935
15 1/2 1 061 265 1 073 242 1 083 003
16 3/2 1 062 447 1 074 609 1 082 215
17 5/2 1 062 788 1 074 942 1 080 700
18 2p4(3P)3p 2D◦ 5/2 1 068 139 1 080 203 1 086 796
19 3/2 1 068 477 1 080 547 1 089 547
20 2p4 (3P)3p 2P◦ 1/2 1 077 264 1 080 958
21 3/2 1 075 947 1 084 287 1 092 171
22 2p4(1S)3s 2S 1/2 1 071 075 1 084 295 1 094 449
23 2p4(3P)3p 4S◦ 3/2 1 074 673 1 087 671 1 093 752
24 2p4(3P)3p 2S◦ 1/2 1 094 162 1 088 558
25 2p4(1D)3p 2F◦ 5/2 1 106 342 1 118 373 1 123 540
26 7/2 1 106 472 1 118 689 1 124 219
27 2p4(1D)3p 2D◦ 3/2 1 116 033 1 128 816 1 134 081
28 5/2 1 116 641 1 129 460 1 134 496
29 2p4(1D)3p 2P◦ 3/2 1 140 823 1 145 932 1 147 901
30 1/2 1 140 921 1 145 980 1 150 282
31 2p4(1S)3p 2P◦ 3/2 1 182 143 1 171 561
32 1/2 1 182 942 1 172 417
33 2p4(3P)3d 4D 7/2 1 161 013 1 172 209 1 181 167
34 5/2 1 162 025 1 173 271 1 181 649
35 3/2 1 162 165 1 173 376 1 182 311
36 1/2 1 162 754 1 173 979 1 182 894
37 2p4(3P)3d 4F 9/2 1 169 569 1 182 612 1 189 844
38 3/2 1 171 689 1 184 525 1 194 327
39 5/2 1 172 030 1 184 838 1 193 223
40 7/2 1 172 047 1 184 946 1 191 541
41 2p4(3P)3d 4P 1/2 1 176 385 1 188 594 1 194 899
42 3/2 1 177 207 1 189 543 1 195 984
43 5/2 1 178 908 1 191 510 1 197 727
44 2p4(3P)3d 2F 7/2 1 177 148 1 189 950 1 194 987
45 5/2 1 178 364 1 190 848 1 197 151
46 2p4(3P)3d 2P 1/2 1 182 736 1 194 144 1 200 710
47 3/2 1 185 454 1 196 939 1 204 740
48 2p4(3P)3d 2D 3/2 1 185 167 1 195 061 1 201 100
49 5/2 1 185 973 1 196 247 1 202 960
50 2p4(1D)3d 2G 7/2 1 214 568 1 227 449
51 9/2 1 214 715 1 227 538 1 232 671
52 2p4(1D)3d 2S 1/2 1 223 636 1 234 097 1 239 190
53 2p4(1 D)3d 2P 3/2 1 224 780 1 234 806 1 241 050
54 1/2 1 225 778 1 235 883 1 242 390
55 2p4(1D)3d 2F 7/2 1 223 872 1 236 910 1 242 649
56 5/2 1 223 946 1 236 950 1 242 186
57 2p4(1D)3d 2D 5/2 1 226 710 1 237 621 1 243 020
58 3/2 1 227 611 1 238 313 1 243 860
59 2p4(1S)3d 2D 3/2 1 290 487 1 280 925 1 291 790
60 5/2 1 291 154 1 281 640 1 291 510

Table 2 – continued

Key Configuration LS J E9−conf E26−conf ENIST

61 2p4(3P)4s 4P 5/2 1 302 866 1 314 745
62 1/2 1 305 283 1 317 544
63 3/2 1 306 890 1 319 305
64 2p4(3P)4s 2P 3/2 1 308 844 1 321 429 1 329 900
65 1/2 1 310 323 1 323 045
66 2p4(3P)4p 4P◦ 5/2 1 333 771 1 340 871
67 3/2 1 333 474 1 340 979
68 1/2 1 334 815 1 342 729
69 2p4(3P)4p 4D◦ 7/2 1 335 203 1 347 589
70 1/2 1 337 989 1 350 092
71 3/2 1 338 555 1 351 294
72 5/2 1 338 545 1 352 144
73 2p4(3P)4p 2D◦ 5/2 1 339 973 1 351 228
74 3/2 1 339 638 1 352 195
75 2p4(3P)4p 2S◦ 1/2 1 340 521 1 352 722
76 2p4(3P)4p 4S◦ 3/2 1 342 995 1 355 616
77 2p4(3P)4p 2P◦ 3/2 1 349 411 1 359 114
78 1/2 1 349 310 1 359 465
79 2p4(1D)4s 2D 5/2 1 352 262 1 365 126 1 371 820
80 3/2 1 352 767 1 365 515
81 2p4(3P)4d 4D 7/2 1 371 226 1 382 797
82 5/2 1 372 174 1 384 161
83 3/2 1 372 430 1 384 614
84 1/2 1 373 107 1 385 519
85 2p4(3P)4d 4F 9/2 1 374 444 1 387 108
86 7/2 1 376 125 1 388 760
87 5/2 1 376 654 1 389 343
88 3/2 1 376 461 1 389 348
89 2p4(3P)4d 4P 1/2 1 377 931 1 390 631
90 3/2 1 379 041 1 391 893
91 5/2 1 380 830 1 393 884
92 2p4(3P)4d 2F 5/2 1 380 128 1 392 885
93 7/2 1 380 477 1 393 669
94 2p4(3P)4d 2P 1/2 1 381 851 1 393 521 1 402 490
95 3/2 1 384 583 1 396 287 1 403 050
96 2p4(3P)4d 2D 3/2 1 385 040 1 395 603
97 5/2 1 385 544 1 396 797 1 404 870
98 2p4(3P)4p 2F◦ 7/2 1 382 852 1 395 696
99 5/2 1 382 929 1 395 739
100 2p4(1D)4p 2D◦ 3/2 1 386 127 1 399 126
101 5/2 1 386 673 1 399 653
102 2p4(1D)4p 2P◦ 1/2 1 392 385 1 405 752
103 3/2 1 392 362 1 405 797
104 2p4(1D)4s 2S 1/2 1 419 675 1 432 175
105 2p4(1D)4d 2G 7/2 1 421 515 1 434 310
106 9/2 1 421 617 1 434 434
107 2p4(1D)4d 2P 3/2 1 424 977 1 436 510
108 1/2 1 425 973 1 437 711
109 2p4(1D)4d 2F 7/2 1 424 368 1 437 280
110 5/2 1 424 453 1 437 401
111 2p4(1D)4d 2D 5/2 1 425 961 1 438 109 1 444 340
112 3/2 1 426 992 1 438 858 1 445 010
113 2p4(1D)4d 2S 1/2 1 427 833 1 440 235
114 2p4(1S)4p 2P◦ 1/2 1 453 543 1 466 060
115 3/2 1 453 658 1 466 257
116 2p4(1S)4d 2D 3/2 1 493 396 1 506 902
117 5/2 1 494 092 1 507 702

be applied for 2p5 2P◦
1/2 level. Electric dipole transition probabili-

ties and weighted oscillator strengths are presented in Table 3 for
transition with lower level from one to 10 and upper level from
three to 95. The majority of wavelengths are in extreme ultraviolet
(XUV) region. F-like ions are of fundamental importance for current
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Table 3. Transition probabilities (Aki), calculated wavelengths (λ) and weighted oscillator strengths (gf) for Si VI spectrum. Present: this work; FF: Froese
Fischer & Tachiev (2004); CT: Coutinho & Trigueiros (1999). The numbers in brackets denote powers of 10.

Transition λ (Å) Aki(s−1) gf
present FF NIST present FF NIST CT

1–3 246.004 1.805(10) 1.777(10) 1.77(10) 3.275(−01) 3.210(−01) 3.206(−01) 4.04(−01)
2–3 247.734 8.840(09) 8.517(09) 8.46(09) 1.627(−01) 1.576(−01) 1.573(−01) 2.00(−01)
1–4 101.795 8.982(07) 7.405(07) 7.51(07) 8.372(−04) 6.784(−04) 6.886(−04) 8.00(−04)
1–5 101.369 1.340(09) 8.423(06) 8.55(06) 4.128(−03) 2.547(−05) 2.588(−05)
2–5 101.661 2.010(09) 2.624(08) 2.64(08) 6.229(−03) 8.016(−04) 8.072(−04) 9.00(−04)
1–6 101.315 1.019(08) 1.167(09) 1.18(09) 6.270(−04) 7.088(−03) 7.161(−03) 7.50(−03)
2–6 101.607 9.716(06) 1.010(08) 1.08(08) 6.016(−05) 6.194(−04) 6.266(−04) 6.00(−04)
1–7 100.087 6.667(10) 6.753(10) 6.74(10) 4.005(−01) 4.004(−01) 3.999(−01) 4.88(−01)
2–7 100.373 1.292(10) 1.098(10) 1.09(10) 7.803(−02) 6.574(−02) 6.561(−02) 7.90(−02)
1–8 100.051 2.509(10) 2.823(10) 2.82(10) 7.530(−02) 8.304(−02) 8.317(−02) 1.02(−01)
2–8 100.336 4.987(10) 5.156(10) 5.15(10) 1.505(−01) 1.532(−01) 1.531(−01) 1.86(−01)
1–9 96.513 3.189(10) 3.087(10) 3.08(10) 2.672(−01) 2.556(−01) 2.558(−01)
1–10 96.475 4.625(09) 3.056(09) 3.03(09) 2.582(−02) 1.687(−02) 1.674(−02) 2.03(−02)
2–10 96.740 2.674(10) 2.796(10) 2.79(10) 1.501(−01) 1.558(−01) 1.559(−01) 1.94(−01)
3–11 152.739 1.064(05) 7.895(05) 1.488(−06) 1.077(−05)
4–11 1268.336 3.944(08) 4.159(08) 4.11(08) 3.805(−01) 3.935(−01) 3.908(−01)
5–11 1338.445 1.569(08) 1.624(08) 1.62(08) 1.685(−01) 1.746(−01) 1.749(−01) 1.89(−01)
6–11 1347.907 8.664(07) 9.855(07) 9.73(07) 9.440(−02) 1.010(−01) 1.004(−01) 1.07(−01)
7–11 1610.745 4.125(05) 5.789(04) 5.56(04) 6.418(−04) 8.312(−05) 8.035(−05)
8–11 1620.320 1.353(07) 3.677(03) 3.79(03) 2.130(−02) 5.938(−06) 6.165(−06)
9–11 3987.165 6.968(04) 1.627(04) 1.62(04) 6.643(−04) 1.218(−04) 1.199(−04)
10–11 4052.352 7.466(03) 5.228(03) 5.44(03) 7.353(−05) 3.929(−05) 4.036(−05)
4–12 1265.271 5.940(08) 5.712(08) 5.64(08) 8.554(−01) 8.322(−01) 8.279(−01) 8.72(−01)
6–12 1344.446 9.628(07) 1.104(08) 1.10(08) 1.565(−01) 1.744(−01) 1.753(−01) 1.91(−01)
7–12 1605.805 1.630(06) 2.988(05) 3.09(05) 3.781(−03) 6.648(−04) 6.918(−04)
9–12 246.004 1.458(05) 2.110(03) 2.37(03) 2.054(−03) 2.554(−05) 2.837(−05)
10–12 247.734 3.719(01) 2.179(02) 2.40(02) 5.410(−07) 2.646(−06) 2.890(−06)
3–13 101.795 2.939(05) 4.160(05) 2.046(−06) 2.628(−06)
5–13 1309.272 3.686(07) 7.502(07) 7.46(07) 1.894(−02) 3.900(−02) 3.899(−02)
6–13 1318.325 5.969(08) 5.915(08) 5.85(08) 3.111(−01) 2.933(−01) 2.917(−01) 3.10(−01)
7–13 1568.682 1.079(06) 8.921(05) 9.49(05) 7.964(−04) 6.160(−04) 6.606(−04)
8–13 1577.761 1.707(06) 4.217(05) 4.38(05) 1.274(−03) 3.268(−04) 3.419(−04)
10–13 3796.252 1.573(04) 1.490(04) 1.49(04) 6.798(−05) 5.128(−05) 5.018(−05)
4–14 1133.080 1.056(09) 1.033(09) 1.03(09) 1.626(+00) 1.581(+00) 1.577(+00) 1.71(+00)
9–14 2899.222 6.193(03) 3.205(03) 3.54(03) 6.244(−05) 2.776(−05) 3.019(−05)
3–15 149.982 5.880(04) 1.367(06) 1.40(06) 3.966(−07) 8.972(−06) 9.141(−06) 9.00(−05)
5–15 1152.795 9.112(08) 8.776(08) 8.74(08) 3.631(−01) 3.426(−01) 3.419(−01) 3.70(−01)
6–15 1159.808 6.171(07) 1.290(08) 1.29(08) 2.489(−02) 4.836(−02) 4.841(−02)
7–15 1349.252 9.550(05) 2.566(05) 2.58(05) 5.213(−04) 1.278(−04) 1.228(−04)
8–15 1355.964 1.964(07) 7.280(05) 7.09(05) 1.083(−02) 3.998(−04) 3.899(−04)
10–15 2724.120 6.668(04) 8.238(03) 1.484(−04) 1.454(−05)
3–16 149.675 3.954(05) 5.543(05) 5.73(05) 5.312(−06) 7.292(−06) 7.516(−06)
4–16 1084.091 2.953(07) 2.000(07) 2.03(07) 2.081(−02) 1.423(−02) 1.452(−02)
5–16 1134.903 4.668(08) 4.842(08) 4.82(08) 3.606(−01) 3.850(−01) 3.837(−01) 4.13(−01)
6–16 1141.699 5.093(08) 4.957(08) 4.95(08) 3.981(−01) 3.781(−01) 3.768(−01) 4.11(−01)
7–16 1324.806 1.466(06) 1.213(03) 1.88(03) 1.543(−03) 1.232(−06) 1.909(−06)
8–16 1331.276 2.832(07) 4.541(06) 4.53(06) 3.010(−02) 5.094(−03) 5.081(−03)
9–16 2598.741 7.183(04) 8.858(03) 9.91(03) 2.909(−04) 3.241(−05) 3.572(−05)
10–16 2626.277 1.035(02) 1.337(04) 1.45(04) 4.281(−07) 4.908(−05) 5.236(−05)
4–17 1080.192 2.103(08) 1.903(08) 1.91(08) 2.207(−01) 2.100(−01) 2.113(−01) 2.38(−01)
6–17 1137.375 8.616(08) 7.873(08) 7.83(08) 1.003(+00) 9.320(−01) 9.289(−01) 9.98(−01)
7–17 1318.987 7.133(06) 1.864(07) 1.86(07) 1.116(−02) 2.957(−02) 2.958(−02)
9–17 2576.446 2.564(03) 8.978(03) 9.31(03) 1.531(−05) 5.316(−05) 5.432(−05)
4–18 1022.110 5.562(05) 1.307(07) 1.33(07) 5.227(−04) 1.265(−02) 1.285(−02)
6–18 1073.164 1.749(07) 2.238(07) 2.22(07) 1.811(−02) 2.313(−02) 2.301(−02)
7–18 1233.405 8.506(08) 8.032(08) 8.02(08) 1.164(+00) 1.090(−01) 1.088(+00)
9–18 2268.921 7.863(04) 2.465(05) 2.49(05) 3.641(−04) 1.090(−03) 1.086(−03)
10–18 2289.882 1.355(02) 6.522(03) 6.85(03) 6.391(−07) 2.892(−05) 2.999(−05)
3–19 148.357 2.047(06) 1.279(07) 2.702(−05) 1.645(−04)
4–19 1018.526 8.703(06) 2.181(06) 2.75(06) 5.415(−03) 1.326(−03) 1.336(−03)
5–19 1063.250 9.488(07) 2.892(06) 6.433(−02) 1.952(−03) 1.862(−03)
6–19 1063.250 1.100(05) 1.283(06) 1.22(06) 7.545(−05) 8.336(−04) 7.961(−04)
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Table 3 – continued

Transition λ (Å) Aki(s−1) gf
present FF NIST present FF NIST CT

7–19 1228.189 9.754(07) 4.377(08) 4.54(08) 8.824(−02) 3.701(−01) 3.845(−01) 3.66(−01)
8–19 1233.748 6.973(08) 3.698(08) 3.48(08) 6.365(−01) 3.420(−01) 3.221(−01)
9–19 2251.333 3.457(05) 6.305(06) 7.30(06) 1.051(−03) 1.648(−02) 1.887(−02)
10–19 2271.969 4.466(04) 2.421(06) 2.63(06) 1.382(−04) 6.344(−03) 6.807(−03)
3–20 148.267 1.378(08) 8.949(07) 9.085(−04) 5.760(−04)
5–20 1058.626 6.333(05) 1.717(05) 2.128(−04) 5.804(−05)
6–20 1064.537 6.918(06) 1.331(06) 2.351(−03) 4.332(−04)
7–20 1222.023 5.861(08) 6.643(08) 2.624(−01) 2.813(−01)
8–20 1227.526 6.666(07) 5.304(07) 3.012(−02) 2.458(−02)
10–20 2250.959 2.878(07) 2.829(07) 4.373(−02) 3.719(−02)
3–21 147.538 1.880(08) 1.114(08) 1.10(08) 2.454(−03) 1.422(−03) 1.339(−03)
4–21 981.153 1.120(07) 7.761(06) 5.01(06) 6.464(−03) 4.476(−03) 2.904(−03)
5–21 1022.589 4.986(06) 1.343(07) 1.08(07) 3.127(−03) 8.554(−03) 6.902(−03)
6–21 1028.103 1.619(07) 2.197(06) 1.026(−02) 1.348(−03)
7–21 1174.254 5.806(08) 2.535(08) 2.33(08) 4.801(−01) 2.008(−01) 1.853(−01) 2.24(−01)
8–21 1179.334 4.876(07) 4.094(08) 4.31(08) 4.067(−02) 3.538(−01) 3.741(−01) 3.42(−01)
9–21 2076.504 4.517(07) 4.361(07) 4.31(07) 1.168(−01) 1.018(−01) 1.002(−01)
10–21 2094.047 5.294(06) 3.415(06) 3.31(06) 1.392(−02) 7.996(−03) 7.726(−03)
1–22 92.226 2.083(10) 1.964(10) 1.96(10) 5.314(−02) 4.908(−02) 4.920(−02) 6.70(−02)
2–22 92.468 1.110(10) 1.232(10) 1.23(10) 2.845(−02) 3.108(−02) 3.097(−02) 4.26(−02)
3–23 146.805 5.237(06) 1.548(05) 6.769(−05) 1.968(−06)
4–23 949.626 7.718(08) 6.774(08) 6.81(08) 4.174(−01) 3.808(−01) 3.837(−01) 3.48(−01)
5–23 988.389 3.575(08) 3.063(08) 3.08(08) 2.095(−01) 1.899(−01) 1.909(−01) 1.89(−01)
6–23 993.539 5.751(08) 5.521(08) 5.52(08) 3.405(−01) 3.301(−01) 3.303(−01) 3.30(−01)
7–23 1129.379 4.435(06) 4.529(05) 5.45(04) 3.393(−03) 3.484(−04) 4.197(−05)
8–23 1134.078 3.772(06) 7.482(06) 5.32(06) 2.909(−03) 6.270(−03) 4.456(−03)
9–23 1940.178 1.976(06) 1.302(06) 4.461(−03) 2.892(−03)
10–23 1955.485 2.723(04) 9.887(04) 6.245(−05) 2.200(−04)
3–24 146.615 4.880(07) 2.590(07) 3.145(−04) 1.644(−04)
5–24 979.803 4.553(07) 2.065(06) 1.311(−02) 6.328(−04)
6–24 984.864 1.963(03) 3.411(06) 5.710(−07) 1.008(−03)
7–24 1118.182 2.447(08) 1.833(08) 9.173(−02) 6.964(−02)
8–24 1122.788 7.678(08) 6.707(08) 2.902(−01) 2.772(−01)
10–24 1922.160 1.678(07) 2.055(07) 1.859(−02) 2.237(−02)
5–25 735.260 4.657(06) 2.265(−03)
6–25 761.314 5.428(05) 1.357(04) 1.51(04) 2.830(−04) 7.164(−06) 8.035(−06)
7–25 838.603 7.411(04) 7.983(04) 4.688(−05) 5.100(−05)
9–25 1215.905 8.749(07) 7.805(07) 7.65(07) 1.163(−01) 1.035(−01) 1.020(−01) 1.09(−01)
10–25 1221.899 7.763(08) 7.612(08) 7.56(08) 1.043(+00) 1.011(+00) 1.006(+00) 1.11(+00)
4–26 733.553 8.310(05) 1.120(05) 1.20(05) 5.363(−04) 7.446(−05) 8.035(−05)
9–26 1211.242 8.876(08) 8.628(08) 8.56(08) 1.562(+00) 1.501(+00) 1.499(+00) 1.64(+00)
3–27 138.443 1.456(03) 4.078(06) 4.89(06) 1.674(−08) 4.622(−05)
4–27 682.827 3.924(05) 6.054(04) 6.24(04) 1.097(−04) 1.749(−05) 1.811(−05)
5–27 702.641 1.011(06) 5.116(-1) 1.89(00) 2.994(−04) 1.584(−10) 5.902(−10)
6–27 705.240 1.533(06) 1.283(06) 4.40(05) 4.573(−04) 1.294(−04) 1.339(−04)
7–27 771.072 1.238(06) 1.967(07) 2.00(07) 4.413(−04) 7.076(−03) 7.244(−03)
8–27 773.259 5.680(06) 5.306(06) 5.19(06) 2.037(−03) 2.024(−03) 1.995(−03)
9–27 1078.900 1.254(08) 7.247(07) 7.17(07) 8.756(−02) 5.049(−02) 5.023(−02)
10–27 1083.616 1.118(09) 1.117(09) 1.11(09) 7.875(−01) 7.792(−01) 7.798(−01) 8.03(−01)
4–28 679.840 2.305(07) 4.734(05) 4.88(05) 9.584(−03) 2.040(−04) 2.118(−04)
6–28 702.055 4.910(06) 5.481(03) 4.62(03) 2.177(−03) 2.467(−06) 2.094(−06)
7–28 767.266 6.267(06) 1.070(07) 1.05(07) 3.319(−03) 5.740(−03) 5.675(−03)
9–28 1071.462 1.150(09) 1.100(09) 1.10(09) 1.187(+00) 1.140(+00) 1.140(+00) 1.17(+00)
10–28 1076.114 1.288(08) 1.137(08) 1.13(08) 1.342(−01) 1.179(−01) 1.174(−01) 1.18(−01)
3–29 135.238 5.172(08) 7.112(08) 7.11(08) 5.673(−03) 7.758(−03) 7.762(−03)
4–29 611.374 2.805(07) 5.525(05) 5.48(05) 6.287(−03) 1.326(−04) 1.327(−04)
5–29 627.211 2.072(07) 1.148(05) 1.09(05) 4.888(−03) 2.936(−05) 2.818(−05)
6–29 629.281 2.656(05) 1.930(07) 1.92(07) 6.306(−05) 4.820(−03) 4.841(−03)
7–29 681.173 1.678(09) 1.402(09) 1.38(09) 4.670(−01) 4.104(−01) 4.083(−01) 4.32(−01)
8–29 682.880 3.009(08) 2.957(08) 2.92(08) 8.415(−02) 9.122(−02) 9.078(−02) 9.61(−02)
9–29 910.722 1.294(09) 1.235(09) 1.23(09) 6.436(−01) 6.498(−01) 6.486(−01)
10–29 914.081 1.412(08) 5.801(07) 5.69(07) 7.075(−02) 3.054(−02) 3.013(−02)
3–30 135.230 5.478(08) 8.058(08) 8.06(08) 3.004(−03) 4.368(−03) 4.355(−03)

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 387, 871–882



876 R. Hamdi et al.

Table 3 – continued

Transition λ (Å) Aki(s−1) gf
present FF NIST present FF NIST CT

5–30 627.022 7.195(07) 3.778(06) 3.77(06) 8.482(−03) 4.686(−04) 4.720(−04)
6–30 629.090 1.571(05) 4.630(06) 4.61(06) 1.864(−05) 5.608(−04) 5.636(−04)
7–30 680.950 6.378(08) 4.582(08) 4.52(08) 8.868(−02) 6.496(−02) 6.411(−02) 6.83(−02)
8–30 682.655 1.200(09) 1.070(09) 1.06(09) 1.677(−01) 1.596(−01) 1.588(−01) 1.68(−01)
10–30 913.679 1.459(09) 1.448(09) 1.44(09) 3.653(−01) 3.649(−01) 3.647(−01) 3.73(−01)
3–31 130.708 8.779(08) 6.247(08) 8.995(−03) 6.224(−03)
4–31 528.555 4.887(06) 1.410(05) 8.188(−04) 2.283(−05)
5–31 540.350 3.953(06) 1.024(04) 6.922(−04) 1.745(−06)
6–31 541.886 6.974(06) 2.069(06) 1.228(−03) 3.461(−04)
7–31 579.929 2.418(08) 1.207(08) 4.877(−02) 2.297(−02)
8–31 581.166 6.960(07) 2.686(07) 1.410(−02) 5.334(−03)
9–31 738.377 1.559(05) 2.646(06) 5.098(−05) 7.962(−04)
10–31 740.583 2.238(04) 1.572(06) 7.363(−06) 4.732(−04)
3–32 130.562 8.400(08) 5.510(08) 4.293(−03) 2.744(−03)
5–32 537.865 8.805(06) 6.903(05) 7.638(−04) 5.880(−05)
6–32 539.386 1.317(03) 7.534(05) 1.149(−07) 6.296(−05)
7–32 577.068 8.320(07) 7.216(07) 8.308(−03) 6.860(−03)
8–32 578.292 1.931(08) 1.451(08) 1.937(−02) 1.438(−02)
10–32 735.923 5.602(06) 1.894(06) 9.097(−04) 2.847(−04)
1–34 85.232 8.382(06) 2.275(07) 2.30(07) 5.477(−05) 1.464(−04) 1.482(−04)
1–35 85.224 9.086(05) 1.456(08) 1.45(08) 3.958(−06) 6.244(−04) 6.237(−04)
2–35 85.431 6.482(07) 3.464(07) 3.50(07) 2.837(−04) 1.498(−04) 1.517(−04)
1–36 85.181 8.300(07) 8.691(07) 8.61(07) 1.806(−04) 1.861(−04) 1.845(−04)
2–36 85.387 1.621(08) 2.003(08) 1.99(08) 3.545(−04) 4.328(−04) 4.295(−04)
1–38 84.422 8.666(07) 1.172(09) 1.18(09) 3.704(−04) 4.921(−03) 4.954(−03) 1.03(−01)
2–38 84.625 4.078(08) 2.408(09) 2.44(09) 1.751(−03) 1.020(−02) 1.035(−02) 1.96(−02)
1–41 84.133 8.295(08) 1.409(09) 1.761(−03) 2.958(−03)
2–41 84.334 5.368(08) 1.743(07) 1.145(−03) 3.690(−05)
1–42 84.066 4.006(08) 2.740(09) 1.698(−03) 1.148(−02)
2–42 84.267 3.639(07) 5.164(08) 1.550(−04) 2.182(−03) 3.00(−04)
1–43 83.927 1.359(08) 3.789(08) 8.612(−04) 2.374(−03) 1.46(−02)
1–45 83.974 1.817(10) 2.211(10) 1.153(−01) 1.386(−01)
1–46 83.742 3.143(10) 2.980(10) 2.99(10) 6.608(−02) 6.196(−02) 6.194(−02) 5.95(−02)
2–46 83.942 5.476(10) 4.368(10) 4.36(10) 1.157(−01) 9.156(−02) 9.141(−02) 8.40(−02)
1–47 83.546 6.063(10) 1.686(10) 1.77(10) 2.538(−01) 6.960(−02) 7.227(-02) 3.09(−01)
2–47 83.745 2.522(10) 9.938(10) 9.74(10) 1.061(−01) 4.138(−01) 4.064(−01) 4.00(−04)
1–48 83.678 4.790(10) 9.699(10) 9.60(10) 2.012(−01) 4.028(−01) 3.990(−01) 7.03(−02)
2–48 83.877 1.934(11) 9.296(10) 9.47(10) 8.162(−01) 3.894(−01) 3.981(−01) 8.26(−01)
1–49 83.595 2.281(11) 2.341(11) 2.34(11) 1.434(+00) 1.545(+00) 1.452(+00) 1.27(+00)
1–52 81.031 3.016(11) 2.850(11) 2.76(11) 5.939(−01) 5.556(−01) 5.395(−01) 6.00(−01)
2–52 81.218 7.742(10) 7.643(10) 8.45(10) 1.531(−01) 1.502(−01) 1.663(−01) 2.13(−01)
1–53 80.984 3.209(11) 2.749(11) 2.74(11) 1.262(+00) 1.068(+00) 1.069(+00) 1.33(+00)
2–53 81.171 3.233(10) 5.658(10) 5.67(10) 1.278(−01) 2.218(−01) 2.218(−01) 2.91(−01)
1–54 80.914 6.868(10) 6.732(10) 6.85(10) 1.348(−01) 1.306(−01) 1.333(−01) 2.11(−01)
2–54 81.100 2.860(11) 2.804(11) 2.78(11) 5.640(−01) 5.484(−01) 5.457(−01) 6.27(−01)
1–56 80.844 3.445(10) 6.766(10) 2.025(−01) 3.939(−01) 7.83(−02)
1–57 80.800 1.848(11) 1.335(11) 1.31(11) 1.085(+00) 7.764(−01) 7.603(−01) 1.59(+00)
1–58 80.755 1.352(10) 3.492(10) 3.50(10) 5.289(−02) 1.351(−01) 1.355(−01) 1.97(−01)
2–58 80.941 1.969(11) 1.891(11) 1.89(11) 7.735(−01) 7.380(−01) 7.362(−01) 1.01(+00)
1–59 78.069 8.919(09) 7.731(09) 7.74(09) 3.260(−02) 2.776(−02) 2.779(−02)
2–59 78.242 4.642(10) 5.577(10) 5.57(10) 1.704(−01) 2.018(−01) 2.018(−01) 2.72(−01)
1–60 78.025 4.737(10) 5.054(10) 5.05(10) 2.594(−01) 2.723(−01) 2.722(−01) 3.75(−01)
1–61 76.060 2.957(07) 1.539(−04)
1–62 75.899 3.236(09) 5.589(−03)
2–62 76.063 6.405(09) 1.111(−02)
1–63 75.797 1.243(09) 4.281(−03) 1.14(−02)
2–63 75.961 2.661(08) 9.209(−04)
1–64 75.676 2.243(10) 1.24(10) 7.702(−02) 4.197(−02) 4.21(−02)
2–64 75.839 4.741(09) 2.11(09) 1.635(−02) 7.194(−03) 7.20(−03)
1–65 75.583 5.689(09) 9.746(−03)
2–65 75.746 1.202(10) 2.069(−02)
4–66 278.937 1.029(10) 7.204(−01)
6–66 282.606 2.931(09) 2.106(−01)
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Table 3 – continued

Transition λ (Å) Aki(s−1) gf
present FF NIST present FF NIST CT

7–66 292.617 2.511(07) 1.934(−03)
9–66 328.147 5.179(07) 5.016(−03)
10–66 328.582 6.473(03) 6.287(−07)
3–67 107.011 3.996(06) 2.744(−05)
4–67 278.853 6.399(09) 2.984(−01)
5–67 282.101 3.730(09) 1.780(−01)
6–67 282.519 1.629(09) 7.796(−02)
7–67 292.524 1.005(07) 5.159(−04)
8–67 292.839 4.215(08) 2.168(−02)
9–67 328.031 2.309(07) 1.490(−03)
10–67 328.466 2.775(06) 1.796(−04)
3–68 106.811 3.368(06) 1.152(−05)
5–68 280.715 1.075(09) 2.539(−02)
6–68 281.129 1.059(10) 2.511(−01)
7–68 291.034 3.005(07) 7.632(−04)
8–68 291.345 6.976(07) 1.776(−03)
10–68 326.587 8.116(06) 2.596(−04)
4–69 273.806 3.264(09) 2.935(−01)
9–69 321.069 7.827(06) 9.678(−04)
3–70 105.978 6.730(03) 2.266(−08)
5–70 275.031 3.121(09) 7.079(−02)
6–70 275.428 3.863(02) 8.788(−09)
7–70 284.929 8.093(04) 1.970(−06)
8–70 285.227 1.165(08) 2.841(−03)
10–70 318.919 1.142(04) 3.482(−07)
3–71 105.843 1.511(06) 1.011(−05)
4–71 271.056 9.192(06) 4.050(−04)
5–71 274.125 1.417(09) 6.385(−02)
6–71 274.519 1.151(09) 5.201(−02)
7–71 283.956 3.861(04) 1.867(−06)
8–71 284.252 2.438(08) 1.181(−02)
9–71 317.295 4.312(06) 2.603(−04)
10–71 317.701 6.615(04) 4.004(−06)
4–72 270.433 5.068(07) 3.334(−03)
6–72 273.880 1.299(09) 8.765(−02)
7–72 283.272 2.124(09) 1.533(−01)
9–72 316.441 3.720(04) 3.351(−06)
10–72 316.845 3.494(05) 3.155(−05)
4–73 271.104 2.072(08) 1.370(−02)
6–73 274.569 1.876(09) 1.272(−01)
7–73 284.009 8.893(08) 6.453(−02)
9–73 317.361 2.303(06) 2.086(−04)
10–73 317.768 6.699(06) 6.085(−04)
3–74 105.742 2.059(05) 1.381(−06)
4–74 270.396 1.558(08) 6.832(−03)
5–74 273.449 5.931(08) 2.660(−02)
6–74 273.842 6.104(05) 2.745(−05)
7–74 283.232 3.949(08) 1.900(−02)
8–74 283.526 2.129(09) 1.026(−01)
9–74 316.390 1.947(06) 1.169(−04)
10–74 316.795 1.613(06) 9.709(−05)
3–75 105.683 1.462(07) 4.896(−05)
5–75 273.056 1.449(06) 3.239(−05)
6–75 273.447 1.060(07) 2.376(−04)
7–75 282.809 2.598(09) 6.230(−02)
8–75 283.103 5.264(07) 1.265(−03)
10–75 316.266 4.386(08) 1.315(−02)
3–76 105.361 2.021(06) 1.345(−05)
4–76 267.917 3.085(08) 1.328(−02)
5–76 270.915 1.073(09) 4.722(−02)
6–76 271.300 1.127(09) 4.973(−02)
7–76 280.513 1.603(07) 7.565(−04)
8–76 280.802 3.923(07) 1.855(−03)
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Table 3 – continued

Transition λ (Å) Aki(s−1) gf
present FF NIST present FF NIST CT

9–76 313.002 1.264(06) 7.425(−05)
10–76 313.398 1.091(06) 6.425(−05)
3–77 104.974 4.741(07) 3.133(−04)
4–77 265.429 3.542(06) 1.497(−04)
5–77 268.371 6.593(07) 2.848(−03)
6–77 268.750 7.602(06) 3.293(−04)
7–77 277.787 1.359(09) 6.288(−02)
8–77 278.07 1.709(08) 7.925(−03)
9–77 309.612 1.217(09) 6.997(−02)
10–77 309.999 1.274(08) 7.344(−03)
3–78 104.935 3.845(07) 1.270(−04)
5–78 268.119 1.251(08) 2.696(−03)
6–78 268.497 1.917(07) 4.144(−04)
7–78 277.517 1.251(06) 2.888(−05)
8–78 277.800 1.619(09) 3.747(−02)
10–78 309.663 8.910(08) 2.562(−02)
1–79 73.253 9.110(09) 8.24(09) 4.398(−02) 3.935(−02) 3.94(−02)
1–80 73.232 1.305(09) 4.198(−03)
2–80 73.385 7.299(09) 2.357(−02)
1–82 72.246 2.920(08) 1.371(−03)
1–83 72.222 1.216(02) 3.802(−10)
2–83 72.371 2.423(08) 7.611(−04)
1–84 72.175 5.005(08) 7.818(−04)
2–84 72.323 9.647(08) 1.513(−03)
1–87 71.976 2.262(10) 1.054(−01) 1.89(−01)
1–88 71.976 1.382(08) 4.293(−04)
2–88 72.124 6.586(08) 2.055(−03) 1.03(−01)
1–89 71.910 2.267(09) 3.515(−03)
2–89 72.057 3.055(09) 4.756(−03)
1–90 71.845 1.208(09) 3.740(−03) 2.35(−02)
2–90 71.991 2.033(07) 6.318(−05) 2.00(−04)
1–91 71.742 1.462(09) 6.769(−03) 1.96(−02)
1–92 71.793 1.906(10) 8.839(−02)
1–94 71.761 2.760(10) 2.19(10) 4.261(−02) 3.341(−02) 3.34(−02)
2–94 71.907 5.142(10) 3.56(10) 7.972(−02) 5.457(−02) 5.47(−02)
1–95 71.761 2.760(10) 7.20(10) 4.261(−02)
2–95 71.907 5.142(10) 3.26(07) 7.972(−02) 1.000(−04) 1.00(−04)

X-ray laser research. Our transition probabilities are compared with
NIST values and multiconfiguration Hartree–Fock (MCHF) results
of Froese Fischer & Tachiev (2004), who use the observed energies
for the calculation of transition probabilities. The agreement is by
less than 30 per cent for 70 per cent of strong transitions (A>108 s−1)
of NIST compilation. The agreement is much less for weak ones.
For weighted oscillator strengths, comparison is made also with
Coutinho & Trigueiros (1999) results obtained using multiconfigu-
ration Hartree–Fock relativistic (HFR) approach. In their work the
adjusted energy levels were used to optimize the electrostatic pa-
rameters, these optimized parameters were used again to calculate
the gf values. In general, our oscillator strengths are in good agree-
ment with the other works except for a few transitions as for example
2–5, 1–6, 2–6, 2–38 for which we observe large disagreement. For
the transitions 1–47, 2–48, 2–42 our oscillator strengths agree bet-
ter with Coutinho & Trigueiros results. On the other hand, for the
transitions 2–47, 1–48, 1–56 the agreement with Froese-Fischer &
Tachiev values is better. For the transitions 3–15, 1–38 all three
methods give different results. The inclusion of a larger number of
configurations has an important effect on wavefunctions and A val-
ues. TEC of the 2s2p6 2S1/2 level improve slightly our results. For

example for the 2–3 transition our A value was 1.022E+10 s−1 and
became 8.840E+09 s−1, NIST one is 8.46E+09 s−1. The correction
of quartet terms do not improve the results.

By combining the SUPERSTRUCTURE code for calculating energy
levels and oscillator strengths and the code for the Stark broadening
calculations, we calculated Stark broadening parameters. Calculated
Stark broadening widths [full width at half-maximum (FWHM)] and
shifts for a perturber densities of 1017 cm−3 and temperatures from
50 000 up to 800 000 K are shown in Table 4 for electron-, proton-
and singly ionized helium-impact broadening. Such temperatures
are of interest for the modelling and analysis of X-ray spectra, such
as the spectra obtained by Chandra, modelling of some hot star
atmospheres (e.g. DO white dwarf and PG 1195), subphotospheric
layers, soft X-ray lasers and laser produced plasmas. Higher temper-
atures are of interest for fusion plasma as well as for stellar interiors.

We also specify a parameter C (Dimitrijević & Sahal-Bréchot
1984), which gives an estimate for the maximal perturber density for
which the line may be treated as isolated, when it is divided by the
corresponding FWHM. For each value given in Table 4 the collision
volume V multiplied by the perturber density N is much less than
one and the impact approximation is valid (Sahal-Bréchot 1969a,b).
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Table 4. This table gives electron-, proton- and singly charged helium-impact broadening parameters for Si VI lines calculated using SUPERSTRUCTURE oscillator
strength, for a perturber density of 1017 cm−3 and temperature of 50 000 to 800 000 K. Transitions, averaged wavelength for the multiplet (in Å) and parameter
C are also given. This parameter when divided with the corresponding Stark width gives an estimate for the maximal perturber density for which the line
may be treated as isolated. we: electron-impact full Stark width at half-maximum; de: electron-impact Stark shift; wH

+: proton-impact full Stark width at
half-maximum; dH

+: proton-impact Stark shift; wHe
+: singly charged helium-impact full Stark width at half-maximum; dHe

+: singly charged helium-impact
Stark shift; wMSE: electron-impact full Stark width at half-maximum calculated by Dimitrijević (1993) using modified semi-empirical formula (Dimitrijević &
Konjević 1980).

Transition T (K) we de w+
H d+

H w+
He d+

He wMSE

Si VI 3S-3P 50000 0.750E-02 −0.577E-04 0.360E-04 −0.260E-04 0.687E-04 −0.500E-04 0.415E-02
1226.7 Å 100000 0.532E-02 −0.739E-04 0.897E-04 −0.516E-04 0.173E-03 −0.103E-03 0.294E-02

C = 0.11E+21 200000 0.387E-02 −0.784E-04 0.177E-03 −0.920E-04 0.344E-03 −0.185E-03 0.212E-02
400000 0.291E-02 −0.100E-03 0.269E-03 −0.139E-03 0.529E-03 −0.280E-03 0.169E-02
800000 0.227E-02 −0.888E-04 0.347E-03 −0.189E-03 0.693E-03 −0.384E-03 0.147E-02

Si VI 3S-3P 50000 0.681E-02 −0.660E-04 0.346E-04 −0.294E-04 0.660E-04 −0.566E-04 0.375E-02
1187.2 Å 100000 0.486E-02 −0.841E-04 0.866E-04 −0.582E-04 0.167E-03 −0.116E-03 0.265E-02

C = 0.67E+20 200000 0.354E-02 −0.890E-04 0.171E-03 −0.102E-03 0.335E-03 −0.205E-03 0.191E-02
400000 0.267E-02 −0.109E-03 0.262E-03 −0.150E-03 0.517E-03 −0.304E-03 0.152E-02
800000 0.208E-02 −0.993E-04 0.340E-03 −0.203E-03 0.678E-03 −0.412E-03 0.132E-02

Si VI 3S′-3P′ 50000 0.716E-02 −0.644E-04 0.471E-04 −0.212E-04 0.899E-04 −0.409E-04 0.389E-02
1228.8 Å 100000 0.509E-02 −0.599E-04 0.113E-03 −0.424E-04 0.219E-03 −0.842E-04 0.275E-02

C = 0.72E+20 200000 0.370E-02 −0.615E-04 0.213E-03 −0.771E-04 0.416E-03 −0.155E-03 0.198E-02
400000 0.278E-02 −0.770E-04 0.314E-03 −0.119E-03 0.618E-03 −0.241E-03 0.158E-02
800000 0.216E-02 −0.691E-04 0.389E-03 −0.164E-03 0.774E-03 −0.331E-03 0.137E-02

Si VI 3S′-3P′ 50000 0.572E-02 −0.376E-04 0.399E-04 −0.131E-04 0.762E-04 −0.252E-04 0.312E-02
1087.4 Å 100000 0.408E-02 −0.358E-04 0.948E-04 −0.263E-04 0.183E-03 −0.521E-04 0.220E-02

C = 0.56E+20 200000 0.297E-02 −0.371E-04 0.176E-03 −0.487E-04 0.344E-03 −0.978E-04 0.158E-02
400000 0.223E-02 −0.460E-04 0.256E-03 −0.774E-04 0.505E-03 −0.156E-03 0.126E-02
800000 0.174E-02 −0.413E-04 0.313E-03 −0.107E-03 0.623E-03 −0.216E-03 0.109E-02

Si VI 3S-3P 50000 0.842E-02 −0.107E-03 0.361E-04 −0.374E-04 0.690E-04 −0.721E-04 0.436E-02
1314.8 Å 100000 0.598E-02 −0.118E-03 0.927E-04 −0.740E-04 0.179E-03 −0.147E-03 0.309E-02

C = 0.13E+21 200000 0.434E-02 −0.116E-03 0.189E-03 −0.129E-03 0.368E-03 −0.260E-03 0.224E-02
400000 0.326E-02 −0.148E-03 0.295E-03 −0.190E-03 0.582E-03 −0.384E-03 0.180E-02
800000 0.254E-02 −0.134E-03 0.392E-03 −0.256E-03 0.784E-03 −0.519E-03 0.155E-02

Si VI 3S-3P 50000 0.656E-02 −0.682E-04 0.295E-04 −0.254E-04 0.563E-04 −0.488E-04 0.343E-02
1145.4 Å 100000 0.466E-02 −0.797E-04 0.745E-04 −0.503E-04 0.144E-03 −0.999E-04 0.242E-02

C = 0.10E+21 200000 0.338E-02 −0.787E-04 0.149E-03 −0.887E-04 0.290E-03 −0.178E-03 0.175E-02
400000 0.254E-02 −0.102E-03 0.229E-03 −0.132E-03 0.452E-03 −0.267E-03 0.141E-02
800000 0.198E-02 −0.909E-04 0.300E-03 −0.179E-03 0.599E-03 −0.364E-03 0.122E-02

Si VI 2P-3S 50000 0.209E-04 −0.851E-06 0.885E-08 0.227E-06 0.169E-07 0.438E-06 0.154E-04
100.2 Å 100000 0.138E-04 0.531E-06 0.665E-07 0.449E-06 0.128E-06 0.891E-06 0.109E-04

C = 0.73E+18 200000 0.976E-05 0.815E-06 0.288E-06 0.780E-06 0.571E-06 0.157E-05 0.791E-05
400000 0.740E-05 0.981E-06 0.709E-06 0.114E-05 0.143E-05 0.231E-05 0.628E-05
800000 0.577E-05 0.918E-06 0.131E-05 0.153E-05 0.262E-05 0.311E-05 0.541E-05

Si VI 2P-3D 50000 0.267E-04 −0.113E-05 0.147E-06 −0.328E-07 0.280E-06 −0.631E-07 0.194E-04
83.8 Å 100000 0.179E-04 −0.289E-06 0.365E-06 −0.663E-07 0.703E-06 −0.131E-06 0.137E-04

C = 0.77E+18 200000 0.130E-04 −0.490E-07 0.715E-06 −0.128E-06 0.139E-05 −0.257E-06 0.969E-05
400000 0.967E-05 −0.134E-06 0.108E-05 −0.221E-06 0.212E-05 −0.444E-06 0.747E-05
800000 0.741E-05 −0.802E-07 0.139E-05 −0.321E-06 0.277E-05 −0.647E-06 0.631E-05

Si VI 2P-3D 50000 0.266E-04 −0.116E-05 0.147E-06 −0.165E-07 0.280E-06 −0.318E-07 0.193E-04
83.8 Å 100000 0.174E-04 −0.200E-06 0.364E-06 −0.335E-07 0.701E-06 −0.664E-07 0.137E-04

C = 0.35E+18 200000 0.125E-04 0.533E-07 0.712E-06 −0.662E-07 0.139E-05 −0.132E-06 0.967E-05
400000 0.929E-05 −0.605E-08 0.107E-05 −0.121E-06 0.211E-05 −0.243E-06 0.748E-05
800000 0.709E-05 0.492E-07 0.139E-05 −0.188E-06 0.275E-05 −0.380E-06 0.631E-05

Si VI 2P-3S′ 50000 0.202E-04 −0.613E-06 0.106E-07 0.247E-06 0.202E-07 0.475E-06 0.139E-04
96.7 Å 100000 0.135E-04 0.635E-06 0.787E-07 0.484E-06 0.152E-06 0.961E-06 0.984E-05

C = 0.45E+18 200000 0.958E-05 0.879E-06 0.317E-06 0.831E-06 0.629E-06 0.167E-05 0.712E-05
400000 0.728E-05 0.105E-05 0.752E-06 0.121E-05 0.151E-05 0.244E-05 0.564E-05
800000 0.570E-05 0.993E-06 0.139E-05 0.158E-05 0.278E-05 0.321E-05 0.486E-05
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Table 4 – continued

Transition T (K) we de w+
H d+

H w+
He d+

He wMSE

Si VI 2P-3D′ 50000 0.277E-04 −0.116E-05 0.212E-06 −0.144E-07 0.405E-06 −0.277E-07 0.178E-04
81.2 Å 100000 0.176E-04 −0.202E-06 0.504E-06 −0.291E-07 0.972E-06 −0.578E-07 0.126E-04

C = 0.58E+18 200000 0.127E-04 0.363E-07 0.935E-06 −0.577E-07 0.183E-05 −0.115E-06 0.902E-05
400000 0.937E-05 −0.255E-07 0.136E-05 −0.106E-06 0.268E-05 −0.213E-06 0.710E-05
800000 0.716E-05 0.289E-07 0.166E-05 −0.166E-06 0.330E-05 −0.336E-06 0.612E-05

Si VI 2P-3D′ 50000 0.273E-04 −0.119E-05 0.214E-06 −0.231E-07 0.408E-06 −0.445E-07 0.179E-04
81.2 Å 100000 0.174E-04 −0.260E-06 0.508E-06 −0.468E-07 0.981E-06 −0.928E-07 0.126E-04

C = 0.59E+18 200000 0.125E-04 −0.196E-07 0.942E-06 −0.916E-07 0.184E-05 −0.183E-06 0.904E-05
400000 0.923E-05 −0.845E-07 0.137E-05 −0.161E-06 0.270E-05 −0.324E-06 0.710E-05
800000 0.704E-05 −0.422E-07 0.167E-05 −0.239E-06 0.332E-05 −0.483E-06 0.610E-05

Si VI 2P-3D′ 50000 0.270E-04 −0.107E-05 0.219E-06 −0.148E-07 0.419E-06 −0.285E-07 0.179E-04
81.0 Å 100000 0.175E-04 −0.202E-06 0.520E-06 −0.299E-07 0.100E-05 −0.594E-07 0.127E-04

C = 0.60E+18 200000 0.126E-04 0.317E-07 0.960E-06 −0.592E-07 0.187E-05 −0.118E-06 0.905E-05
400000 0.935E-05 −0.301E-07 0.139E-05 −0.109E-06 0.274E-05 −0.218E-06 0.711E-05
800000 0.714E-05 0.195E-07 0.169E-05 −0.170E-06 0.336E-05 −0.343E-06 0.609E-05

Si VI 3S′-3P′ 50000 0.439E-02 −0.460E-04 0.328E-04 −0.168E-04 0.626E-04 −0.324E-04 0.241E-02
918.8 Å 100000 0.314E-02 −0.597E-04 0.773E-04 −0.333E-04 0.149E-03 −0.662E-04 0.171E-02

C = 0.40E+20 200000 0.229E-02 −0.606E-04 0.142E-03 −0.586E-04 0.278E-03 −0.118E-03 0.123E-02
400000 0.173E-02 −0.737E-04 0.206E-03 −0.869E-04 0.407E-03 −0.176E-03 0.976E-03
800000 0.135E-02 −0.698E-04 0.252E-03 −0.118E-03 0.500E-03 −0.239E-03 0.845E-03

Si VI 3S-3P 50000 0.510E-02 −0.414E-04 0.244E-04 −0.159E-04 0.465E-04 −0.306E-04 0.263E-02
995.6 Å 100000 0.362E-02 −0.514E-04 0.604E-04 −0.317E-04 0.116E-03 −0.630E-04 0.186E-02

C = 0.75E+20 200000 0.263E-02 −0.509E-04 0.118E-03 −0.569E-04 0.230E-03 −0.114E-03 0.134E-02
400000 0.198E-02 −0.655E-04 0.179E-03 −0.864E-04 0.352E-03 −0.175E-03 0.107E-02
800000 0.155E-02 −0.589E-04 0.230E-03 −0.118E-03 0.458E-03 −0.240E-03 0.923E-03

When the impact approximation is not valid, the ion broadening
contribution may be estimated by using the quasi-static approach
(Griem 1974; Sahal-Bréchot 1991; Ben Nessib, Ben Lakhdar &
Sahal-Bréchot 1996).

Unfortunately, no experimental data are yet available for the
Stark broadening parameters so that the comparison is made only
with Dimitrijević’s (1993) results obtained using the modified semi-
empirical formula (Dimitrijević & Konjević 1980). All our values
are greater than Dimitrijević’s ones. The ratio we/wMSE shows in
average an agreement within 56 per cent. Low disagreements are
usually found for resonance lines, for example for the spectral line
2p5 2P◦-2p4(3P)3s 2P (λ = 100, 2 Å) the ratio we/wMSE is only 1.06
for T = 800 000 K.

4 S TA R K B ROA D E N I N G E F F E C T I N W H I T E
DWA R F AT M O S P H E R E S

White dwarfs are separated in two distinct spectroscopic sequences,
the DA and non-DA white dwarfs. The former ones display a pure
hydrogen (optical) spectrum. The second, helium-rich sequence
comprise DO (Teff > 45 000 K), DB (11 000 < Teff < 30 000 K) and
DC (Teff < 11 000 K) white dwarfs. At the highest effective temper-
atures the DOs are connected to the helium, carbon and oxygen-rich
PG 1159.

Silicon, in various ionization stages, is present in the DO white
dwarf atmospheres (Werner et al. 1995). We used our results
for Stark widths to examine the importance of electron-impact
broadening in atmospheres of DO white dwarfs for a trace ele-
ment like Si VI. Model atmospheres were taken from Wesemael
(1981).

In hot star atmospheres, besides electron-impact broadening
(Stark broadening), the important broadening mechanism is a
Doppler (thermal) one as well as the broadening due to the turbu-
lence and stellar rotation. Other types of spectral line broadening,
such as van der Waals, resonance and natural broadening, are usu-
ally negligible. For a Doppler-broadened spectral lines, the intensity
distribution is not Lorentzian as for electron-impact broadening but
Gaussian, whose full half-width of the spectral lines may be deter-
mined by the equation (see e.g. Konjević 1999)

wD [Å] = 7.16 × 10−7λ [Å]

√
T [K]
MSi

, (6)

where atomic weight for silicon is MSi = 28.1 au.
The importance of Stark broadening in stellar atmospheres is il-

lustrated in Figs 1–4. In Fig. 1 Stark (FWHM) and Doppler widths
for Si VI 2p4(3P)3s 2P-2p4(3P)3p 2D◦ (λ = 1226, 7 Å) spectral line
as a function of atmospheric layer temperatures are shown. Stark
widths are shown for six atmospheric models with effective tem-
perature Teff = 50 000–100 000 K and logarithm of surface gravity
log g = 8. We can see in Fig. 1 that Stark broadening is more impor-
tant than Doppler broadening for deeper atmospheric layers for all
effective temperatures. For white dwarf with effective temperature
Teff = 50 000 K, Stark and Doppler widths are equal for temperature
layer T ≈ 70 000 K, and for white dwarf with effective temperature
Teff = 100 000 K, Stark and Doppler are equal for temperature layer
T ≈ 125 000 K. One should take into account, however, that even
when the Doppler width is larger than Stark width, due to different
behaviour of Gaussian and Lorentzian distributions, Stark broad-
ening may be important in line wings. In Fig. 2 we present Stark
(FWHM) and Doppler widths for Si VI (λ = 1226, 7 Å) spectral line
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Figure 1. Stark and Doppler widths for Si VI 2p4(3P)3s 2P-2p4(3P)3p 2D◦
(λ = 1226, 7 Å) spectral line as a function of atmospheric layer temper-
atures. Stark widths are shown for six atmospheric models with effective
temperature Teff = 50 000–100 000 K and log g = 8.

Figure 2. Stark and Doppler widths for Si VI 2p4(3P)3s 2P-2p4(3P)3p 2D◦
(λ = 1226, 7 Å) spectral line as a function of Rosseland optical depth. Stark
widths are shown for six atmospheric models with effective temperature
Teff = 50 000–100 000 K and log g = 8.

Figure 3. Stark and Doppler widths for Si VI 2p4(3P)3s 2P-2p4(3P)3p 2D◦
(λ = 1226, 7 Å) spectral line as a function of atmospheric layer temperatures.
Stark widths are shown for four values of model gravity log g = 6–9, Teff =
80 000 K.

Figure 4. Stark and Doppler widths for Si VI 2p4(3P)3s 2P-2p4(3P)3p 2D◦
(λ = 1226, 7 Å) spectral line as a function of Rosseland optical depth. Stark
widths are shown for four values of model gravity log g = 6–9, Teff =
80 000 K.

as a function of Rosseland optical depth for the same atmospheric
models as in Fig. 1.

The dependence of Stark and Doppler broadening in atmospheric
layer temperature for four values of surface gravity is shown in
Fig. 3. Atmospheric models used here have effective temperature
Teff = 80 000 K. For stellar atmosphere with higher values of surface
gravity (log g = 8–9), Stark broadening is significantly larger than
Doppler one. For stellar atmosphere with surface gravity log g = 7,
Stark widths are comparable to Doppler widths only for deeper hot
atmospheric layer. For stellar atmospheres with log g = 6, Doppler
broadening is dominant for all atmospheric layers.

5 C O N C L U S I O N S

In present work we have calculated ab initio energy levels for the
eight lowest configurations of Si VI. We have also calculated transi-
tion probabilities and oscillator strengths for 288 transitions. These
data are useful for interpretation of laboratory and astrophysical
spectra, since the reliability of the predicted emergent spectra and
the derived spectral diagnoses is directly influenced by the qual-
ity of radiative data. The method used here is semirelativistic one,
the relativistic corrections are included by using the Breit–Pauli
Hamiltonian as perturbation to the non-relativistic Hamiltonian. To
make fully relativistic calculation, the GRASP code (Dyall et al. 1989)
can be used. One should note also that Martin & Wiese (1976) inves-
tigated the influence of relativistic effects on the oscillator strength
values for the lithium isoelectronic sequences and found that the
influence is not important on investigated f values for the ionization
degrees investigated in our work. We have reported results of Stark
broadening parameter calculations for 15 spectral lines of Si VI. For
the simple spectrum, the Stark broadening parameters of different
lines are nearly the same within a multiplet (Wiese & Konjević
1992). Consequently, we have used the averaged atomic data for a
multiplet as a whole and calculate the corresponding Stark widths
and shifts. We see that using the SUPERSTRUCTURE code one obtains
a set of energy levels and oscillator strengths, enabling a calculation
of Stark broadening parameters when other theoretical and experi-
mental data do not exist. The Stark broadening parameters obtained
here, contribute to the creation of a set of such data for as large
as possible number of spectral lines, of significance for a number
of problems in astrophysical, laboratory and technological plasma
research. Our analysis of the influence of Stark broadening on Si VI

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 387, 871–882



882 R. Hamdi et al.

(λ = 1226, 7 Å) spectral line for stellar plasma conditions demon-
strates the importance of this broadening mechanism for hot, high
gravity star atmospheres, as for example DO white dwarfs.
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Dimitrijević M. S., Konjević N., 1980, J. Quant. Spectrosc. Radiat. Transfer,

24, 451
Dimitrijević M. S., Sahal-Bréchot S., 1984, J. Quant. Spectrosc. Radiat.

Transfer, 31, 301
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170, 243
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ABSTRACT
The main aim of this work is to estimate the total contribution of the processes of He+

2
molecular ion photodissociation and He + He+ collisional absorption charge exchange to the
opacity of DB white dwarf atmospheres, and compare this with the contribution of He− and
other relevant radiative absorption processes included in standard models.

The method for the calculations of the molecular ion He+
2 photodissociation cross-sections

is based on the dipole approximation and quantum-mechanical treatment of the internuclear
motion, while the quasi-classical method for describing absorption processes in He + He+

collisions is based on the quasi-static approximation.
Absorption coefficients are calculated in the region 50 nm ≤ λ ≤ 850 nm and compared

with the corresponding coefficients of other relevant absorption processes; the calculations of
the optical depth of the atmosphere layers considered are performed in the far-UV and VUV
regions; the contribution of the relevant absorption processes to the opacity of DB white dwarf
atmospheres is examined.

We examined the spectral ranges in which the total He+
2 and He− absorption processes

dominate in particular layers of DB white dwarf atmospheres. In addition, we show that in the
region of λ � 70 nm the process of H(1s) atom photoionization is also important, in spite of
the fact that the ratio of hydrogen and helium abundances in the DB white dwarf atmosphere
considered is 1:105.

Key words: atomic processes – molecular processes – radiation mechanisms: general –
radiative transfer – stars: atmospheres.

1 I N T RO D U C T I O N

The main aim of this work is to obtain a realistic estimation of
the total and relative contribution of relevant radiative processes
to the opacity, caused by continuous absorption in the far-UV and
VUV regions, of particular layers within some DB white dwarf
atmospheres, models for which are given in Koester (1980). Namely,
such an estimation could be useful for the interpretation of real
continual stellar spectra.

Calamida et al. (2008) specified the most important processes
contributing to white dwarf absorption coefficients, and the pro-
cesses involving helium quoted by him, relevant for helium-rich
DB white dwarfs, are bound–free absorption of neutral helium and

�E-mail: ljuba@phy.bg.ac.yu

free–free absorption of He−, considered e.g. by John (1994). Pre-
viously, and even now, for the DB white dwarf atmosphere condi-
tions considered here (T eff = 12 000–14 000 K, log g = 7–8), the
more important of these two processes as a source of continuous
absorption is the free–free absorption of He−, hereinafter named
the He− absorption process. Previously, for the DB white dwarf
atmospheres considered (T eff = 12 000–14 000 K, log g = 7–8) as
the main source of the continuous absorption, the He− absorption
process was treated as follows:

ελ + He + e =⇒ He + e′, (1)

where ελ is the energy of a photon with wavelength λ, and e and e′

denote the free electron before and after collision with the He atom.
Besides the He− absorption process, the bound–free absorption
processes are usually included, as mentioned by Calamida et al.
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(2008), including the other relevant reaction channel:

ελ +
{

He∗(n, L, S)

He+ + e
=⇒ He+ + e′, (2)

where He∗(n, L, S) is the helium atom in the excited state, n the
corresponding principal quantum number, and L and S the quantum
numbers of orbital momentum and spin. Continuous absorption
opacity due to the processes of He+

2 molecular ion photodissociation
can be written as

ελ + He+
2 =⇒ He + He+, (3)

and He + He+ collisional absorption charge exchange as

ελ + He + He+ =⇒
{

He+ + He

He + He+ , (4)

where He ≡ He(1s2), He+ ≡ He+(1s) and He+
2 ≡ He+

2 (X2�+
u )

were neglected in DB white dwarf atmosphere modelling up to the
beginning of the 1990s. However, Mihajlov & Dimitrijević (1992)
and Mihajlov, Dimitrijević & Ignjatović (1994a), using the DB
white dwarf atmosphere models of Koester (1980), demonstrated
that at least for T eff < 16 000 K these processes should contribute
to the opacity in the optical region. In these papers the absorption
coefficients for both processes (3) and (4) have been determined
within the semiclassical (quasi-static) method developed by Bates
(1952).

Processes (3) and (4) were considered later in Stancil (1994)
but, in contrast to Mihajlov & Dimitrijević (1992) and Mihajlov
et al. (1994a), the photodissociation channel (3) was treated com-
pletely quantum-mechanically. A significant result of this paper was
the inclusion of the absorption coefficients for processes (3) and
(4) obtained by Stancil (1994) in modern DB white dwarf atmo-
sphere modelling codes (Bergeron, Wesemael & Beauchamp 1995;
Beauchamp et al. 1996; Beauchamp, Wesemael & Bergeron 1997).
This inclusion was probably accelerated by the fact that Stancil
(1994) suggest the absolute domination of processes (3) and (4),
at least in the region shown (λ ≤ 500 nm), in comparison with the
He− absorption processes (1). In connection with this, one should
emphasize that such a suggestion is based only on fig. 7 of Stancil
(1994), in relation to the model with log g = 8, T eff = 12 000 K
from Koester (1980). Moreover, this figure shows the behaviour
with λ of the He− and He+

2 total absorption coefficients determined
for only one value of the Rosseland optical depth (τ = 1). However,
one can see in this figure that the He+ density is 10 times larger than
the electron density, so that the curve of the He+

2 total absorption
coefficient is obtained with He+ ion densities (needed for the cal-
culation) ten times larger than in local thermodynamic equilibrium
(LTE), which is assumed in the basic model used (Koester 1980).
According to this, the real curve should lie much lower and cross the
curve of the He− absorption coefficient. Consequently, the question
of the relative importance of particular absorption processes in DB
white dwarf atmospheres remains open. This justifies the fact that in
some modern investigations of DB white dwarf atmospheres these
processes are neglected.

The results from Mihajlov et al. (1994a), obtained for one Koester
model (log g = 8 and T eff = 12 000 K), have already provided a
more realistic picture of the relative importance of He− and He+

2
total absorption processes, at least in the region λ ≥ 300 nm. From
these results follows the above-mentioned crossing of the curves
for He− and He+

2 absorption coefficients. In a following paper
(Mihajlov et al. 1995), the relative importance of He+

2 and
other relevant absorption processes in the region λ ≥ 200 nm

was examined for several of Koester’s (1980) models (T eff =
12 000, 14 000, 16 000 K, log g = 7, 8). It was shown that, in all
cases considered, the contribution to opacity of the processes of
He+

2 molecular ion photodissociation and He + He+ collisional
absorption charge exchange combined is close to or at least compa-
rable with the contribution of the He− absorption processes (1) and
atomic absorption processes (2).

The continuation of our investigations of processes (3) and (4)
was inspired by the results obtained in connection with the processes
of H+

2 molecular ion photodissociation and H + H+ collisional ab-
sorption charge exchange in the solar atmosphere. Here, we recall
that in Mihajlov & Dimitrijević (1986), Mihajlov, Dimitrijević &
Ignjatović (1993) and Mihajlov et al. (1994b) the relative impor-
tance of the absorption processes was investigated:

ελ + H+
2 =⇒ H + H+, (5a)

ελ + H + H+ =⇒
{

H+ + H

H + H+ , (5b)

where H ≡ H(1s) and H+
2 ≡ H+

2 (X2�+
g ), in the optical region of

λ in the solar photosphere and lower chromosphere. The efficiency
of these processes was compared with the efficiency of the known
absorption processes that have already been treated in the literature
(Mihalas 1978), namely

ελ + H− =⇒ H + e′, (6a)

ελ + H + e =⇒ H + e′, (6b)

ελ +
{

H∗(n)

H+ + e
=⇒ H+ + e′, (6c)

where H− is the negative hydrogen ion in the ground state, and
H∗(n) is the hydrogen atom in the excited state, with the principal
quantum number n ≥ 2. It was shown that the relative contribution
of processes (5) to the opacity of the layers of the solar atmosphere
considered in the visible and near-UV regions of continual spectra
does not exceed 10–12 per cent. Such a relatively small contribution
is a consequence of the presence of the highly efficient absorption
process (6a) in the solar atmosphere. However, in Mihajlov et al.
(2007) it was shown that the relative contribution of processes (5)
to the opacity of particular layers of the solar atmosphere in the
far-UV and VUV regions reaches almost 90 per cent of the total
contribution of all concurrent processes (6a), (6b) and (6c). This
result means that processes (5) in the short-wave region become
equally as important as process (6a).

It should be noted in this context that in Mihajlov & Dimitrijević
(1992) and Mihajlov et al. (1994a, 1995) it was shown that the
relative contribution of processes (4) in some DB white dwarfs
(T eff = 12 000 K, log g = 8) is around 50 per cent, i.e. several times
larger than the related contribution of processes (5a) and (5b) in
the solar atmosphere. This difference in comparison with the solar
atmosphere is due to the absence in DB white dwarf atmospheres of
a highly efficient absorption process similar to process (6a) in the
solar atmosphere. The above-mentioned work suggests that the rel-
ative contribution of absorption processes (3) and (4) to the opacity
of DB white dwarf atmospheres in the far-UV and VUV regions
(λ < 200 nm) of continual spectra could be considerably larger than
the relative contribution of absorption processes (5) to the opacity
of the solar atmosphere.

For this reason, we continued our previous investigations
(Mihajlov & Dimitrijević 1992; Mihajlov et al. 1994a, 1995) of
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processes (3) and (4) in DB white dwarf atmospheres in the far-
UV and VUV regions. In accordance with the aims of this paper,
the temperature and particle densities in particular layers should
be known. In spite of the fact that Koester’s DB white dwarf at-
mospheric models were published in 1980, only recently were the
data needed for such estimation presented, so that they are used for
example by Marsh, Nelemans & Steeghs (2004).

In order to examine qualitatively the influence of absorption pro-
cesses (3) and (4) on the opacity of DB white dwarf atmospheres,
Koester’s (1980) models with T eff = 12 000 K and log g = 8 and
7 and with T eff = 14 000 K and log g = 8 were used in this work.
Here the necessary calculations of absorption coefficients charac-
terizing processes (4) were performed. The determination of these
coefficients was obtained from the potential curves of molecular ion
He+

2 in the X2�+
u and A2�+

g states, as well as the corresponding
dipole matrix elements, which were precisely calculated during this
research. These characteristics of He+

2 are presented here.
In order to determine the relative efficiency of processes (4) in

the UV and VUV regions for particular DB white dwarf atmosphere
layers, the corresponding absorption coefficients will be compared
with the absorption coefficients that characterize the concurrent pro-
cesses (1) and (2) for 51 nm ≤ λ ≤ 400 nm. The lower boundary of
this region was taken as λ = 51 nm, which is close to the He atom
ionization boundary λHe ∼= 50.14 nm, below which the photoion-
ization of the He atom absolutely dominates in comparison with all
other absorption processes.

Also, we will consider here the hydrogen photoionization process

ελ + H =⇒ H+ + e′. (7)

Although according to Koester (1980) the ratio of hydrogen and
helium abundances in the considered DB white dwarf atmospheres
is 1:105, our estimations showed that process (7) could play a certain
role for λ < λH, where λH ∼= 91.13 nm is the H atom ionization
boundary.

As a quantitative characteristic of the contribution of processes
(4) to the opacity of a DB white dwarf atmosphere, the increase of
the optical depth of particular atmosphere layers caused by these
processes was taken here. The corresponding calculations were per-
formed for each of the cases mentioned, in the same region of λ.
Also, this increase was compared with the optical depth of the lay-
ers considered caused by absorption processes (4), (1), (2) and (7)
together.

Here we used the models of DB white dwarf atmospheres from
Koester (1980) already mentioned, since they provide all the re-
quired data on particle densities and temperatures, in particular DB
white dwarf atmospheric layers. In all further discussion it was
taken into account that these models assumed the existence of local
thermodynamical equilibrium (LTE).

2 CHA R AC TER ISTICS OF
P H OTO D I S S O C I AT I O N A N D I O N – ATO M
ABSORPTION PROCESSES

2.1 The photodissociation cross-section

The photodissociation process (3) is characterized here by the cor-
responding average cross-section σ phd(λ, T ). This cross-section is
defined by

σphd(λ, T ) =
∑

J

∑
v gv,J (2J + 1)e−Ev,J /(kT ) σv,J (λ)

∑
J

∑
v gv,J (2J + 1)e−Ev,J /(kT ) , (8)

where v and J are the vibrational and rotational quantum num-
bers of the individual rovibrational states (v, J ) of the molecular
ion He+

2 (X2�+
u ), σv,J(λ) the partial photodissociation cross-sections

of these states, Ev,j and gv,j (2J + 1) the corresponding ener-
gies with respect to the ground rovibrational state and statistical
weights, while factor gv,j describes the influence of nuclear spin.
Here we consider that this influence is negligible at temperatures
much higher than room temperature (see e.g. Patch 1969; Lebedev &
Presnyakov 2002). Since for DB white dwarf atmospheres tempera-
tures T � 8000 K are relevant, for further consideration we assume
that gv,j = 1.

Within the dipole approximation the partial cross-sections σ v,j (λ)
are given by the expressions

σv,J (λ) = 8π3

3λ

[
J + 1
2J + 1

|DE,J+1;v,J |2 + J

2J + 1
|DE,J−1;v,J |2

]
,

(9)

where DE,J+1;v,J and DE,J−1;v,J are the radial matrix elements given
by the relations

DE,J ;v,J ′ =< �2;E,J ′ (R)|D12(R)|�1;v,J (R) >, J = J ′ ± 1, (10)

D12(R) = |D12(R)|, D12(R) =< 1|D(R)|2 >, (11)

where R is the internuclear distance, D(R) the operator of electron
dipole momentum, and |1〉 ≡ X2�+

u and |2〉 ≡ A2�+
g are the ground

and first excited electronic states of the molecular ion He+
2 with

the potential curves U 1(R) and U 2(R), respectively. �1;v,j (R) and
�2;E,J ′ (R) denote the adiabatic nuclear radial wavefunctions of the
bound state (v, J ) in the potential U 1(R) and the continual state (E,
J

′
) in the potential U 2(R) respectively, with

E = Ev,J + ελ. (12)

It is assumed that the wavefunctions �1;v,j (R) and �2;E,J ′ (R) satisfy
the standard orthonormalization conditions.

In the hydrogen case the whole problem was much simpler, be-
cause all the required characteristics of molecular ion H+

2 were
already well known for 0 ≤ R ≤ ∞. However, in the helium
case the situation was quite different: the calculation of σ phd(λ, T )
required the usage of incompatible data from different sources and,
consequently, the introduction of additional approximations (e.g.
the characteristics of the He+

2 molecular ion are determined in
Stancil, Bab & Dalgarno (1993) on the basis of data from six dif-
ferent articles). This situation has not changed until now.

That is why within this research a special effort was made to
determine the potential energies U 1(R) and U 2(R) and the matrix
element D12(R) consistently over a wide region of R. The calcula-
tions of these quantities were performed under D2h symmetry using
the MOLPRO package of programs (Werner et al. 2006). They were
performed at the multi-reference configuration interaction (MRCI)
level using multi-configuration self-consistent field (MCSCF) or-
bitals with the cc-pv5z basis set of Dunning (1989) and Kendall,
Dunning & Harrison (1992). We started at the self-consistent field
(SCF) level with the ground-state electron configuration a2

gb
1
1u. The

active space at the MCSCF step contained 3ag and 3b1u orbitals
without any closed or core orbitals (all three electrons were in-
volved). The potential curves U 1(R) and U 2(R) obtained are pre-
sented in Fig. 1, and the dipole matrix element D12(R) in Fig. 2.
Unfortunately, it is not possible to compare the potential curves pre-
sented in this paper with the potential curves used in Stancil et al.
(1993) and Stancil (1994), since they are not given there. We note
that in Stancil et al. (1993) and Stancil (1994) the data from earlier
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Figure 1. The potential curves of the molecular ion He+
2 : U1(R) corresponds to the ground electronic state X2�+

u , and U2(R) to the first excited electronic
state A2�+

g ; U12(R) = U2(R) − U1(R), 1 au ≈ 27.21 eV.

Figure 2. The matrix element D12(R) for the transition between the elec-
tronic states X2�+

u and A2�+
g of the ion He+

2 .

papers of Metropoulos and coworkers (Metropoulos, Nicolaides &
Buenker 1987; Metropoulos & Nicolaides 1991; Metropoulos et al.
1992) had an especially important role.

With the results obtained here, the required potential curves are
self-consistent, since we now have the quantities U 1(R), U 2(R)
and D12(R) within a wide region of R, which is enough for de-
termination of the cross-section σ phd(λ, T ) and the corresponding
coefficient K (a)

ia (λ, T ) for the photodissociation processes (3). The
results obtained are illustrated in Fig. 3, where the behaviour of
σ phd(λ, T ) in the UV and VUV regions for T = 8000, 10 000,
12 000, 14 000 and 16 000 K is shown.

From Fig. 3 one can see that the behaviour of σ phd(λ, T ) is
similar to the behaviour of photodissociation cross-sections in the
hydrogen case obtained in Mihajlov et al. (2007). Because of that in,
the helium case one should also expect the increase of absorption

Figure 3. The behaviour of the average cross-section σ phd(λ, T ) for pho-
todissociation of the He+

2 molecular ion, as a function of λ, for 8000 K ≤
T ≤ 16 000 K.

caused by ion–atom processes (4) in the short-wave region (λ <

300 nm).

2.2 The partial absorption coefficients

The efficiencies of the photodissociation process (3) and
the charge-exchange absorption process (4) are character-
ized separately by the partial spectral absorption coefficients
κ (a)

ia (λ) ≡ κ (a)
ia [λ; T , N (He+

2 )] = σphd(λ, T)N(He+
2 ) and κ (b)

ia (λ) ≡
κ (b)

ia [λ; T , N (He), N(He+)] where T , N (He+
2 ), N(He) and N (He+)

are the local temperature and the densities of He+
2 (X2�+

u ), He and
He+ in the layer of the DB white dwarf atmosphere considered.
Following our previous paper (Mihajlov et al. 2007) and assuming
the existence of LTE, we will take the photodissociation coeffi-
cient κ (a)

ia (λ) in an equivalent form suitable for further consideration,
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namely

κ (a)
ia (λ) = K (a)

ia (λ, T )N (He)N(He+), (13)

K (a)
ia (λ, T ) = σphd(λ, T ) χia(T ), (14a)

χia(T ) = N (He+
2 )

N (He)N(He+)
. (14b)

Here the photodissociation cross-section σ phd(λ, T ) is given by
equations (8)–(12), and the quantity χ ia, which contains the density
N (He+

2 ), is determined from the law of mass action,

χ−1(T ) =
(

μkT

2π�2

) 3
2 g(He)g(H+)
∑

J

∑

v

gv,J (2J + 1)e−Ev,J /(kT ) exp
(

− D

kT

)
,

(15)

where μ and D are the reduced mass and the dissociation energy
of the molecular ion He+

2 , and g(He) = 1 and g(He+) = 2 are the
statistical weights of the atom He and ion He+.

The charge-exchange absorption coefficient κ (b)
ia (λ) is defined by

κ (b)
ia (λ) = K (b)

ia (λ, T )N (He)N(He+), (16)

where the coefficient K (b)
ia (λ, T ) is determined here by the semiclas-

sical method developed in Bates (1952) on the basis of the quasi-
static approximation (see Mihajlov et al. 1994a; Mihajlov et al.
1995, 2007). Within this method, only the λ region where the
equation

U12(R) ≡ U2(R) − U1(R) = ελ (17)

has real roots is considered. Consequently, in the helium case the
quasi-static method is applicable in the region λ � 62 nm where
this equation has two real roots (see Fig. 1), Rλ;1 and Rλ;2 > Rλ;1.
In Mihajlov et al. (1995), where the optical region of λ was treated,
only the larger of these roots has been taken into account. However,
in the far-UV and VUV regions both roots should be taken into
account. Consequently, we will take here K (b)

ia (λ, T ) in the form

K (b)
ia (λ, T ) = 0.62 × 10−42

2∑

i=1

[
2D12(Rλ;i)

eRλ;i

]2

γ (Rλ;i)

×
(

Rλ;i

a0

)4

exp
[
−U1(Rλ;i)

kT

]
ξ (Rλ;i), (18)

γ (Rλ;i) =

∣
∣∣
∣
∣
∣∣
∣

d ln
[

U12(R)
2Ry

]

d(R/a0)

∣
∣∣
∣
∣
∣∣
∣
R=Rλ;i

, (19a)

ξ (Rλ;i) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1, U1(Rλ;i) ≥ 0,



(
3
2

; −U1(Rλ;i)
kT

)



(
3
2

) , U1(Rλ;i) < 0,
(19b)

where e and a0 are the electron charge and the atomic unit of length,
and K (b)

ia (λ, T ) is expressed in cm5.

2.3 The total absorption coefficient

The efficiency of absorption processes (3) and (4) together is
characterized by the total spectral absorption coefficient κia(λ) ≡

κia[λ; T , N (He), N(He+)] given by: κ ia(λ) = κ (a)
ia (λ) + κ (b)

ia (λ). Us-
ing equations (13) and (16) for κ (a)

ia (λ) and κ (b)
ia (λ), we will take

κ ia(λ) in the form

κia(λ) = Kia(λ, T )N (He)N(He+), (20a)

Kia(λ, T ) = K (a)
ia (λ, T ) + K (b)

ia (λ, T ), (20b)

where K (a)
ia (λ, T ) is given by equations (14) and (8), and K (b)

ia (λ, T )
by equations (18) and (19). For the comparison of the efficiency of
processes (4) with the efficiencies of the concurrent processes (1),
(2) and (7) only the total absorption coefficients κ ia(λ) and K ia(λ, T )
are needed. Table 1 illustrates the behaviour of the coefficient K ia(λ,
T ) for 8000 K ≤ T ≤ 20 000 K and 50 nm ≤ λ ≤ 850 nm. Since the
values of K ia(λ, T ) are determined by the new characteristics of the
molecular ion He+

2 (X2�+
u ), this table covers not only the far-UV

and VUV region but also the optical region.
The relative contribution of processes (3) and (4) can be charac-

terized by the branch coefficients

X(a)(λ, T ) = κ (a)
ia (λ, T )
κia(λ, T )

= K (a)
ia (λ, T )

Kia(λ, T )
, (21a)

X(b)(λ, T ) = κ (b)
ia (λ, T )
κia(λ, T )

≡ 1 − X(a)(λ, T ). (21b)

The behaviour of X(a)(λ, T ) is illustrated by Table 2. This table
shows that within the region of λ considered both processes (3) and
(4) have to be taken into account together, since neither of them
dominates.

The efficiency of processes (4) within a DB white dwarf at-
mosphere is compared here with the efficiency of the concurrent
absorption processes (1) and (2), which are characterized by the
spectral absorption coefficients κea(λ) and κei(λ), namely

κea(λ) = Kea(λ, T )NeN (He),

κei(λ) = Ka;ei(λ, T )NeN (He+),
(22)

Ka;ei(λ, T ) =
∑

n≥2,L,S

σnLS(λ)χnLS(T ) + Kei(λ, T ),

χnLS(T ) = N [He∗(n,L, S)]
NeN (He+)

.

(23)

where Kea(λ, T ) and Kei(λ, T ) are the rate coefficients that de-
scribe absorption by (e + He) and (e + He+) collision systems.
Ne and N [He∗(n, L, S)] denote the densities of the free electrons
and the excited atoms He∗(n, L, S), and σ nLS(λ) the correspond-
ing excited atom photoionization cross-section. It was found that
in all cases considered the absorption processes (2) play a minor
role in comparison with the electron–atom process (1). This is a
consequence of the fact that helium plasma in the layers of the
DB white dwarf atmosphere considered is weakly ionized. The
relative efficiency of processes (4) with respect to processes (1)
and (2) together is characterized by the parameter F He(λ), defined
by

FHe(λ) = κia(λ)
κea(λ) + κei(λ)

= Kia(λ, T )
[
N (He+)/Ne

]

Kea(λ, T ) + Kei(λ, T )
[
N (He+)/N(He)

] . (24)

In calculations of F He(λ), the coefficient Kea(λ, T ) was determined
by means of the data from Somerville (1965), and Ka;ei(λ, T )
by means of expressions from Sobel’man (1979) for the partial
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Table 1. The total absorption coefficient K ia(λ, T ).

λ (nm) K ia(cm5)
8000 K 10 000 K 12 000 K 14 000 K 16 000 K 18 000 K 20 000 K

50 .241E−44 .145E−44 .987E−45 .727E−45 .564E−45 .454E−45 .375E−45
55 .418E−43 .258E−43 .179E−43 .133E−43 .104E−43 .842E−44 .700E−44
60 .195E−41 .118E−41 .811E−42 .600E−42 .467E−42 .377E−42 .312E−42
65 .126E−40 .946E−41 .793E−41 .704E−41 .646E−41 .607E−41 .578E−41
70 .214E−40 .141E−40 .108E−40 .895E−41 .779E−41 .701E−41 .646E−41
80 .576E−40 .332E−40 .230E−40 .177E−40 .146E−40 .125E−40 .111E−40
90 .106E−39 .564E−40 .369E−40 .273E−40 .218E−40 .183E−40 .159E−40

100 .161E−39 .815E−40 .518E−40 .375E−40 .294E−40 .243E−40 .209E−40
125 .275E−39 .135E−39 .838E−40 .597E−40 .462E−40 .379E−40 .323E−40
150 .336E−39 .167E−39 .105E−39 .752E−40 .586E−40 .482E−40 .413E−40
175 .357E−39 .183E−39 .117E−39 .854E−40 .672E−40 .559E−40 .482E−40
200 .360E−39 .191E−39 .126E−39 .931E−40 .743E−40 .624E−40 .542E−40
250 .343E−39 .196E−39 .135E−39 .103E−39 .846E−40 .724E−40 .639E−40
300 .322E−39 .195E−39 .140E−39 .110E−39 .922E−40 .802E−40 .718E−40
350 .302E−39 .192E−39 .143E−39 .115E−39 .980E−40 .865E−40 .783E−40
400 .288E−39 .192E−39 .146E−39 .120E−39 .104E−39 .928E−40 .847E−40
450 .276E−39 .190E−39 .148E−39 .124E−39 .108E−39 .977E−40 .900E−40
500 .267E−39 .189E−39 .151E−39 .128E−39 .113E−39 .103E−39 .953E−40
550 .261E−39 .190E−39 .154E−39 .132E−39 .118E−39 .108E−39 .100E−39
600 .260E−39 .193E−39 .158E−39 .137E−39 .124E−39 .114E−39 .106E−39
650 .258E−39 .195E−39 .162E−39 .142E−39 .128E−39 .118E−39 .111E−39
700 .256E−39 .197E−39 .165E−39 .146E−39 .132E−39 .123E−39 .116E−39
750 .255E−39 .199E−39 .168E−39 .150E−39 .137E−39 .128E−39 .121E−39
800 .251E−39 .199E−39 .170E−39 .152E−39 .140E−39 .131E−39 .124E−39
850 .251E−39 .201E−39 .173E−39 .156E−39 .144E−39 .135E−39 .129E−39

Table 2. The branch coefficient X(a)(λ, T ).

λ (nm) X(a)

8000 K 10 000 K 12 000 K 14 000 K 16 000 K 18 000 K 20 000 K

65 0.560 0.444 0.360 0.298 0.251 0.214 0.186
80 0.861 0.778 0.699 0.628 0.566 0.511 0.464

100 0.922 0.859 0.793 0.728 0.669 0.615 0.566
150 0.927 0.866 0.801 0.738 0.679 0.625 0.576
200 0.904 0.833 0.761 0.694 0.633 0.578 0.530
300 0.825 0.735 0.654 0.583 0.522 0.470 0.425
400 0.745 0.645 0.561 0.492 0.434 0.387 0.347
500 0.673 0.570 0.487 0.421 0.368 0.325 0.289
600 0.602 0.502 0.424 0.363 0.316 0.277 0.246
700 0.546 0.449 0.376 0.320 0.276 0.241 0.213
800 0.501 0.407 0.337 0.285 0.245 0.213 0.187

photoionization cross-section σ nLS(λ) and the free–free electron–
ion absorption coefficient Kei(λ, T ). The coefficient K ia(λ, T ) is
determined by equations (20), (14) and (18), but all necessary values
of K ia(λ, T ) can be obtained by means of Table 1.

As in Mihajlov et al. (1994a, 1995), the parameter F He(λ) is
treated as a function of log τ , where τ is Rosseland optical depth
of the atmosphere layer considered (Mihalas 1978). The values
of log τ are taken from Koester (1980). The behaviour of F He(λ;
log τ ) is illustrated in Figs 4, 5 and 6, for atmospheres of DB white
dwarfs with T eff = 12 000 K and log τ = 8, T eff = 12 000 K and
log τ = 7, and T eff = 14 000 K and log τ = 8, respectively. Ac-
cording to the expectations, the relative efficiency of absorption
processes (4) in the far-UV and VUV regions was increased several
times with respect to the optical region. The result is that processes
(4) in the region 80 nm � λ � 200 nm dominate in comparison
with the concurrent processes (1) and (2) in significant parts of DB
white dwarf atmospheres (maximal values of F He ≈ 2.5). From

Figs 4 and 6 one can see that the relative efficiency of processes (4)
weakly decreases (∼5 per cent) with the decrease of log g from 8
to 7 for T eff = 12 000 K, while the shape of curves F He(λ; log τ )
stays practically the same. However, Fig. 5 shows that increasing
Teff from 12 000 K to 14 000 K for log g = 8 causes significant
changes in curves F He(λ; log τ ). The characteristic fluctuations of
F He(λ; log τ ) in these figures are caused, exceptionally, by small
fluctuations of the temperature and other atmospheric parameters in
the corresponding table from Koester (1980), which was examined
in detail in Mihajlov et al. (1995). However, the systematic in-
crease of the temperature in the range log τ � −2 for about 1500 K
causes a significant increase of the parameters N (He+)/N(He) and
N (He+

2 )/N(He+), and, as a consequence, a significant increase of
the absorption coefficients κ (a)

ia and κ (b)
ia of both absorption processes

(3) and (4). This fact is reflected by the corresponding increase of
the quantity FHe in Fig. 5 in the case of T eff = 14 000 K with respect
to Fig. 4 in the case of T eff = 12 000 K.
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Figure 4. Behaviour of the quantity F He = κ ia/(κea + κei) within the atmosphere of a DB white dwarf in the case log g = 8 and T eff = 12 000 K.

Figure 5. As Fig. 4, but for the case log g = 8 and T eff = 14000 K.

Apart from that, the efficiency of the absorption processes (4)
in the region λHe < λ ≤ λH is compared with the efficiency of
the hydrogen photoionization process (1), which is characterized
by the spectral absorption coefficient κH(λ) ≡ κH[λ; N (H)] defined
by

κH(λ) = σphi(λ)N (H), (25)

where N (H) is the local density of atom H, and σ phi(λ) the corre-
sponding photoionization cross-section. Consequently, the relative

efficiency of processes (4) and (7) for λ ≤ λH can be characterized
by the parameter F H(λ), defined by

FH(λ) = κia(λ)
κH(λ)

= Kia(λ, T )N (He+)N(He)
σphi(λ)N (H)

, (26)

where the cross-section σ phi(λ) is taken from Bethe & Salpeter
(1957). It was found that the behaviour of F H(λ) in all DB
white dwarf atmospheres considered is qualitatively similar. Con-
sequently, the behaviour of F H(λ) is illustrated in Fig. 7 only for the
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Figure 6. As Fig. 4, but for the case log g = 7 and T eff = 12 000 K.

Figure 7. Behaviour of the quantity F H = κ ia/κH within the atmosphere
of a DB white dwarf in the case log g = 8 and T eff = 12 000 K.

case T eff = 12 000 K and log g = 8. This figure shows that within
the region λHe < λ � 80 nm the hydrogen photoionization process
(7) should be treated as an important absorption process. Namely,
for each λ from this region there is a significant part of the DB white
dwarf atmosphere where process (7) dominates in comparison with
the other absorption processes.

On the basis of Figs 4, 5, 6 and 7 one might expect that in
the region λHe < λ ≤ 400 nm the summary optical depth τ sum(λ;
log τ ) of the atmosphere layers considered, caused by all absorption
processes relevant for continual spectra, should be significantly
larger with respect to the optical depth caused by processes (1)
and (2) only. For λHe < λ � 70 nm this increase should be caused
by process (7), and for λ � 70 nm by processes (4). Since only
τ sum(λ; log τ ) is necessary to describe the radiation transfer in the

atmosphere considered, the behaviour of this quantity is examined
here, supposing that only processes (4), (1), (2) and (7) cause the
continuous absorption.

The contribution of processes (4) to the opacities of the DB white
dwarf atmospheres considered is directly characterized by means
of the quantity �τ ia(λ; log τ ), which represents the increase of the
optical depth of the atmosphere layer considered that is caused
by these processes themselves (see Mihajlov et al. 1995). We will
characterize the contribution of the absorption processes considered
to the opacity of DB white dwarf atmospheres by τ sum(λ; log τ ) and
the ratio �τ ia(λ; log τ )/τ sum(λ; log τ ).

The behaviour of τ sum(λ; log τ ) and �τ ia(λ; log τ )/τ sum(λ; log τ )
is illustrated in Figs 8, 9 and 10 for the same cases: T eff = 12 000 K
and log τ = 8, T eff = 12 000 K and log τ = 7, and T eff = 14 000 K
and log τ = 8. First of all, Figs 8(b)–10(b), which illustrate the
behaviour of the ratio �τ ia(λ; log τ )/τ sum(λ; log τ ), show that in
the region 70 nm � λ � 400 nm processes (4) give the dominant
contribution to the opacity of the most important layer −1 � log τ �
1. This holds especially for the region 90 nm � λ � 150 nm, where
the contribution of processes (4) reaches ∼70 per cent. It means
that this layer, according to Figs 8(a)–10(a), would be transparent
in the absence of processes (4).

Also, Figs 8(a)–10(a) show that in the region λHe < λ � 70 nm
the hydrogen photoionization process (7) causes the opacity of the
layer −1 � log τ � 1. The influence of this process is especially
strong in the case log g = 7 and T eff = 12000 K, and weaker in the
case log g = 8 and T eff = 14000 K.

3 C O N C L U S I O N S

The results obtained allow the possibility of estimating which ab-
sorption processes give the main contribution to the opacity in DB
white dwarf atmospheres in different spectral regions. Therefore,
from our results it follows that the helium absorption processes (3)
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Figure 8. A DB white dwarf atmosphere in the case log g = 8 and T eff = 12000 K: (a) the behaviour of the summary optical depth τ sum(λ; log τ ) caused by
the absorption processes (4), (1), (2) and (7); (b) the behaviour of the ratio �ia(λ; log τ )/τ sum(λ; log τ ) characterizing the relative contribution of processes (4)
to the summary optical depth.

Figure 9. As Fig. 8, but for the case log g = 8 and T eff = 14 000 K.

and (4) are dominant in the region 70 nm � λ � 200 nm, while in
the region λ > 200 nm the He− absorption processes (1) have the
principal role, in contrast to the results presented in Stancil (1994).
However, absorption processes (3) and (4) deserve to be included
not only in the codes developed by e.g. Bergeron et al. (1995) but
also in other DB white dwarf research.

Finally, it was shown that in the region λHe < λ � 70 nm, the
hydrogen photoionization processes (7) take the dominant role in
spite of the fact that the ratio of hydrogen and helium abundances in
the DB white dwarf atmosphere considered is 1:105. Consequently,
the hydrogen photoionization processes (7) should also be included

in DB white dwarf modelling. Moreover, this result opens the ques-
tion of the eventual influence of metals, the abundance of which
in the DB white dwarf considered is 1.5 times larger than that of
hydrogen (Koester 1980).

We also note that the results obtained may be useful for the inter-
pretation of observational data for DB white dwarfs. Namely, these
results give the possibility of estimating from which atmospheric
layers of DB white dwarfs the radiation at a given λ comes. This is
important since the temperatures of these layers vary considerably
with the Rosseland optical depth (τ ), as follows from the models
used (Koester 1980).
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Figure 10. As Fig. 8, but for the case log g = 7 and T eff = 12 000 K.
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ABSTRACT
The static electrical conductivity of non-ideal, dense, partially ionized helium plasma was
calculated over a wide range of plasma parameters: temperatures 1 × 104 � T � 1 × 105 K
and mass density 1 × 10−6 g cm−3 � ρ � 2 g cm−3. Calculations of electrical conductivity
of plasma for the considered range of plasma parameters are of interest for DB white dwarf
atmospheres with effective temperatures 1 × 104 K � Teff � 3 × 104 K.

Electrical conductivity of plasma was calculated by using the modified random phase
approximation and semiclassical method, adapted for the case of dense, partially ionized
plasma. The results were compared with the unique existing experimental data, including the
results related to the region of dense plasmas. In spite of low accuracy of the experimental
data, the existing agreement with them indicates that results obtained in this paper are correct.

Key words: stars: atmospheres – stars: kinematics and dynamics – white dwarfs.

1 INTRODUCTION

DB white dwarf atmospheres belong to the class of astrophysical ob-
jects which have been investigated for a long time and from various
aspects (Bues 1970; Koester 1980; Stancil, Bab & Dalgarno 1993).
Of the previous work, the contribution of the authors of this paper
was on the optical properties of DB white dwarf atmospheres within
the range of average effective temperatures 1 × 104 K � Teff �
2 × 104 K. Mihajlov & Dimitrijević (1992), Mihajlov, Dimitrijević
& Ignjatović (1994) and Mihajlov et al. (1995) worked on the con-
tinual absorption in the optical part of electromagnetic spectra, Mi-
hajlov et al. (2003) worked on the chemi-ionization/recombination
processes and Ignjatović et al. (2009) investigated the continual
absorption in the VUV region of EM spectra.

Recently, the transport properties of helium plasmas, character-
istic of some DB white dwarf atmospheres, attracted the authors’
attention, first of all the electrical conductivity. Namely, data on
the electrical conductivity of plasma of stars with a magnetic field
or moving in the magnetic field of the other component in a bi-
nary system (see, e.g. Zhang, Wickramasinghe & Ferrario 2009;
Rodriguez-Gil, Martinez-Pais & Rodriguez 2009; Potter & Tout
2010) could be of significant interest, since they are useful for the
study of the thermal evolution of such objects (cooling, nuclear
burning of accreted matter) and the investigation of their magnetic
fields. For example, Kopecký (1970) and Kopecký & Kotrč (1973)
studied electrical conductivity for stars of various spectral types, in
order to investigate the magnetohydrodynamic differences in their
atmospheres. Recently, Mazevet, Challacombe & Kowalski (2007)

�E-mail: ljuba@ipb.ac.rs

investigated He conductivity in cool white dwarf atmospheres, since
the possibility of using these stars for dating stellar populations
has generated a renewed interest in modelling their cooling rate
(Fontaine, Brassard & Bergeron 2001). Also, the transport processes
occurring in the cores of white dwarfs (see, e.g. Baiko & Yakovlev
1995 and numerous references therein) have been considered. More-
over, electrical conductivity was particularly investigated for solar
plasma, since it is of interest for consideration of various processes
in the observed atmospheric layers, like the relation between mag-
netic field and convection, the question of magnetic field dissipation
and the energy released by such processes (see e.g. Kopecký 1970
and references therein). For example, Feldman (1993) investigated
the role of electrical conductivity in the construction of a theoret-
ical model of the upper solar atmosphere, and Kazeminezhad &
Goodman (2006) considered the electrical conductivity of solar
plasma for magnetohydrodynamic simulations of the solar chromo-
spheric dynamo. Given that electrical conductivity plays an anal-
ogous role in other stars as well, it is of interest to investigate its
significance, to adapt the methods for research into stellar plasma
conditions and to provide the needed data.

An additional interest for data on electrical conductivity in white
dwarf atmospheres may be stimulated by the search for extrasolar
planets. Namely, Jianke, Ferrario & Wickramasinghe (1998) have
shown that a planetary core in orbit around a white dwarf may reveal
its presence through its interaction with the magnetosphere of the
white dwarf. Such an interaction will generate electrical currents
that will directly heat the atmosphere near its magnetic poles. Jianke
et al. (1998) emphasize that this heating may be detected within the
optical wavelength range as Hα emission. For investigation and
modelling of the above-mentioned electrical currents, the data on
electrical conductivity in white dwarf atmospheres will be useful.
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One of the most frequently used approximations for consideration
of transport properties of different plasmas is the approximation of
‘fully ionized plasma’ (Spitzer 1962; Radke et al. 1976; Adamyan
et al. 1980; Kurilenkov 1984; Ropke & Redmer 1989; Djuric et al.
1991; Nurekenov et al. 1997; Zaika, Mulenko & Khomkin 2000;
Esser, Redmer & Ropke 2003). It was shown that the electrical con-
ductivity of fully ionized plasmas can be successfully calculated us-
ing the modified random-phase approximation (RPA) (Djuric et al.
1991; Adamyan et al. 1994a,b) in the region of strong and moderate
non-ideality, while the weakly non-ideal plasmas were successfully
treated within the semiclassical approximation (SC) (Mihajlov et al.
1993; Vitel et al. 2001). In practice, even the plasmas with a sig-
nificant neutral component are treated as fully ionized in order to
simplify the considered problems (Ropke & Redmer 1989; Esser
& Ropke 1998; Zaika et al. 2000; Esser et al. 2003). However, our
preliminary estimates have shown that such an approach is not ap-
plicable for the helium plasmas of DB white dwarf atmospheres
described in Koester (1980), where the influence of the neutral
component cannot be neglected.

Therefore, an adequate method for calculations of electrical con-
ductivity of dense, partially ionized helium plasmas is developed
in this paper. This method represents a generalization of methods
developed in Djuric et al. (1991) and Mihajlov et al. (1993), namely,
modified RPA and SC methods, and gives the possibility of esti-
mating the real contribution of the neutral component to the static
electrical conductivity of the considered helium plasmas within a
wide range of mass densities (ρ) and temperatures (T).

The calculations were performed for helium plasma in the state
of local thermodynamical equilibrium with given ρ and T for
1 × 104 K � T � 1 × 105 K and 1 × 10−6 g cm−3 � ρ � 2 g cm−3.
The obtained results are compared with the corresponding exper-
imental data (Mintsev, Fortov & Gryaznov 1980; Ternovoi et al.
2002; Shilkin et al. 2003). For the calculations of plasma character-
istics of DB white dwarf atmospheres, the data from Koester (1980)
were used.

2 THEORY

2.1 The plasma electrical conductivity

On the basis of the previous paper of Adamyan et al. (1980), a mod-
ified RPA method for calculation of the static conductivity of fully
ionized plasma was developed in Djuric et al. (1991) and Adamyan
et al. (1994a). The principal role of this method is in the formula
for energy-dependent electron–electron (ee) and electron–ion (ei)
relaxation times tee;ei(E) = tRPA

ee;ei, where E is the energy of a single
electron state, determined as a sum over the Matsubara frequen-
cies by using the methods of Green function theory. This method
is especially suitable for calculation of the electrical conductivity
of dense non-ideal plasmas with electron density (Ne) larger than
1017 cm−3. In the region Ne < 1017 cm−3 the static conductivity of
fully ionized plasmas can be determined well using the SC method
developed in Mihajlov et al. (1993), which is also based on electron
relaxation time tee;ei(E) = tSC

ee;ei. It is important that the SC method
gives practically the same results as the RPA method in a wider
region of the electron densities around the value of Ne = 1017 cm−3.
The SC method was tested from this aspect in Vitel et al. (2001),
where it was experimentally verified through comparison with the
results from Spitzer (1962) and Kurilenkov (1984), just for the
helium plasmas.

However, as was already mentioned, the helium plasma of the
considered DB white dwarf atmospheres contains a significant neu-

tral atom component, as follows from Bues (1970) and Koester
(1980). Because of that, we will start here from the fact that in both
RPA and SC methods effective electron relaxation times tee;ei(E)
can be expressed as

1
tee;ei(E)

= νee;ei(E), (1)

where E is the electron energy, and νee;ei(E) – the corresponding total
electron–electron and electron–ion collision frequency. This gives
the possibility of generalizing the modified RPA and SC methods
for the case of partially ionized plasmas, replacing 1/tee;ei(E) by
νe;tot(E)

νe;tot(E) = νee;ei(E) + νea(E) = 1
tee;ei(E)

+ νea(E), (2)

where νea(E) is an effective electron–atom collision frequency. Con-
sequently, the basic RPA and SC expressions for the static elec-
trical conductivity σ 0 transform to the corresponding Frost-like
expressions

σ0 = 4e

3m

∫ ∞

0
Ew(E)

1
[

1
tee;ei(E)

+ νea(E)
]

dfFD(E)
dE

dE, (3)

where m and e are the mass and the modulus of charge of the
electron, w(E) is the density of the single electron states in the en-
ergy space, f FD(E) ≡ f FD(E; T , Ne) is the Fermi–Dirac distribution
function for given Ne and temperature T and tee;ei(E) = tRPA

ee;ei or
tee;ei(E) = tSC

ee;ei.
On the basis of composition and temperature data of the con-

sidered DB white dwarf atmospheres (Bues 1970; Koester 1980),
one can note that only four components of these atmospheres are
important for determination of σ 0: free electrons, He+ and He2+

ions and helium atoms. In accordance with this, the expression for
1/tRPA

ee;ei from Djuric et al. (1991) can be presented in the form

1
tRPA
ee;ei (E)

= 4πmNee
4kBT

(2mE)3/2

∫ √
8mE/�

0

dq

q

×
∑

n

{
Z2

e �e;n(q)
Neε3

n(q)
+
∑

j=1,2

Z2
ij�ij ;n(q)

Nij ε3
n(q)

}

, (4)

where � and kB are the Planck and Boltzmann constants, respec-
tively, Zee and Zi1,i2e are the charges of electron and He+ (1s) and
He2+ ions (Ze = −1, Zi1 = 1, Zi2 = 2), Ni1 and Ni2 are the cor-
responding helium ion densities, �e;n(q), �i1;n(q) and �i2;n(q) are
the electron and ion polarization operators, εn(q) is the dielectric
function, n = 0, ±1, ±2 . . . and the summation is extended over all
the Matsubara frequencies 	n = 2πnkBT/�. The detailed expres-
sions for polarization operators and dielectric functions are given in
Djuric et al. (1991) and Adamyan et al. (1994a).

The SC expression for σ 0 is applied to the outer layers of the
considered DB white dwarf atmospheres where Ne < 1017 cm−3

and the presence of He2+ ions can be neglected. Because of that the
expression for 1/tSC

ee;ei, in accordance with Mihajlov et al. (1993),
can be taken in the form

1
tSC
ee;ei(E)

=
[

1
χee

(2m)1/2E3/2

2e4Zi1Ne

1

ln
(
1 + �2

i

)1/2

]−1

,

�i = 2E

Zi1e2
rci,

(5)

where k is the Boltzmann constant and Zi1 = 1. The correction
factor 1/χ ee = 1/χ ee(Zi1, T) is determined within the SC method,
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while rci ∼ (4πe2Ne/kT)−1/2 is the corresponding screening length
which is an external parameter of the theory. The values of 1/χ ee

for Zi1 = 1 and 104 K ≤ T ≤ 105 K are taken from Mihajlov et al.
(1993). Here, value rci = rn;i is taken as the screening length, where
the ion neutrality radius rn;i is given by the expressions obtained in
Mihajlov, Vitel & Ignjatović (2009). Such a choice of the screening
length provides overlapping SC and RPA values of σ 0 in a wider
region of electron densities around the value of Ne = 1017 cm−3.

Finally, the electron–atom collision frequency νea(E) in equa-
tion (3) is given here by the known expression

νea(E) = Nav(E) · Qtr
ea(E), (6)

where Na is the He(1s2) atom density, v(E) = (2E/m)1/2 is the
relative electron–atom velocity and Qtr

ea(E) is the transport cross-
section for the elastic e−He(1s2) scattering (Mott & Massey 1970).

2.2 The electron–atom transport cross-section

The exact quantum-mechanical calculation of the transport cross-
section for elastic electron–atom collisions is a very hard problem in
itself. However, in the case of e−He(1s2) scattering the problem be-
comes easier within the considered temperature range where all non-
elastic collision processes can be neglected. Namely, in this case
it can be treated as scattering of electrons in an adequately chosen
model potential U(r), where r is the distance between the electron
and the nucleus of the He(1s2) atom. Thus, the electron movement
is described by a wavefunction �(r, θ, φ) = χl (r)

r
Ylm(θ, φ), where

Ylm(θ , φ) is a spherical harmonic function of degree l and order m,
while the function χ l(r) satisfies the radial Schrodinger equation
[
−1

2
d2r

dr2
+ U (r) + l(l + 1)

2r2

]
χ (r) = Eχ (r) (7)

given in atomic units. Following the previous paper of Ignjatović &
Mihajlov (1997), we take the model potential U(r) in the form

U (r) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

U0(r) = −Z

r
+ q

r + r0
+ Z − q

r0
, 0 < r < ri

Um(r) = ar2 + br + c, ri < r < rf

Uas(r) = − α

2
(
r2 + h2

)2 rf < r < ∞,

(8)

where Z = 2 is the charge of the nucleus of a helium atom, q and
Z − q describe the redistribution of electrons in the 1s shell of the
helium atom (0 < q < 2), α is the polarizability of the He(1s2) atom
and r0 has the meaning of the average radius of an atom. Parameters
a, b, c and h are determined from the conditions of continuity and
smoothness of the potential U(r) at the points ri and rf where 0 <

ri < r0 and rf > r0. The values of the mentioned quantities are given
in Table 1.

Equation (7) is solved by the partial wave method described
in Ignjatović & Mihajlov (1997). One obtains as the result the
phase shifts δl(E) for l = 0, 1, 2, . . . , where each δl(E) corresponds
to the partial wave with a given orbital number l. This way of
solving equation (7) has advantages since, apart from the transport
cross-section

Qtr(E) = 2π�c

E

∞∑

l=0

(l + 1) sin2(δl − δl+1), (9)

it allows determination of the elastic cross-section, as well as cross-
sections of higher order (viscosity cross-section, etc.). As one can
see in Fig. 1, there is an excellent agreement between the values of
Qtr(E) calculated using the potential (8) and various experimental
and theoretical data of other authors.

3 RESULTS AND DISCUSSION

In order to apply our results to the study of DB white dwarf at-
mosphere plasma properties, helium plasmas with electron (Ne)
and atom (Na) densities and temperatures (T), characteristic of at-
mosphere models presented in the literature (Koester 1980), are
considered here. So, the behaviour of ρ and T for models with the
logarithm of surface gravity log g = 8 and effective temperature
Teff = 12 000, 20 000 and 30 000 K is shown in Fig. 2 as a function
of Rosseland opacity τ . As one can see, these atmospheres contain
layers of dense helium plasma. In order to cover the considered
plasma parameter range reliably, we tested our method for calcula-
tion of the plasma electrical conductivity within a wider range of
mass density 1 × 10−6 g cm−3 � ρ � 2 g cm−3 and of temperature
1 × 104 K � T � 1 × 105 K.

The influence of neutral atoms on the electrical conductivity
of helium plasma is shown in Fig. 3. In this figure the electrical
conductivities for T = 15 000, 20 000 and 25 000 K are given as
functions of mass density ρ. The range between the two vertical
dashed lines corresponds to the conditions in the considered DB
white dwarf atmospheres. Two groups of curves, calculated using
the expression (3), are presented in this figure: (a) the dashed ones,
obtained by neglecting the influence of atoms, i.e. with νea = 0; (b)
the full-line curves calculated with the influence of atoms included,
i.e. with νea given by equation (6). First, one should note that the
behaviour of these two groups of curves is qualitatively different:
the first one increases constantly with the increase of ρ, while the
other group of curves decreases, reaches a minimum, and then starts
to increase with the increase of ρ. One could explain such behaviour
of the electrical conductivity by the pressure ionization. This figure
also clearly shows when the considered plasma can be treated as
‘fully ionized’.

In Fig. 4 we compare our values of the helium plasma conduc-
tivity, shown by full curves for T = 15000, 20 000 and 25 000 K
within the region 5 × 10−4 g cm−3 < ρ < 2 g cm−3, with the existing
experimental data. Let us note that these experimental results are
uniquely available for comparison so that, in spite of their low ac-
curacy, the agreement with them gives the only possible indication
that our results are correct.

Within the region ρ < 0.65 g cm−3, i.e. to the left of the vertical
line in Fig. 4, there are experimental results from Ternovoi et al.
(1999) (◦) and Shilkin et al. (2003) (�), where the temperature was
determined with an error of less than 20 per cent, which are related
to the temperature range 20 000–25 000 K. For ρ > 0.65 g cm−3,
i.e. right of the vertical line in Fig. 4, are shown several values of
the plasma conductivity, obtained by Ternovoi et al. (2002) for the
temperature range 15 000–25 000 K. These experimental values are
obtained with an experimental error ∼50 per cent and can be treated
only as characteristic of this temperature region as a whole. These

Table 1. The parameter values of the model potential U(r) from equation (8) in atomic units.

Z q a b c α h ri rf r0

2 0.7 −0.59597652 2.2545472 −2.19405731 1.384 0.01 0.73 1.75 0.9
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Figure 1. Momentum transfer cross-section Qtr as a function of energy E. Calculated data (full line) for helium together with results of other authors: Nesbet
(1979) (dashed line), Fon, Barrington & Hibbert (1981) (dotted line), Register, Trajmer & Strivastava (1980) (	), Crompton, Elford & Robertson (1970) (�),
Brunger et al. (1992) (◦), Milloy & Crompton (1977) (�).

Figure 2. DB white dwarf atmosphere models with log g = 8 and Teff = 12 000 K (full curve), Teff = 20 000 K (dashed curve) and Teff = 30 000 K (dotted
curve) from Koester (1980): (a) the mass densities; (b) the temperatures, as functions of Rosseland opacity τ .

data at least indicate that our results for ρ > 0.65 g cm−3 lie in the
correct domain of the electrical conductivity values.

The developed method was then applied to calculation of plasma
electrical conductivity for the models of DB white dwarf atmo-
spheres presented in Fig. 2. The results of the calculations are
shown in Fig. 5. First, let us note a regular behaviour of the static
electrical conductivity which one should expect considering the
characteristics of DB white dwarf atmospheres. Further, the electri-
cal conductivity profiles presented in this figure show that, for the

considered DB white dwarf models, plasma electrical conductivity
changes over the domain of values where our results agree with the
experimental ones (see Fig. 4). This indicates that the theoretical
apparatus presented here may be adequate to be used for investiga-
tion of DB white dwarfs in the magnetic field of their partners in
binary systems and magnetic white dwarfs.

In order to provide the possibility for direct applications of our re-
sults to different theoretical investigations, the values of static elec-
trical conductivity σ 0 of helium plasma in a wide range of ρ and T
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Figure 3. Static electrical conductivity σ 0 of dense He plasmas as a function of mass density ρ (full curves), compared to the Coulomb part of the conductivity
(dashed curves). The area left of the vertical dashed line marks the region which is of interest for DB white dwarfs.

Figure 4. Static electrical conductivity σ 0 of helium plasma for various temperatures as a function of the mass density ρ. The full line represents the
calculations based on the expressions (3)–(6); to the right of the vertical dotted line, there is a region of extremely dense plasmas where one should treat the
presented calculation as an extrapolation. 
 – Shilkin et al. (2003), 20 000–23 000 K; � – Ternovoi et al. (2002), 15 000–25 000 K; © – Mintsev et al. (1980),
20 000–25 000 K.

are given in Table 2. This table covers plasma conditions for all mod-
els of DB white dwarf atmospheres presented in Koester (1980) and
the corresponding values of σ 0 were determined for the helium plas-
mas in the state of local thermodynamical equilibrium with given ρ

and T .

The method developed in this paper also represents a pow-
erful tool for research into white dwarfs with different atmo-
spheric compositions (DA, DC etc.), and for investigation of
some other stars (M-type red dwarfs, Sun etc.). Finally, the pre-
sented method provides a basis for the development of methods to
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Figure 5. Static electrical conductivity σ 0 as a function of the logarithm of Rosseland opacity τ for DB white dwarf atmosphere models with log g = 8 and
Teff = 12 000 K (full curve), Teff = 20 000 K (dashed curve) and Teff = 30 000 K (dotted curve).

Table 2. Static electrical conductivity of helium plasma σ 0[1/(	m)]

ρ[g cm−3]

T[K] 5.00E-07 1.00E-06 5.00E-06 1.00E-05 5.00E-05 1.00E-04 5.00E-04 1.00E-03 5.00E-03

8000 6.53E+00 4.69E+00 2.15E+00 1.50E+00 6.90E−01 4.89E−01 2.20E−01 1.53E−01 6.88E−02
9000 4.34E+01 3.16E+01 1.47E+01 1.13E+01 5.12E+00 3.60E+00 1.58E+00 1.19E+00 5.20E−01

10 000 1.69E+02 1.30E+02 6.74E+01 5.02E+01 2.38E+01 1.72E+01 8.12E+00 5.73E+00 2.56E+00
12 000 9.36E+02 8.04E+02 5.09E+02 4.05E+02 2.19E+02 1.66E+02 8.35E+01 6.08E+01 2.92E+01
14 000 2.27E+03 2.08E+03 1.62E+03 1.38E+03 8.87E+02 6.97E+02 3.99E+02 3.00E+02 1.28E+02
16 000 3.64E+03 3.55E+03 3.15E+03 2.87E+03 1.45E+03 1.18E+03 6.85E+02 5.28E+02 2.75E+02
18 000 4.90E+03 4.97E+03 4.76E+03 3.79E+03 2.87E+03 2.46E+03 1.58E+03 1.26E+03 7.07E+02
20 000 6.08E+03 6.22E+03 6.32E+03 5.61E+03 4.99E+03 4.46E+03 3.21E+03 2.53E+03 1.58E+03
25 000 9.95E+03 1.02E+04 9.90E+03 9.90E+03 8.62E+03 7.74E+03 5.95E+03
30 000 1.33E+04 1.40E+04 1.56E+04 1.60E+04 1.57E+04 1.50E+04 1.21E+04
35 000 1.65E+04 1.74E+04 2.02E+04 2.15E+04 2.34E+04 2.35E+04 2.15E+04
40 000 1.97E+04 2.09E+04 2.43E+04 2.61E+04 3.06E+04 3.18E+04 3.22E+04
45 000 2.31E+04 2.45E+04 2.84E+04 3.06E+04 3.69E+04 3.93E+04 4.36E+04
55 000 3.04E+04 3.23E+04 3.70E+04 3.98E+04 4.81E+04 5.26E+04 6.40E+04
65 000 3.81E+04 4.08E+04 4.65E+04 4.98E+04 6.00E+04 6.56E+04 8.20E+04
75 000 4.58E+04 4.93E+04 5.66E+04 6.06E+04 7.26E+04 7.92E+04 9.84E+04

describe other transport characteristics which are important for the
study of all mentioned astrophysical objects, such as the elec-
tronic thermo-conductivity in the stellar atmosphere layers with
large electron density, electrical conductivity in the presence of
strong magnetic fields and dynamic (high frequency) electrical
conductivity.
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ABSTRACT
In this paper, we present new Stark electron impact widths of the 2s–2p resonance doublets of
the C IV, N V, O VI, F VII and Ne VIII ions, obtained using our quantum mechanical method. The
present results are required to develop future spectral analysis using non-local thermodynamic
equilibrium model atmospheres, which can make the determination of photospheric properties
more accurate. Results are presented for a large range of electron temperatures required for
plasma modelling. These are compared to the available theoretical ones. They are also used
to check the previously obtained semiclassical perturbation results, and very good agreement
is found. The atomic structure and collision data, used for the calculations of line broadening
for the five ions studied here, are also calculated and compared to available theoretical results.
The agreement found between the two calculations ensures that our line-broadening procedure
uses the adequate structure and collision data. Scalings of linewidths with effective charge Z
are also studied.

Key words: atomic data – line: profiles – scattering – stars: atmospheres – white dwarfs.

1 INTRODUCTION

The Stark broadening mechanism is important in stellar spec-
troscopy and the analysis of astrophysical and laboratory plasmas.
Its influence should be considered in opacity calculations, the mod-
elling of stellar interiors, the estimation of radiative transfer through
stellar plasmas and the determination of chemical abundances of el-
ements. For such investigations, in particular for opacity and radia-
tive transfer calculations, a very large number of lines of different
elements and their ions are needed (Dimitrijević 2003). For ex-
ample, Barstow, Hubeny & Holberg (1998) have shown that the
analysis of white dwarf atmospheres, where Stark broadening is
dominant in comparison with the thermal Doppler broadening, can-
not always be accomplished properly with models that neglect the
opacity of heavy elements (Popović, Dimitrijević & Tankosić 1999;
Tankosić, Popović & Dimitrijević 2003). Consequently, atomic and
line-broadening data for many elements are necessary for stellar
plasma research.

Rauch et al. (2007) have stressed that many line-broadening data
for many species and their ions have been missed in the literature.

�E-mail: haykel.elabidi@fsb.rnu.tn

Some other data exist but they are absent for the required temper-
atures and electron densities. It has been necessary to extrapolate
these to the temperatures and densities at the line-forming regions,
especially the line cores. This procedure can provide inaccurate
results, especially in the case of extrapolation to temperatures, be-
cause the temperature dependence of linewidths can be very differ-
ent. This lack of data represents an obstacle for the development
of spectral analysis using non-local thermodynamic equilibrium
(NLTE) model atmosphere techniques.

Rauch et al. (2007) have reported many problems that they have
encountered in their determination of element abundances: the line
cores of the S VI resonance doublet appear too deep to match the
observation and they are not well suited for an abundance determi-
nation. Rauch et al. (2007) attributed this problem to the fact that
the line-broadening tables of Dimitrijević & Sahal-Bréchot (1993a)
are presented for an insufficient range of temperatures and densi-
ties for the calculations of the corresponding element abundances.
The same problem has also been encountered for the resonance
doublet of N V (the tables of Dimitrijević & Sahal-Bréchot 1992b
were used) and O VI (the tables of Dimitrijević & Sahal-Bréchot
1992a were used). There was another problem related to the oxy-
gen; Rauch et al. (2007) reproduced all the oxygen lines in their
synthetic spectra except for O V λ1371. The lack of line-broadening
data for these species and the lack of accurate results are the origin

C© 2011 The Authors
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of many discrepancies between the observations and synthetic line
profiles in Rauch et al. (2007).

The Stark broadening calculations in this paper are based on a
quantum mechanical approach. The quantum mechanical expres-
sion for electron impact broadening calculations for intermediate
coupling was obtained from Elabidi, Ben Nessib & Sahal-Bréchot
(2004). We performed the first applications for the 2s3s–2s3p tran-
sitions in Be-like ions from nitrogen to neon (Elabidi et al. 2007,
2008a) and for the 3s–3p transitions in Li-like ions from carbon
to phosphor (Elabidi, Ben Nessib & Sahal-Bréchot 2008b; Elabidi,
Sahal-Bréchot & Ben Nessib 2009). This approach was also used
in Elabidi & Sahal-Bréchot (2011) to check the dependence on
the upper-level ionization potential of electron impact widths. Our
quantum approach is an ab initio method. That is, all the param-
eters required for the calculations of the line broadening, such as
radiative atomic data (energy levels, oscillator strengths, etc.) or
collisional data (collision strengths or cross-sections, scattering ma-
trices, etc.) are evaluated during the calculation and are not taken
from other data sources. We used the sequence of the UCL atomic
codes SST/DW/JAJOM that have been used for many years to provide
fine structure wavefunctions, energy levels, wavelengths, radiative
probability rates and electron impact collision strengths. Recently,
these have been adapted to perform line-broadening calculations
(Elabidi et al. 2008a).

In order to provide new line-broadening data at a wide range
of temperatures suitable for spectral analysis, and thus useful for
a more accurate determination of photospheric properties, in this
paper we apply our quantum mechanical method to calculate Stark
electron impact widths for the resonant doublets of C IV, N V, O VI,
F VII and Ne VIII ions. By providing these quantum results, we hope
that we can partially contribute to the removal of some of the above-
listed discrepancies between the observations and the synthetic pro-
files reported in Rauch et al. (2007). Other problems have been
reported for some other ions and lines, which will be dealt with in
future work.

The results obtained have been used to check the previous
semiclassical perturbation (SCP) calculations (Dimitrijević, Sahal-
Bréchot & Bommier 1991; Dimitrijević & Sahal-Bréchot 1992a,b,
1994) by comparison with quantum mechanical calculations ob-
tained with a more sophisticated theoretical approach that includes
more accurate oscillator strengths. Attention has been paid to the
scaling of linewidths with the charge Z ‘seen’ by the optical elec-
tron: Z = z + 1 (where z is the ionic charge). There is a difference
between the Z-scaling of theoretical and experimental Stark widths
for homologous transitions (3s–3p and 2s3s–2s3p within Li-like
and Be-like isoelectronic sequences, respectively; Glenzer, Uzelac
& Kunze 1992, 1993; Blagojević et al. 1999; Hegazy et al. 2003;
Elabidi, Sahal-Bréchot & Ben Nessib 2009). Here, we also study
the Z-scaling of the 2s–2p linewidth, and we compare our results
with the semiclassical results.

2 OUTLINE OF THE THEORY
AND COMPUTATIONAL PROCEDURE

Here, we present an outline of the quantum formalism of elec-
tron impact broadening. More details have been given elsewhere
(Elabidi, Ben Nessib & Sahal-Bréchot 2004; Elabidi et al. 2008a).
The calculations are performed within the frame of the impact ap-
proximation. This means that the time interval between collisions
is much longer than the duration of a collision. The expression
of the full width at half-maximum W obtained in Elabidi et al.

(2008a) is

W = 2Ne

(
�

m
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kBT

)1/2

×
∫ ∞
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Here, kB is the Boltzmann constant, Ne is the electron density, T is
the electron temperature and
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where Li + Si = Ji, Ji + l = Ki and K i + s = JT
i . L and S

represent the atomic orbital angular momentum and spin of the
target, l is the electron orbital momentum and the superscript ‘T’
denotes the quantum numbers of the total electron+ion system. Si

(Sf ) are the scattering matrix elements for the initial (final) levels, ex-
pressed in the intermediate coupling approximation, and Re(S) and
Im(S) are the real and imaginary parts, respectively, of the S-matrix
element.
{

abc

def

}

represent 6–j symbols, and we adopt the notation [x, y, . . .] =
(2x + 1)(2y + 1) . . . . Both Si and Sf are calculated for the same
incident electron energy ε = mv2/2. Equation (1) takes into account
fine-structure effects and relativistic corrections resulting from the
breakdown of the LS coupling approximation for the target.

The calculation starts with the study of the atomic structure in in-
termediate coupling, which is done using the SUPERSTRUCTURE code
(SST; Eissner, Jones & Nussbaumer 1974). The scattering prob-
lem in LS coupling is carried out by the DISTORTED WAVE (DW) code
(Eissner 1998), as in Elabidi et al. (2008a). This weak coupling
approximation for the collision part assumed in DW is adequate for
highly charged ions colliding with electrons, because the close col-
lisions are of little importance. The JAJOM code (Saraph 1978) is
used for the scattering problem in intermediate coupling. R ma-
trices in intermediate coupling and the real (Re S) and imaginary
(Im S) parts of the scattering matrix S have been calculated using
the transformed version of JAJOM (Elabidi & Dubau, unpublished
results) and the program RTOS (Dubau, unpublished results), respec-
tively. The evaluation of Re S and Im S is carried out according
to

Re S = (1 − R2) (1 + R2)−1
, Im S = 2R

(
1 + R2)−1

. (3)

The relation S = (1 + iR)(1 − iR)−1 guarantees the unitarity of the
S matrix.

3 RESULTS AND DISCUSSION

3.1 Structure and electron scattering data

We have used the 1s2 nl(2 ≤ n ≤ 5) configurations to study the
atomic structure of the five Li-like ions from C IV to Ne VIII. This
set of configurations gives rise to 24 fine-structure levels listed
in Tables 1 and 2. We have used the SST code (Eissner, Jones &
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Table 1. Our present energy levels (in Ry) for C IV, N V and O VI compared to those of NIST
(Ralchenko et al. 2011), where i labels the 24 levels.

Level designation C IV N V O VI

i Conf. Level Present NIST Present NIST Present NIST

1 1s22s 2S1/2 0.00000 0.00000 0.00000 0.00000 0.00000 0.0000
2 1s22p 2Po

1/2 0.58723 0.58762 0.73431 0.73324 0.88049 0.8782
3 1s22p 2Po

3/2 0.58816 0.58860 0.73660 0.73559 0.88522 0.8831
4 1s23s 2S1/2 2.75008 2.75976 4.14688 4.15653 5.82305 5.8325
5 1s23p 2Po

1/2 2.90541 2.91651 4.34296 4.35372 6.05983 6.0701
6 1s23p 2Po

3/2 2.90568 2.91680 4.34363 4.35442 6.06122 6.0715
7 1s23d 2D3/2 2.94672 2.96052 4.40062 4.41422 6.13463 6.1476
8 1s23d 2D5/2 2.94680 2.96062 4.40082 4.41442 6.13505 6.1481
9 1s24s 2S1/2 3.64512 3.65735 5.51324 5.52546 7.75846 7.7703
10 1s24p 2Po

1/2 3.70752 3.72081 5.59245 5.60558 7.85449 7.8673
11 1s24p 2Po

3/2 3.70764 3.72092 5.59274 5.60588 7.85508 7.8679
12 1s24d 2D3/2 3.72493 3.73926 5.61665 5.63087 7.88581 7.8996
13 1s24d 2D5/2 3.72496 3.73929 5.61674 5.63095 7.88599 7.8998
14 1s24f 2Fo

5/2 3.72545 3.74015 5.61753 5.63217 7.88710 7.9014
15 1s24f 2Fo

7/2 3.72547 3.74015 5.61757 5.63221 7.88719 7.9015
16 1s25s 2S1/2 4.04536 4.05850 6.12777 6.14090 8.63249 8.6451
17 1s25p 2Po

1/2 4.07627 4.09028 6.16721 6.18113 8.68047 8.6942
18 1s25p 2Po

3/2 4.07633 4.09034 6.16736 6.18128 8.68077 8.6942
19 1s25d 2D3/2 4.08517 4.09968 6.17956 6.19400 8.69644 8.7104
20 1s25d 2D5/2 4.08518 4.09970 6.17961 6.19404 8.69653 8.7104
21 1s25f 2Fo

5/2 4.08546 4.10015 6.18005 6.19471 8.69716 8.7115
22 1s25f 2Fo

7/2 4.08547 4.10015 6.18008 6.19471 8.69721 8.7115
23 1s25g 2G7/2 4.08547 4.10023 6.18008 6.19481 8.69722 8.7116
24 1s25g 2G9/2 4.08548 4.10023 6.18010 6.19481 8.69724 8.7116

Table 2. Same as in Table 1 but for F VII and Ne VIII.

Level designation F VII Ne VIII

i Conf. Level Present NIST Present NIST

1 1s22s 2S1/2 0.00000 0.00000 0.00000 0.00000
2 1s22p 2Po

1/2 1.02632 1.02299 1.17210 1.16781
3 1s22p 2Po

3/2 1.03503 1.03188 1.18689 1.18284
4 1s23s 2S1/2 7.77889 7.78788 10.01479 10.02290
5 1s23p 2Po

1/2 8.05640 8.06588 10.33311 10.34142
6 1s23p 2Po

3/2 8.05897 8.06849 10.33747 10.34587
7 1s23d 2D3/2 8.14910 8.16148 10.44455 10.45540
8 1s23d 2D5/2 8.14989 8.16227 10.44589 10.45673
9 1s24s 2S1/2 10.38114 10.39238 13.38177 13.39213
10 1s24p 2Po

1/2 10.49403 10.50593 13.51157 13.52240
11 1s24p 2Po

3/2 10.49511 10.50700 13.51340 13.52427
12 1s24d 2D3/2 10.53277 10.54563 13.55808 13.56971
13 1s24d 2D5/2 10.53310 10.54596 13.55865 13.57028
14 1s24f 2Fo

5/2 10.53458 10.54813 13.56049 13.57274
15 1s24f 2Fo

7/2 10.53474 10.54813 13.56078 13.57302
16 1s25s 2S1/2 11.55989 11.57201 14.91051 14.92163
17 1s25p 2Po

1/2 11.61644 11.62915 14.97566 14.98728
18 1s25p 2Po

3/2 11.61699 11.62974 14.97660 14.98823
19 1s25d 2D3/2 11.63618 11.64936 14.99934 15.01128
20 1s25d 2D5/2 11.63635 11.64953 14.99963 15.01158
21 1s25f 2Fo

5/2 11.63718 11.65070 15.00067 15.01295
22 1s25f 2Fo

7/2 11.63727 11.65070 15.00082 15.01310
23 1s25g 2G7/2 11.63728 11.65089 15.00083 15.01322
24 1s25g 2G9/2 11.63733 11.65089 15.00092 15.01322

Nussbaumer 1974), where the wavefunctions are determined by di-
agonalization of the non-relativistic Hamiltonian using orbitals cal-
culated in scaled Thomas–Fermi–Dirac–Amaldi (TFDA) potentials.
The scaling parameters λl have been obtained by a self-consistent

energy minimization procedure, in our case on all term energies
of the 14 configurations. Relativistic corrections (spin-orbit, mass,
Darwin and one-body) are introduced according to the Breit–Pauli
approach (Bethe & Salpeter 1957) in intermediate coupling. In
Tables 1 and 2, our level energies are compared to the experimental
values compiled by the National Institute of Standards and Tech-
nology (NIST; Ralchenko et al. 2011). We find that the agreement
between the two results is better than 1 per cent for all the ions
studied here.

The oscillator strengths fij for some allowed transitions are pre-
sented in Tables 3 and 4 and are compared to the NIST values. The
average agreement between them is about 3 per cent. However, we
find for each ion that our oscillator strengths for some transitions
are not in good agreement with those from NIST. For example, for
the transitions 1s22s 2S1/2–1s24p 2Po

1/2 (1–10), 1s22s 2S1/2–1s24p
2Po

3/2 (1–11), 1s23p 2Po
1/2–1s24s 2S1/2 (5–9) and 1s23p 2Po

3/2–1s24s
2S1/2 (6–9), the agreements with the NIST values are 11, 11, 24 and
25 per cent, respectively. We find the same for the 1–10 and 1–11
transitions in the C IV ion.

Because our calculations are ab initio, the accuracy of the atomic
structure (especially the oscillator strengths) is a prerequisite for the
accuracy of the line-broadening results. From the above compari-
son, we can conclude that our atomic structure study is sufficiently
accurate to be adopted in the scattering problem, and thus in the
line-broadening calculations.

The electron scattering calculations in LS coupling have been
performed in the distorted wave approximation through the DW

code (Eissner 1998). Fine-structure collision strengths for low
partial wave l of the incoming electron (l up to 29) have been
obtained using the JAJOM code (Saraph 1978). This code trans-
forms the transition matrix elements from LS coupling into
intermediate ones using the term coupling coefficients (TCC)
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Table 3. Oscillator strengths of some allowed transitions for C IV, N V and
O VI compared to NIST values.

Transition C IV N V O VI

i–j Present NIST Present NIST Present NIST

1–2 0.0959 0.0953 0.0787 0.0780 0.0667 0.0661
1–3 0.1922 0.1905 0.1580 0.1563 0.1342 0.1327
1–5 0.0696 0.0678 0.0809 0.0794 0.0893 0.0885
1–6 0.1391 0.1355 0.1615 0.1588 0.1782 0.1770
1–10 0.0231 0.0204 0.0250 0.0230 0.0263 0.0247
1–11 0.0462 0.0408 0.0499 0.0459 0.0526 0.0494
2–4 0.0378 0.0375 0.0324 0.0323 0.0289 0.0289
2–7 0.6499 0.6456 0.6551 0.6531 0.6590 0.6576
2–9 0.0073 0.0070 0.0064 0.0062 0.0058 0.0057
3–4 0.0379 0.0377 0.0325 0.0323 0.0290 0.0290
3–7 0.0650 0.0646 0.0656 0.0652 0.0660 0.0656
3–8 0.5852 0.5807 0.5900 0.5874 0.5936 0.5915
3–9 0.0073 0.0070 0.0064 0.0062 0.0058 0.0057
4–5 0.1580 0.1599 0.1302 0.1312 0.1106 0.1114
4–6 0.3166 0.3199 0.2614 0.2630 0.2226 0.2239
4–10 0.0712 0.0678 0.0848 0.0818 0.0946 0.0922
4–11 0.1433 0.1358 0.1692 0.1637 0.1886 0.1849
5–7 0.0589 0.0628 0.0525 0.0552 0.0473 0.0492
5–9 0.0823 0.0815 0.0715 0.0708 0.0644 0.0637
6–7 − 0.0062 0.0052 0.0055 0.0046 0.0048
6–8 0.0528 0.0564 0.0469 0.0492 0.0420 0.0435
6–9 0.0825 0.0815 0.0717 0.0708 0.0647 0.0638
7–10 0.0136 0.0138 0.0131 0.0132 0.0127 0.0127
7–11 0.0027 0.0028 0.0026 0.0026 0.0025 0.0025

Table 4. Same as in Table 3 but for the F VII and Ne VIII

transitions.

Transition F VII Ne VIII

i–j Present NIST Present NIST

1–2 0.0578 0.0558 0.0510 0.0502
1–3 0.1167 0.1125 0.1034 0.1019
1–5 0.0957 0.0955 0.1008 0.1009
1–6 0.1909 0.1910 0.2008 0.2009

1–10 0.0273 0.0242 0.0280 0.0270
1–11 0.0545 0.0483 0.0559 0.0541
2–4 0.0264 0.0240 0.0246 0.0247
2–7 0.6621 0.6652 0.6646 0.6652
2–9 0.0053 0.0047 0.0050 0.0050
3–4 0.0266 0.0239 0.0249 0.0249
3–7 0.0663 0.0667 0.0666 0.0664
3–8 0.5967 0.5983 0.5992 0.5970
3–9 0.0054 0.0047 0.0051 0.0050
4–5 0.0962 0.0955 0.0850 0.0855
4–6 0.1942 0.1927 0.1725 0.1659

4–10 0.1022 0.1074 0.1082 −
4–11 0.2035 0.2143 0.2152 −
5–7 0.0430 0.0439 0.0395 0.0340
5–9 0.0594 0.0449 0.0557 −
6–7 0.0042 0.0043 0.0038 0.0037
6–8 0.0380 0.0388 0.0346 0.0324
6–9 0.0598 0.0448 0.0562 −
7–10 0.0123 − 0.0120 −
7–11 0.0024 − 0.0024 −

provided by SST. It is known that, for highly charged ions, the
distorted wave approach is sufficiently accurate and the agreement
between DW and more sophisticated methods (e.g. close coupling) is
good.

For large l values, the above method becomes cumbersome and
inaccurate, but the contributions of these values of l to collision
strengths cannot be neglected. For 30 ≤ l ≤ 50, we have adopted
two different procedures. For allowed transitions, the contribution
has been taken into account using the JAJOM–CBE code (Dubau, un-
published results) based upon the Coulomb–Bethe formulation of
Burgess & Sheorey (1974) and adapted to the JAJOM approxima-
tion. For forbidden transitions, the contribution has been estimated
by the SERIE-GEOM code, assuming a geometric series behaviour for
high partial wave collision strengths (Chidichimo & Haig 1989;
Chidichimo 1992).

We compare our collision strengths with those obtained by
Aggarwal & Keenan (2004a,b) and Aggarwal, Keenan & Heeter
(2010) using the Dirac atomic R-matrix code (DARC) of Nor-
rington & Grant (private communication). This is a fully rela-
tivistic program, taking into account relativistic effects in both
the target and the scattering study. This code is based on the
jj coupling scheme and uses the Dirac–Coulomb Hamiltonian
in the R-matrix approach. Table 5 presents collision strengths
for C IV and O VI ions for transitions from the ground and
the two first excited levels to the 10 first excited levels. In
Table 6, we also present the collision strengths for N V, F VII and
Ne VIII ions for transitions from the ground level to all the other
levels. From Table 5, we find that the average relative difference
between the two collision strengths (��/�) is about 36 per cent
for C IV and 26 per cent for O VI. Table 6 shows that this difference
is about 39 per cent for N V, 26 per cent for F VII and 17 per cent
for Ne VIII. These results show clearly that our method is more ad-
equate to highly charged ions. Thus, our results could converge to
the more sophisticated R-matrix results for highly ionized atoms.
The greatest disagreement between the two calculations is found

Table 5. Collision strengths for some transitions com-
pared to the R-matrix (DARC) calculations: C IV

(Aggarwal & Keenan 2004a); O VI (Aggarwal &
Keenan 2004b).

Transition C IV (06 Ry) O VI (15 Ry)
i–j Present DARC Present DARC

1–2 5.1181 4.9960 2.7505 2.8460
1–3 10.4218 9.9880 5.5515 5.6850
1–4 0.2514 0.3909 0.1384 0.1982
1–5 0.0678 0.0808 0.0583 0.0640
1–6 0.1363 0.1613 0.1175 0.1272
1–7 0.2846 0.2760 0.1602 0.1618
1–8 0.4278 0.4139 0.2410 0.2427
1–9 0.0442 0.0796 0.0256 0.0038
1–10 0.0150 0.0297 0.0116 0.0170
2–3 0.4900 0.6494 0.2078 0.2793
2–4 0.0904 0.1057 0.0317 0.0373
2–5 0.3042 0.4366 0.1519 0.2161
2–6 0.0975 0.1055 0.0428 0.0450
2–7 2.1122 2.1040 1.1306 1.1590
2–8 0.1561 0.1664 0.0604 0.0656
2–9 0.0151 0.0292 0.0055 0.0087
2–10 0.0515 0.0916 0.0274 0.0418
3–4 0.1790 0.2118 0.0641 0.0749
3–5 0.0974 0.1057 0.0430 0.0452
3–6 0.7260 0.9789 0.3568 0.0478
3–7 0.5740 1.0340 0.2843 0.3113
3–8 4.0250 3.9250 2.1278 2.1450
3–9 0.0297 0.0584 0.0111 0.0175
3–10 0.0253 0.0402 0.0110 0.0141
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Table 6. Same as in Table 5 but for N V, F VII and Ne VIII. Comparison is
made with the R-matrix results of Aggarwal, Keenan & Heeter (2010).

Transition N V (10 Ry) F VII (20 Ry) Ne VIII (40 Ry)
i–j Present DARC Present DARC Present DARC

1–2 3.6838 3.7070 2.1094 2.2310 1.6683 1.9940
1–3 7.4581 7.4010 4.2512 4.4440 3.3492 3.9660
1–4 0.1846 0.2708 0.1052 0.1502 0.0946 0.1252
1–5 0.0644 0.0723 0.0491 0.0538 0.0638 0.0658
1–6 0.1297 0.1440 0.0989 0.1068 0.1274 0.1304
1–7 0.2101 0.2090 0.1237 0.1260 0.1133 0.1180
1–8 0.3160 0.3135 0.1861 0.1890 0.1705 0.1770
1–9 0.0339 0.0533 0.0194 0.0288 0.0179 0.0240
1–10 0.0132 0.0217 0.0096 0.0134 0.0125 0.0147
1–11 0.0269 0.0432 0.0195 0.0267 0.0253 0.0292
1–12 0.0353 0.0422 0.0197 0.0229 0.0173 0.0196
1–13 0.0531 0.0633 0.0296 0.0343 0.0260 0.0294
1–14 0.0156 0.0185 0.0093 0.0104 0.0078 0.0085
1–15 0.0210 0.0247 0.0125 0.0139 0.0106 0.0113
1–16 0.0127 0.0222 0.0072 0.0116 0.0068 0.0093
1–17 0.0053 0.0116 0.0037 0.0062 0.0047 0.0062
1–18 0.0107 0.0231 0.0075 0.0124 0.0096 0.0123
1–19 0.0125 0.0182 0.0069 0.0092 0.0059 0.0072
1–20 0.0188 0.0273 0.0104 0.0138 0.0089 0.0108
1–21 0.0084 0.0109 0.0049 0.0057 0.0040 0.0043
1–22 0.0112 0.0145 0.0065 0.0077 0.0054 0.0058
1–23 0.0007 0.0011 0.0004 0.0005 0.0003 0.0003
1–24 0.0009 0.0013 0.0005 0.0006 0.0003 0.0004

for the 1–16, 1–17 and 1–18 transitions and also for 1–4 and 1–9
transitions. All these transitions are optically forbidden, except for
the two transitions 1–17 and 1–18. We also note that in Aggarwal,
Keenan & Heeter (2010), the highest difference between the R-
matrix results and those obtained by the fully relativistic distorted
wave code (FAC) of Gu (2003) is found for the 1–9, 1–10 and 1–11
transitions.

In general, the two sets of collision strengths agree within 28
per cent for the five ions. We note that besides the comparison of
our linewidths with experimental and other theoretical linewidths,
the comparison of our scattering parameters with other results can
be another tool to ensure that our line-broadening calculations are
sufficiently accurate. This is because the scattering problem pro-
vides scattering matrices that are used in the line-broadening cal-
culations. A comparison with experimental scattering parameters
(cross-sections or collision strengths) should be more efficient for
this purpose. Such a comparison can be found in Elabidi, Sahal-
Bréchot & Ben Nessib (2011).

3.2 Line-broadening data

Except for the C IV ion, there are no experimental results for the
resonance line 2s–2p. In Table 7, we present our C IV linewidths
compared to the measured linewidths and to other theoretical data.
The present quantum mechanical calculations are always in agree-
ment (within less than 1 per cent) with the semiclassical results
(Dimitrijević, Sahal-Bréchot & Bommier 1991), but they are two
times higher than the close coupling (CC) results (Seaton 1988).
The modified semi-empirical widths (MSEs) are in agreement with
the CC results within 23 per cent. If we now compare our widths
(W) and the CC widths (WCC) to the experimental values (Wm), we
find (W/Wm)av = 1.71 and (WCC/Wm)av = 1.36. It is perhaps not
easy to make a conclusion about this last comparison, and new mea-
surements for the C IV 2s–2p linewidths should be made in order to

Table 7. Present FWHM (in Å) of the C IV 2s 2S–2p 2Po resonance line
compared to the experimental results and to other theoretical results. SCP
denotes semiclassical perturbation calculations (Dimitrijević, Sahal-Bréchot
& Bommier 1991), MSE denotes modified semi-empirical calculations
(Dimitrijević & Konjević 1981) and CC denotes close-coupling calcula-
tions (Seaton 1988).

T W Wexp W/WSCP W/WCC W/WMSE

2.0 1.18E−02 − 1.03 − −
4.0 8.44E−03 − − 1.90 2.33
5.0 7.60E−03 − 1.05 − −
5.3a 7.40E−03 3.34E−03 − 1.92 −
6.0b 7.00E−03 5.83E−03 − 1.88 −
8.0 6.16E−03 − 1.07 1.96 2.4

10.0 5.61E−03 − 1.08 − −
15.0 4.78E−03 − 1.11 − −
20.0 4.30E−03 − 1.13 − −
aEl-Farra & Hughes (1983).
bBogen (1972).

update the two last experiments (Bogen 1972; El-Farra & Hughes
1983).

In Table 8, some of our results for the N V, O VI, F VII and
Ne VIII ions are compared to the available semiclassical results
(Dimitrijević & Sahal-Bréchot 1992a,b, 1993b, 1994). The agree-
ment between the two calculations is better for N V and O VI (the
averaged value of the ratio W/WSCP is about 1.04) than for the
F VII and Ne VIII cases (W/WSCP is about 0.77). In Tables 9 and 10,
we also present the Stark electron impact widths (W) of the C IV,
N V, O VI, F VII and Ne VIII resonance doublets for a wide range of
electron temperatures (10 4–5 × 10 6 K) and at an electron density
of 1017 cm−3. Such temperatures are of interest for some hot star
atmospheres, such as for PG 1195 stars and DO white dwarfs, sub-
photospheric layers, soft X-ray lasers and laser-produced plasmas.
They are also important for fusion plasmas and stellar interiors. The
wavelengths are taken from NIST (Ralchenko et al. 2011).

The results presented for the C IV, N V, O VI, F VII and Ne VIII

resonance linewidths will be of great interest in the development
of spectral analysis using the NLTE model atmosphere techniques
because they extend the missing broadening data to a wide range of
temperatures and electron densities. For example, Stark broadening
parameters for the considered ions are needed for the modelling and
theoretical considerations of subphotospheric layers (Seaton 1987)
and for the interpretation and modelling of some hot star spectra,
such as, for example, PG 1159-type stars (Werner, Heber & Hunger
1991).

3.3 Z-scaling of linewidths

Elabidi, Sahal-Bréchot & Ben Nessib (2009) have studied the Z-
scaling problem (where Z is the charge ‘seen’ by the optical elec-
tron) for the 3s–3p transitions in 10 Li-like ions from C IV to P XIII.
We have found that our calculations give widths that are related
to the charge by W ∝ Z−1.84, and that semiclassical calculations
give W ∝ Z−1.43. This problem has been dealt with in some other
experimental works. Blagojević et al. (1999) have found that the
measured widths are related to the charge by W ∝ Z−0.79 for Li-like
ions (only C IV, N V and O VI). Glenzer, Uzelac & Kunze (1992,
1993) and Hegazy et al. (2003) found W ∝ Z−1.13. This shows that
there are still discrepancies between the experimental and the the-
oretical predictions of the Z-scaling of widths. In the present work,
we try to look for the same Z-scaling, but for the 2s–2p resonance
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Table 8. Present FWHM W (in Å) of the N V, O VI and Ne VIII 2s 2S1/2–2p 2Po
3/2 lines compared to the

semiclassical perturbation results WSCP: N V (Dimitrijević & Sahal-Bréchot 1992b); O VI (Dimitrijević &
Sahal-Bréchot 1992a); F VII (Dimitrijević & Sahal-Bréchot 1993b); Ne VIII (Dimitrijević & Sahal-Bréchot 1994).
Temperature values are given in 105 K and the electron density is 1017 cm−3.

N V O VI F VII Ne VIII

T W W/WSCP W W/WSCP W W/WSCP W W/WSCP

0.5 3.44E−03 0.96 − − − − − −
1 2.49E−03 0.98 1.45E−03 0.99 7.20E-04 0.81 − −
2 1.85E−03 1.01 1.07E−03 1.02 5.21E-04 0.81 3.14E−04 0.72
4 − − − − − − − −
5 1.30E−03 1.04 7.67E−03 1.11 3.50E-04 0.82 2.07E−04 0.73
8 − − 6.24E−03 1.09 − − − −
10 − − − − 2.64E-04 0.83 1.55E−04 0.74
20 − − − − − − 1.15E−04 0.73

Table 9. Stark electron impact widths (FWHM) in Å of the 2s 2S1/2–2p
2Po

3/2 line for C IV, N V, O VI, F VII and Ne VIII. Temperature values are given
in 105 K and the electron density is 1017 cm−3.

C IV N V O VI F VII Ne VIII

T 1548.19 1238.82 1031.91 883.10 770.41

0.1 1.65E−02 7.54E−03 3.91E−03 2.22E−03 1.35E−03
0.3 9.66E−03 4.39E−03 2.27E−03 1.29E−03 7.81E−04
0.5 7.60E−03 3.44E−03 1.77E−03 1.00E−03 6.08E−04
1.0 5.61E−03 2.49E−03 1.28E−03 7.20E−04 4.35E−04
3.0 3.72E−03 1.58E−03 7.90E−04 4.35E−04 2.60E−04
5.0 3.09E−03 1.30E−03 6.58E−04 3.50E−04 2.07E−04
10.0 2.34E−03 9.92E−04 5.06E−04 2.64E−04 1.55E−04
50.0 9.65E−04 4.38E−04 2.26E−04 1.25E−04 7.46E−05

Table 10. Same as in Table 9 but for the 2s 2S1/2–2p 2Po
1/2 line.

C IV N V O VI F VII Ne VIII

T 1550.77 1242.80 1037.61 890.76 780.32

0.1 1.68E−02 7.68E−03 4.00E−03 2.28E−03 1.40E−03
0.3 9.82E−03 4.47E−03 2.32E−03 1.32E−03 8.09E−04
0.5 7.72E−03 3.50E−03 1.81E−03 1.03E−03 6.30E−04
1.0 5.68E−03 2.53E−03 1.30E−03 7.39E−04 4.50E−04
3.0 3.76E−03 1.60E−03 8.01E−04 4.46E−04 2.69E−04
5.0 3.12E−03 1.32E−03 6.57E−04 3.59E−04 2.14E−04
10.0 2.35E−03 1.00E−03 5.02E−04 2.70E−04 1.60E−04
50.0 9.69E−04 4.42E−04 2.28E−04 1.28E−04 7.68E−05

transitions of Li-like ions. There are not enough experimental widths
at the required temperatures for the transitions of ions studied here
(except for C IV). Therefore, we cannot perform an experimental
Z-scaling for comparison. In Fig. 1, we present the behaviour of
log10(W) and log10(WSCP) as a function of log10(Z). The widths are
expressed in angular frequency units. We find that the dependence
of the linewidths with the charge Z can be expressed as W ∝ Z−α

with α = 1.67 for our values and αSCP = 1.13 for the semiclassi-
cal values. We also note that these values of α can be different for
different chosen temperatures. Fig. 2 displays the same Z-scaling
of linewidths, but at temperature T = 2 × 105 K and for the same
electron density as in Fig. 1. We find α = 1.76 and αSCP = 1.11.
To decide about the validity and utility of this scaling, more exper-
imental linewidths are needed for the resonance transitions of the
five studied ions.

Figure 1. Our Stark width in angular frequency units W (open circles) of the
2s 2S1/2–2p 2Po

3/2 transition for the C IV, N V, O VI, F VII and Ne VIII ions as a
function of Z compared with the semiclassical widths WSCP (solid circles).
The solid and dashed lines are the linear fits of the W and WSCP widths,
respectively. T = 105 K and Ne = 1017 cm−3.

Figure 2. Same as in Fig. 1, but for T = 2 × 105 K.

4 SUMMARY OF THE RESULTS
AND CONCLUSION

We have performed quantum mechanical calculations of Stark elec-
tron impact widths for the resonance doublets of the C IV, N V, O VI,
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F VII and Ne VIII ions. Our results are presented within the wide range
of temperatures required for the development of spectral analysis
using the NLTE model atmospheres. Our calculated data can solve
some of the problems that have been encountered and reported by
Rauch et al. (2007) when calculating the element abundance by
filling in the missing line-broadening data. Thus, it is no longer
necessary to extrapolate the existing data, as was done for some
cases in Rauch et al. (2007). Our quantum linewidths have also
been compared to the SCP results in order to check the previous
SCP calculations. A good agreement has been found between them
(within 1 per cent).

A confirmation of previous SCP results using more sophisticated
quantum mechanical results is important as such data are often
used for stellar spectra modelling and interpretation. In some cases
(e.g. hot white dwarfs) the Stark broadening is the dominant broad-
ening mechanism, and the accuracy of used data might be important.

Our results are also compared to the only experimental results for
C IV lines (El-Farra & Hughes 1983; Bogen 1972). We find that our
calculations give linewidths that are 71 per cent higher than those
measured. The CC (Seaton 1988) and MSE results (Dimitrijević &
Konjević 1981) agree well; regarding the lines investigated here,
they exist only for the C IV lines. More measurements of the res-
onance lines for these ions would be very useful for checking the
previous and present calculations.

Part of this work has been dedicated to the Z-scaling of linewidths.
As in previous papers (Glenzer, Uzelac & Kunze 1992, 1993;
Blagojević et al. 1999; Elabidi, Sahal-Bréchot & Ben Nessib 2009),
the scaling with Z is different from one approach to another. We
find that widths are related to Z by W ∝ Z−α when α = 1.67 for our
calculations and αSCP = 1.13 for the SCP calculations for T = 105

K. These values of α can change with temperature (e.g. for T = 2 ×
105 K, we find α = 1.76 and αSCP = 1.11). Because there are not
enough experimental results for these lines, we cannot make any
conclusions about this scaling.

We have also calculated the atomic structure and collision data
for the five ions. A comparison with the NIST values (Ralchenko
et al. 2011) for the atomic structure shows an agreement better than
1 per cent for level energies, and within 3 per cent for the oscil-
lator strengths. Our distorted wave collision strengths have been
compared to the R-matrix results (Aggarwal & Keenan 2004a,b;
Aggarwal, Keenan & Heeter 2010) at different electron energies. We
find an average relative difference (over the five ions) between the
two approaches of about 28 per cent. We confirm that the distorted
wave method is more adequate for highly charged ions. Because in
our line-broadening calculation procedure we use atomic structure
(level energies and oscillator strengths) and collision data (collision
strengths, scattering matrices), this comparison might be another
tool to check our line-broadening results, besides a comparison of
widths with those measured.
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Elabidi H., Ben Nessib N., Sahal-Bréchot S., 2004, J. Phys. B: At. Mol. Opt.

Phys., 37, 63
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Elabidi H., Sahal-Bréchot S., Ben Nessib N., 2011, Baltic Astron., in press
Elabidi H., Ben Nessib N., Cornille M., Dubau J., Sahal-Bréchot S., 2007,
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ABSTRACT
On the basis of 28 experimentally determined prominent neutral krypton (Kr I) line shapes (in
the 5s–5p and 5s–6p transitions), we have obtained electron (de) and ion (di) contributions to
the total Stark shifts (dt). Stark shifts are also calculated using the semiclassical perturbation
formalism (SCPF) for electrons, protons and helium ions as perturbers up to 50 000 K electron
temperatures. Transition probabilities of spontaneous emission (Einstein’s Ak,i values) have
been obtained using the relative line-intensity ratio method.

The separate electron (de) and ion (di) contributions to the total Stark shifts are presented,
as well as the ion-broadening parameters, which describe the influence of the ion–dynamical
effect on the shift of the line shape, for neutral krypton spectral lines. We made a comparison
of our measured and calculated de data and compared both of these with other available
experimental and theoretical de values.

Key words: atomic data – atomic processes – line: profiles – plasmas.

1 INTRODUCTION

Plasma-broadened and shifted spectral line profiles have been used
for a number of years as the basis for an important non-interfering
plasma diagnostic technique. Numerous theoretical and experimen-
tal efforts have been made to provide reliable data for such applica-
tions (Hamdi et al. 2008; Lesage 2009; Vennes, Kawka & Neḿeth
2011). This technique became, in some cases, the most sensitive
and sometimes even the only possible plasma diagnostic tool, of
interest not only for laboratory plasmas but also for astrophysical
plasmas.

During investigations of the spectra of planetary nebulae (Diner-
stein 2001), it was found that krypton is one of the most abundant
elements in the Universe with Z > 32. Krypton is an example of
the elements produced in asymptotic giant branch (AGB) stars,
and quality atomic data like spectral line-broadening parameters or
transition probabilities would help to improve surface abundance
diagnostics or abundance measurements in planetary nebulae (see
e.g. The, El Eid & Meyer 2007; Karakas et al. 2009; Sterling 2011).
Moreover, such data are also of interest for diffusion calculations
(Hui Bon Hoa et al. 2002). Krypton has been detected in the inter-
stellar medium with the help of the Goddard High-Resolution Spec-
trograph on the Hubble Space Telescope (see e.g. Cardelli, Savage
& Ebbets 1991; Cardelli & Meyer 1997; Sonnentrucker at al. 2003;
Cartledge et al. 2001, 2008; Cartledge, Meyer & Lauroesch 2003),

�E-mail: stephen.daniels@dcu.ie

which renewed interest in its atomic data, particularly for transi-
tion probabilities. Cardelli et al. (1991) also underline that ‘since
the formation of Kr is from a mixture of s- and r-process nucle-
osynthesis, further observations of this important atom will provide
significant insights about nucleosynthesis and interstellar enrich-
ment processes’. Leckrone et al. (1993) emphasize that the material
from which young early-type stars are formed also contains kryp-
ton, so that good Kr I model atoms and reliable Stark-broadening
data are useful for stellar atmosphere calculations, stellar plasma
analysis and modelling.

Classical emission laboratory plasma spectroscopy has mainly
been applied to optically thin plasmas, where absorption of the
emitted radiation is negligible. Investigation of the line profiles of
atomic krypton in medium-dense plasmas, at about 1 × 1023 m−3,
is of particular interest to check the predictions of theoretical ap-
proximations. Since krypton is a constituent of laboratory and astro-
physical plasmas, the Kr I spectral line shapes represent important
sources of information about physical conditions in the place of
radiation origin (Kennedy et al. 2004; Malcheva et al. 2009; Cow-
ley et al. 2010). Consequently, knowledge of the Stark-broadening
parameters of spectral lines is of interest for diagnostics, mod-
elling and consideration of astrophysical, laboratory and technolog-
ical plasmas (Milosavljević & Djeniže 2002; Elabidi, Ben Nessib
& Dimitrijević 2006; Popović at al. 2008; Elabidi et al. 2011).
Exhaustive knowledge of Stark broadening and the shift parame-
ters of spectral lines and their dependence on the electron density
and temperature enables researchers to determine them using the
plasma diagnostics. In the case of krypton, these measurements are

C© 2012 The Authors
Monthly Notices of the Royal Astronomical Society C© 2012 RAS



Kr I – stark shifts and transitions 611

important in astrophysics and industry, where krypton plays an im-
portant role in lasers and light sources (Eikema at al. 1996).

Various kinetic processes appearing in plasma modelling
(Lieberman & Lichtenberg 1994) require reliable knowledge of
the Ak,i values (Lesage & Fuhr 1999). Furthermore, knowledge of
the Ak,i values gives us the possibility of determining the (Bk,i and
Bi,k) coefficients that characterize the absorption and stimulated
emission. These processes are also important in laser physics and
astrophysics.

The Stark shift of neutral krypton spectral lines has been studied
experimentally several times. The first measurements of the Stark
shifts of Kr I lines emitted from a shock-tube plasma have been
performed by Klein & Meiners (1977). The broadening and shift
of isolated lines are mainly determined by the quadratic Stark ef-
fect. The authors have reported emission measurements of the shifts
for four Kr I spectral lines with statistical errors. These data have
also been reviewed by Konjević, Dimitrijević & Wiese (1984). Vitel
et al. (1988) and Valognes et al. (2005) presented experimental re-
sults on the broadening and shift of the Kr I 587-nm line emitted by
high-electron-density plasma created in linear flash tubes. Also, an
experimental study of the Stark broadening and shift for the same
Kr I 587-nm line is reported by Uzelac & Konjević (1989). They
compared the shifts in previous experimental work with the theo-
retical results of Dimitrijević & Konjević (1986). As an example,
the ratio between the measured and theoretical value is 0.67 for an
electron density of 7.6 × 1023 m−3 and an electron temperature of
11 900 K.

Due to large uncertainties in the theoretically determined Stark-
broadening parameters (e.g. ±30 per cent for the semiclassical
method as estimated in Griem 1974), the mutual agreement of
experimental values independently obtained in various laborato-
ries permits us to single out some lines as particularly reliable and
suitable for diagnostic purposes. Since the dependence of Stark-
broadening parameters on temperature is still not known with high
accuracy, it is of interest also to have experimental results over a
wide temperature range.

Using the semiclassical perturbation formalism (SCPF) (up-
dated several times: Sahal-Bréchot 1969a,b, 1974; Dimitrijević &
Sahal-Bréchot 1984, 1985; Dimitrijević, Sahal-Bréchot & Bom-
mier 1991), we have calculated dTh

e values for 11 Kr I lines and
also Stark-line shifts generated by impacts with protons and he-
lium ions, which are often the main ion perturbers in astrophysical
plasmas. Our experimental and theoretical values are compared
with other available data. The basic plasma parameters, i.e. electron
temperature (Texp) and electron density (Nexp), are measured us-
ing independent, well-known, experimental diagnostic techniques
(Milosavljević, Djeniže, & Dimitrijević 2003).

Existing measured and calculated Kr I transition-probability val-
ues (Einstein’s A values) are collected in a number of articles and
the most comprehensive data base can be found at the National
Institute of Standards and Technology (NIST: Ralchenko et al.
2011). Existing transition-probability values of the spontaneous
emission corresponding to the investigated Kr I transitions have also
been checked using the known relative line-intensity ratio (RLIR)
method described in Djeniže, Milosavljević & Dimitrijević (2002)
and Djeniže, Milosavljević & Dimitrijević (2003).

2 EXPERIMENT

A modified version of a linear low-pressure pulsed arc (Djeniže,
Milosavljević & Srećković 1998) has been used as a plasma source.
A pulsed discharge was driven in a quartz discharge tube of 5 mm

inner diameter and effective plasma length of 72 mm (fig. 1 of
Djeniže, Milosavljević & Srećković 1998; Milosavljević, Karkari
& Ellingboe 2007). The tube has an end-on quartz window. On
the opposite side of the electrodes, the glass tube was expanded in
order to reduce erosion of the glass wall and also sputtering of the
electrode material on to the quartz windows. The working gas was
pure krypton at 130 Pa filling pressure in the flowing regime. Spec-
troscopic observations of isolated spectral lines were made end-on
along the axis of the discharge tube. A capacitor of 14 μF was
charged up to 1.5 kV and the whole supply unit has been described
in Milosavljević et al. (2007). The line profiles were recorded us-
ing a shot-by-shot technique with a photomultiplier (EMI 9789 QB
and EMI 9659B) and a grating spectrograph (Zeiss PGS–2, recip-
rocal linear dispersion 0.73 nm mm−1 at first order) system. The
instrumental full width at half-maximum (FWHM) of 0.008 nm
was determined by using the narrow spectral lines emitted by the
hollow cathode discharge. The spectrograph exit slit (10 μm) with
calibrated photomultiplier was micrometrically traversed along the
spectral plane in small wavelength steps (0.0073 nm). More details
of experimental set-up, recording technique, plasma reproducibil-
ity, deconvolution procedure and plasma diagnostics can be found
in Milosavljević et al. (2000), Milosavljević et al. (2003), Milosavl-
jević & Djeniže (2003) and Djeniže et al. (2003). In the works of
Milosavljević et al. (2007) and Milosavljević, Popović & Ellingboe
(2009), comprehensive electrical investigations of plasma homo-
geneity are presented. The conclusion of this investigation is that
our plasma source is homogeneous within the time limit of local
thermodynamic equilibrium (LTE) existence.

The electron temperature decay is obtained by using the Saha
equation applied to Kr II and Kr I line-intensity ratios and the elec-
tron density decay is obtained using a laser interferometry technique
(fig. 2 of Milosavljević et al. 2003). The Saha equation gives a re-
lationship between free particles and those bound in atoms, and it
can be used for electron temperature calculations if the plasma is
in LTE (Venugopalan 1971). The other option for electron temper-
ature measurement, via spectral line emission, is a Boltzmann plot.
For this technique, significant energy difference is required among
the upper energy levels of the spectral lines, which is not the case
for the selection of krypton spectral lines. The maximum electron
temperature (T) is 17 000 K and the electron density (N) is 1.65 ×
1023 m−3. The plasma parameters are determined with an error of
11 per cent for T and 7 per cent for N. The errors include repro-
ducibility of the measured parameters: namely, electron density
has been determined by a laser interferometry technique and this
technique is very dependent on spectroscopic set-up, i.e. geometric
factors (distances, size of lens, etc.). Tiny differences in the set-up
will give a couple of per cent difference in the results. By repeating
the electron density measurement, we found the average electron
density is with a maximum error in reproducibility of 7 per cent (in
decay). The electron temperature has been calculated and depends
mostly on the accuracy of the measured spectral lines. Reproducibil-
ity in this case gives an error of 11 per cent for the measurement of
electron temperature.

2.1 Stark shift

The total line Stark shift (dt) and the corresponding electron (de)
and ion (di) contributions are respectively given by

dt = de + di. (1)

In this way we distinguish between dt, st and dt, s +d. Here dt, st is
total ‘static’ Stark shift (the ‘static’ refers to semiclassical theory
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for the electron-impact contribution and quasistatic theory for the
ion contribution (Griem 1964, 1974)) and dt, s +d is the total ‘static
and dynamic’ (Kelleher 1981) Stark shift.

Both dt, st and dt, s +d can be calculated from the following equa-
tions (Griem 1974; Kelleher 1981):

dt, st ≈ We[de/We ± 2A(1 − 0.75R)],

dt, s+d ≈ We[de/We ± 2AE(1 − 0.75R)], (2)
where

R = 6

√
36πe6N

(kT )3
(3)

is the so called Debye shielding parameter, i.e. the ratio of the
mean ion separation to the Debye radius, where k is the Boltzmann
constant and N and T represent the electron density and temperature
respectively. In the above equations, We is the electron-impact full
half-width of a spectral line, A the ion-broadening parameter (Griem
1974) and E describes the ion dynamics influence (Kelleher 1981).

The applied deconvolution procedure is extensively described
in the literature (Milosavljević & Poparić 2001; Milosavljević,
Djeniže, & Dimitrijević 2003; Milosavljević, Ellingboe & Djeniže
2006). It includes an advanced numerical procedure for deconvolu-
tion of the theoretical asymmetric convolution integral of a Gaussian
and a plasma-broadened spectral line profile jA,R(λ). This method
gives complete information on the plasma parameters from a sin-
gle recorded spectral line in the cases when it is applicable. The
method determines all broadening (W t, We, W i, dt, de, di, A, D and
E) and plasma parameters (N and T) self-consistently and directly
from the shape of spectral lines without any assumptions or prior
knowledge.

Apart from this approach, it is possible to measure the Stark
shifts relative to the unshifted spectral lines emitted by the same
plasma using a method established and applied first in Purić &
Konjević (1972). According to this method, the Stark shift of a
spectral line can be measured experimentally by evaluating the
position of the spectral line centre (XC) recorded at different electron
density values during the plasma decay. In principle, the method
requires recording of the spectral line profile at a higher electron
density (N1), resulting in an appreciable shift, and then later when
the electron concentration has dropped to a value (N2) lower by
at least an order of magnitude. The difference of the line centre
position in these two cases is �XC, so that the shift d1 at the higher
electron density N1 is

d1 = N1�XC

(N2 − N1)
. (4)

Therefore, equation (2) gives the possibility of calculating the to-
tal Stark shift by taking into account electron and ion contributions.
On the other hand, equation (4) gives the integral value for the total
Stark shift, assuming that the electron contribution is the only one.

2.2 Transition probability

When the plasma remains in LTE, the well-known formula (Griem
1964; Wiese 1968; Djeniže et al. 2003)

(I1/I2)EXPT = (A1g1λ2/A2g2λ1)exp(�E21/kT ) (5)

can be used for a comparison between measured relative line-
intensity ratios and the corresponding calculated values, taking into
account the validity of the Boltzmann distribution for the popula-
tion of excited levels in the emitters. In this expression I denotes the
measured (EXPT) relative intensity, λ the wavelength of the transi-
tion, A the transition probability of the spontaneous emission, �E

the difference in excitation energy and g the corresponding statisti-
cal weight. T is the electron temperature of the plasma in LTE and k
is the Boltzmann constant. With the measured relative line-intensity
ratio and electron temperature, from equation (5) one can obtain the
ratio of the corresponding transition probabilities or, conversely, the
transition probability of a particular transition relative to a selected
reference A value. As reference A values, the transition probabilities
of the nine (427.397, 436.264, 439.997, 450.235, 587.091, 760.154,
768.525, 810.436 and 826.324) Kr I transitions have been chosen.
These lines are the most intense and have the highest reproducibility
among the investigated Kr I spectral lines and multiplets.

3 METHOD OF CALCULATION

The description of the calculation procedure is given in detail in
Milosavljević et al. (2003), so that only basic information will be
repeated here. Calculations have been performed using the semi-
classical perturbation formalism (Sahal-Bréchot 1969a,b), updated
several times (Sahal-Bréchot 1974; Dimitrijević & Sahal-Bréchot
1984, 1985; Dimitrijević, Sahal-Bréchot & Bommier 1991; Fleurier,
Sahal-Bréchot & Chapelle 1977).

Energy levels have been taken from Sugar & Musgrove (1991).
Oscillator strengths have been calculated by using the method of
Bates & Damgaard (1949) and Oertel & Shomo (1968). For higher
levels, the method described in Van Regemorter, Hoang Binh &
Prud’homme (1979) has been used.

In addition to the line shifts due to electron collisions, shifts
due to collisions with protons and helium ions, the main ionic per-
turbers in stellar atmospheres, were calculated. Since for the plasma
conditions in stellar atmospheres the conditions for the quasistatic
approximation are usually not satisfied, the impact approximation
is used for ion-shift determination as well.

4 RESULTS AND DISCUSSION

Our experimentally obtained d
exp
t , dexp

e and dexp
i data are shown in

Table 1 together with data of other authors. For comparison between
d

exp
t and d1 we present values for d1 as well.

As can be seen in Table 1, the d1 values are higher than the dexp
e

values and lower than d
exp
t . This difference is not so significant,

since it is within the experimental error bars.
There are no theoretical calculations for these Kr I spectral lines.

We calculated Stark-shift values (dTh) generated by electrons, pro-
tons and helium ions for 11 Kr I lines in the 5s–5p and 5s–6p
transitions using semiclassical perturbation formalism (SCPF), and
these are presented in Table 2.

In order to make the comparison between measured and cal-
culated Stark-shift values easier, the theoretical Stark-shift depen-
dence on the electron temperature at an electron density of 1022 m−3

is presented graphically in Figs 1 and 2. The experimental data of
other authors do not belong to calculated neutral krypton wave-
lengths, thus we could not directly compare them with the theory
or our experimental data. Nevertheless, the experimental data from
Klein & Meiners (1977) for wavelengths 437.612 and 450.235 nm
can be indirectly compared with our theoretical and experimental
data for the 436.264- and 431.958-nm Kr I spectral lines, respec-
tively (Fig. 2). Namely, wavelengths 437.612 and 436.264 nm, as
well as 450.235 and 431.958 nm, belong to the same multiplets.

Generally, we have obtained very small shift values. Both ex-
perimental and measured d values are of the order of pico-meter
(pm), within our experimental accuracy (±0.8 pm at 1022 m−3). Our
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Table 1. Measured total Stark shifts for Kr I spectral lines: d
exp
t , d

exp
e , d

exp
i and d1 within 12% accuracy at the measured electron

temperature and electron density. Under the ‘Ref.’ sources of experimental data are listed: Tw – present data; KM – Klein &
Meiners (1977); VS – Vitel et al. (1988); UK – Uzelac & Konjević (1989); VB – Valognes et al. (2005). Also, ‘exp’ denotes
experimental data; ‘t’ total, ‘i’ ion, ‘e’ electron, ‘st’ impact electrons and static ions and ‘s+d’ impact electrons and static ions
with dynamic correction. The asterisk (*) represents a mean value. The measured electron temperatures Texp are in units of 104 K
and electron densities Nexp in units of 1022 m−3.

Transition Multiplet λ Texp Nexp Eexp d
exp
t,s+d d

exp
t,st d

exp
e d

exp
i,st Ref. d1

[nm] [pm] [pm] [pm] [pm] [pm]

5s–5p [3/2]o
1–[1/2]o 758.741 1.7 16.5 1.69 133.7 128.5 121.0 7.5 Tw 123.1

[3/2]o
2–[3/2]2 760.154 1.7 16.5 1.80 96.2 91.1 84.7 6.4 Tw 89.8

[3/2]o
2–[3/2]1 769.454 1.7 16.5 1.98 91.3 86.3 81.2 5.1 Tw 88.7

[3/2]o
1–[3/2]2 819.005 1.7 16.5 1.85 108.3 102.4 95.5 6.9 Tw 100.3

[3/2]o
1–[3/2]1 829.811 1.7 16.5 1.91 97.5 91.7 85.2 6.5 Tw 90.1

[3/2]o
2–[5/2]3 811.290 1.7 16.5 1.84 81.0 75.2 68.3 6.9 Tw 72.4

[3/2]o
2–[5/2]2 810.436 1.7 16.5 1.74 90.0 84.1 76.1 8.0 Tw 78.2

5s–5p′ [3/2]o
2–[1/2]1 557.029 1.7 16.5 1 104.6 104.6 98.3 6.3 Tw 101.0

1.03− 5.9− 21.5* KM
0.94 13.0 KM

[3/2]o
2–[3/2]2 556.222 1.7 16.5 1.47 96.3 93.7 88.2 5.5 Tw 92.6

[3/2]o
1–[3/2]2 587.091 1.7 16.5 1.51 94.9 92.0 86.3 5.7 Tw 91.3

1.03− 5.5− 21.8* KM
0.93 12.4 KM
1.55 76.0 190 VS
1.49 92.0 200 VS
1.43 97.0 210 VS
1.62 123.0 250 VS
1.50 124.0 250 VS
1.74 158.0 300 VS
1.57 162.0 320 VS
1.150 45.0 100 UK
1.165 64.0 130 UK
1.190 76.0 160 UK
1.250 87.0 190 UK
1.275 102.0 190 UK
1.610 133.0 265 VB
1.695 177.0 350 VB
1.755 228.0 435 VB

5s′–5p′ [1/2]o
1–[1/2]1 828.105 1.7 16.5 1.88 118.2 112.1 105.3 6.8 Tw 110.2

[1/2]o
1–[1/2]o 768.525 1.7 16.5 1.82 114.5 109.2 102.8 6.4 Tw 106.2

[1/2]o
o–[1/2]1 785.482 1.7 16.5 1.84 116.3 111.0 104.6 6.4 Tw 108.4

[1/2]o
1–[3/2]2 826.324 1.7 16.5 1.87 107.6 101.6 94.7 7.1 Tw 99.9

[1/2]o
o–[3/2]1 805.95 1.7 16.5 1.96 107.5 102.1 96.4 5.7 Tw 100.5

5s–6p [1/2]o
0–[1/2]1 564.956 1.7 16.5 1 211.6 211.6 202.4 9.2 Tw 205.7

[1/2]o
1–[3/2]2 439.997 1.7 16.5 1 198.8 198.8 189.1 9.7 Tw 193.1

[1/2]o
1–[3/2]1 442.519 1.7 16.5 1 191.4 191.4 181.3 9.9 Tw 184.3

[3/2]o
2–[1/2]1 436.264 1.7 16.5 1 169.2 169.2 159.2 10.0 Tw 162.0

[3/2]o
1–[1/2]0 437.612 1.7 16.5 1 174.1 174.1 163.9 9.8 Tw 165.5

1.04− 4.2− 160* KM
0.91 13.5 KM

[3/2]o
2–[3/2]2 427.397 1.7 16.5 1 228.0 228.0 213.6 14.4 Tw 218.1

[3/2]o
2–[3/2]1 428.297 1.7 16.5 1 231.3 231.3 220.0 11.3 Tw 222.2

[3/2]o
1–[3/2]2 445.392 1.7 16.5 1 222.0 222.0 211.1 10.9 Tw 215.0

[3/2]o
1–[3/2]1 446.369 1.7 16.5 1 213.7 213.7 203.0 10.7 Tw 205.9

[3/2]o
2–[5/2]3 431.958 1.7 16.5 1 197.1 197.1 187.0 10.1 Tw 192.3

[3/2]o
2–[5/2]2 431.855 1.7 16.5 1 203.0 203.0 193.2 10.2 Tw 196.3

[3/2]o
1–[5/2]2 450.235 1.7 16.5 1 192.2 192.2 181.9 10.3 Tw 184.7

1.00− 4.5− 135* KM
0.92 9.0 KM

5s′–6p′ [1/2]o
1–[1/2]o 435.136 1.7 16.5 1 245.8 245.8 231.0 14.8 Tw 237.9

measured and calculated d values have the same sign (positive).
Positive shift is toward the red.

Measured Stark shifts corresponding to the 5s–5p transition ar-
rays have about 10 per cent lower value than calculated (see Fig. 1).

The complexity of the krypton spectrum and missing atomic energy
levels lead to a lower accuracy of calculated Stark shifts for tran-
sitions from 5p levels and to an even greater extent for transitions
involving 6p levels. Therefore our experimental data have very good

C© 2012 The Authors, MNRAS 422, 610–618
Monthly Notices of the Royal Astronomical Society C© 2012 RAS



614 V. Milosavljević et al.

Table 2. Calculated Kr I Stark shift (dTh in pm) for (a) electrons, (b) protons
and (c) helium ions as perturbers for various temperatures (T) at 1022 m−3

perturber density.

λ [nm] T [103 K]
2.5 5.0 10.0 20.0 30.0 50.0

758.741 a 7.69 9.22 9.18 8.69 7.37 5.98
b 1.90 2.22 2.55 2.91 3.13 3.44
c 1.47 1.74 2.02 2.31 2.49 2.73

760.154 a 5.48 6.59 6.64 5.79 4.79 3.86
b 1.37 1.59 1.82 2.07 2.23 2.44
c 1.07 1.25 1.44 1.64 1.77 1.94

769.454 a 5.12 6.19 6.00 5.61 4.67 3.72
b 1.28 1.49 1.70 1.94 2.08 2.28
c 1.00 1.17 1.35 1.54 1.66 1.82

819.005 a 6.22 7.42 7.49 6.30 5.18 4.22
b 1.55 1.79 2.06 2.34 2.52 2.75
c 1.21 1.41 1.63 1.86 2.00 2.19

829.811 a 5.80 6.97 7.03 6.09 5.04 4.11
b 1.45 1.68 1.92 2.18 2.35 2.57
c 1.13 1.32 1.52 1.74 1.87 2.05

811.290 a 5.06 5.97 6.02 4.81 3.90 3.19
b 1.27 1.47 1.68 1.91 2.05 2.24
c 0.99 1.16 1.33 1.51 1.63 1.79

810.436 a 5.06 5.97 6.02 4.83 3.92 3.21
b 1.27 1.47 1.68 1.90 2.05 2.24
c 0.99 1.16 1.33 1.51 1.63 1.79

436.264 a 11.7 13.3 13.2 11.8 10.2 8.29
b – – 3.82 4.45 4.82 5.32
c – – – – 3.81 4.22

427.397 a 11.5 13.6 15.2 14.5 12.7 10.6
b – – 3.86 4.49 4.87 5.37
c – – – – – 4.26

446.369 a 12.0 14.2 15.4 15.1 13.1 11.0
b – – 4.01 4.66 5.06 5.58
c – – – – – 4.42

431.958 a 11.5 13.2 13.9 13.1 11.3 9.25
b – – 3.71 4.31 4.67 5.15
c – – – – – 4.09

agreement with the calculated data. There are no other experimental
or theoretical data for comparison.

For the atomic krypton spectral lines from 5s–5p′ transition, ex-
perimental measurements of other authors also exist (Table 1). For
that transition, Milosavljević (2005) mistakenly listed values that
are a factor of 2 too small. It should be pointed out that we have not
performed calculations of dth values belonging to lines in 5s–5p′,
5s′–5p′ and 5s′–6p′ transitions because of the incompleteness of the
set of experimentally determined perturbing energy levels. Since
there is no theory, it is only possible to compare experimental data.
Nevertheless, Vitel et al. (1988) and Valognes et al. (2005) have a
measurement of Stark shifts at electron temperatures of 1.74 × 104

and 1.695 × 104 K, respectively. These electron temperatures are
very similar to the electron temperature in our experiment (1.7 ×
104 K). Therefore, our Stark-shift value for the 587.091-nm spec-
tral line are about 2.5 times higher than the corresponding values of
Vitel et al. (1988) and Valognes et al. (2005) after normalization of
Stark-shift data to the same electron density. It is very difficult to
make objective conclusions for this wavelength, since there are no
theoretical predictions and both works (Vitel et al. 1988; Valognes
et al. 2005) were performed with a similar experimental set-up, i.e.
a linear flash tube.

In the case of Kr I spectral lines from the 5s′–5p′ and 5s′–6p′

transitions our experimental Stark-shift data are unique, i.e. there are
no other experimental or theoretical data for comparison. Therefore
we cannot perform any comparison between them.

For the four (436.264, 427.397, 446.369 and 431.958 nm) Kr I

spectral lines from the transition 5s–6p, we have Stark-shift calcu-
lated values too. For the same transition there are two experimental
values of Klein & Meiners (1977) as well (Table 1). In general, our
experimental data are about 13 per cent lower than predicted values
for those four spectral lines (see Figs 2a–d). Since our electron tem-
perature and the electron temperature from Klein & Meiners (1977)
are very different, direct comparison is not possible. We have com-
pared our experimental data and the experimental data from Klein
& Meiners (1977) for the Kr I 437.612-nm (Fig. 2e) and 450.235-
nm (Fig. 2f) spectral lines with theory. The comparison is done
using the fact that there are theoretical values for two other spectral
lines from the same multiplets. The experimental value of Klein &
Meiners (1977) is more than 30 per cent higher then the calculated
value for the Stark shift (Figs 2e and f). Our experimental data, from
the same multiplets, are about 13 per cent lower than the calculated
value for the Stark shift. We have done the deconvolution procedure
and separated ion and electron contributions from the total Stark
shift, therefore this could be the reason for the discrepancy between
our data and the experimental data of Klein & Meiners (1977).

Our experimental relative A values (Arel
exp) are presented in

Table 3 with values from NIST (2011). Arel
exp represent averaged

values obtained during plasma decay during a time interval for
which the criterion of the existence of LTE is fulfilled.

We have monitored ratios (I1/I2)EXPT for spectral lines that be-
long to the same multiplet in a wide region of decaying plasma,
up to the moment when the line-intensity maximum drops down
to 8 per cent of its maximal value. We have found that these ex-
perimental ratios are constant within ±5 per cent during plasma
decay. This suggests that the comparison between measured and
calculated relative line-intensity ratios can be used as a method for
estimation of the transition probabilities relative to the selected ref-
erence A values. Namely, we suppose that there exists at least one
pair of lines, belonging to the same multiplet, for which measured
and calculated relative line-intensity ratios are in agreement (within
the accuracy of the measurements) during the whole plasma decay
period. If such agreement really exists then one can accept these
lines, with the corresponding transition probabilities, as the refer-
ence ones. Among the lines we have investigated, such behaviour is
found for the 760.154-nm line in the multiplet [3/2]o–[3/2] and the
810.436-nm line in the multiplet [3/2]o–[5/2] from transition 5s–
5p, as well the 587.091-nm line in the multiplet [3/2]o–[3/2] from
transition 5s–5p′, the 768.525-nm line in the multiplet [1/2]o–[1/2]
and 826.324-nm line in the multiplet [1/2]o–[3/2] from transition
5s′–5p′. From transition 5s–6p we find the 439.997-nm line in the
multiplet [1/2]o–[3/2], the 436.264-nm line in the multiplet [3/2]o–
[1/2], the 427.397-nm line in the multiplet [3/2]o–[3/2] and the
450.235-nm line in the multiplet [3/2]o–[5/2].

Generally, our measured Arel
exp values are higher for about

11 per cent, except for the 805.95-nm line, where our measured Arel
exp

value is lower by 7 per cent, in comparison with the data provided
by NIST (2011). Since some of the measured Kr I spectral lines
are single in their own multiplet, we have not measured Arel

exp data
for four such lines (758.741, 557.029, 564.956 and 435.136 nm).
For transition probabilities for the 428.297, 431.958 and 431.855-
nm Kr I spectral lines, there are no other data in the literature for
comparison.
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Figure 1. Our experimental electron Stark shift (dexp) and the theoretical electron Stark shift (dth) versus electron temperature for the Kr I spectral lines from
the 5s–5p transition at an electron density of 1022 m−3. The experimental value has 12 per cent accuracy, which is due to the reproducibility of the deconvolution
procedure.

5 CONCLUSION

We have presented in this work experimental Stark shifts for 28 Kr I

spectral lines at an electron temperature of 17 000 K and an electron

density of 1.65 × 1023 m−3, as well as calculated Stark-shift values
for 11 spectral lines for an electron density of 1022 m−3 and electron
temperatures from 2500 up to 50 000 K. For the 24 Kr I spectral-
line Stark shifts and also for all 11 krypton lines considered here
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Figure 2. Panels (a)–(d) show our experimental electron Stark shift (dexp) and the theoretical electron Stark shift (dth) versus electron temperature for the
Kr I spectral lines from the 5s–6p transition. Panels (e) and (f) present experiential data and theoretical values within the corresponding multiplet. Here, dKM
indicates denoted values from the work of Klein & Meiners (1977). All data are at an electron density of 1022 m−3.

theoretically, there are no other data, respectively experimental and
theoretical, for comparison. The shift values found are of the order
of pm and positive. Using the line-deconvolution procedure, the
total spectral-line Stark shift has been separated into ion and elec-

tron contributions. We found clear influence of quasistatic ion and
ion–dynamical effects on many investigated spectral line shapes. It
has been found that the electron contribution to the total Stark shift
is about 92 per cent and the krypton ion contribution 8 per cent
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Table 3. Transition probability values for Kr I spectral lines. Aexp repre-
sents our measured transition-probability values and AN is the transition
probability taken from Ralchenko et al. (2011). All transition-probability
values are in units of 108 s−1.

Transition Multiplet λ/nm E/eV g Arel
exp AN

5s–5p [3/2]o
1–[1/2]o 758.741 11.66 1 – 0.51

[3/2]o
2–[3/2]2 760.154 11.55 5 0.31 0.31

[3/2]o
2–[3/2]1 769.454 11.53 3 0.062 0.0560

[3/2]o
1–[3/2]2 819.005 11.54 5 0.115 0.11

[3/2]o
1–[3/2]1 829.811 11.53 3 0.342 0.32

[3/2]o
2–[5/2]3 811.290 11.44 7 0.386 0.36

[3/2]o
2–[5/2]2 810.436 11.44 5 0.13 0.13

5s–5p′ [3/2]o
2–[1/2]1 557.029 12.14 3 – 0.021

[3/2]o
2–[3/2]2 556.222 12.14 5 0.003 0.0028

[3/2]o
1–[3/2]2 587.091 12.14 5 0.018 0.018

5s′–5p′ [1/2]o
1–[1/2]1 828.105 12.14 3 0.211 0.19

[1/2]o
1–[1/2]o 768.525 12.26 1 0.49 0.49

[1/2]o
o–[1/2]1 785.482 12.14 3 0.258 0.23

[1/2]o
1–[3/2]2 826.324 12.14 5 0.35 0.35

[1/2]o
o–[3/2]1 805.95 12.10 3 0.177 0.19

5s–6p [1/2]o
0–[1/2]1 564.956 12.76 3 – 0.0037

[1/2]o
1–[3/2]2 439.997 13.46 5 0.02 0.02

[1/2]o
1–[3/2]1 442.519 13.44 3 0.011 0.0097

[3/2]o
2–[1/2]1 436.264 12.76 3 0.0084 0.0084

[3/2]o
1–[1/2]0 437.612 12.86 1 0.060 0.056

[3/2]o
2–[3/2]2 427.397 12.82 5 0.026 0.026

[3/2]o
2–[3/2]1 428.297 12.81 3 0.004 –

[3/2]o
1–[3/2]2 445.392 12.82 5 0.009 0.0078

[3/2]o
1–[3/2]1 446.369 12.81 3 0.024 0.023

[3/2]o
2–[5/2]3 431.958 12.79 2 0.015 –

[3/2]o
2–[5/2]2 431.855 12.78 3 0.011 –

[3/2]o
1–[5/2]2 450.235 12.79 5 0.0092 0.0092

5s′–6p′ [1/2]o
1–[1/2]o 435.136 13.49 1 – 0.032

(on average). Generally our measured electron Stark shifts are
smaller than those calculated, by about 11 per cent on average.
The common characteristic among calculated d values is a weak
dependence on electron temperature from 20 000–50 000 K. There-
fore, these can be used for diagnostic purposes as data independent
of self-absorption in optically thick astrophysical plasmas.

Our measured Arel
exp values, using the RLIR method, are generally

higher than those published by NIST. Overestimations are within
our experimental accuracy (±10 per cent) and the noticed uncer-
tainties for NIST values (±50 per cent). We note that we could
not compare the transition probabilities for three Kr I spectral lines,
since there are no other data in the literature. Our Arel

exp values pro-
vide the possibility of a future comparison with absolute data as
well as with data presented in relative form.
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Milosavljević V., Djeniže S., 2003, A&A, 398, 1179
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Milosavljević V., Karkari K. S., Ellingboe R. A., 2007, Plasma Sources Sci.

Technol., 16, 304
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Oertel G. K., Shomo L. P., 1968, ApJS, 16, 175
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ABSTRACT
Using the semiclassical perturbation approach in the impact approximation, we have obtained
Stark-broadening parameters for 148 C II multiplets. Energy levels and oscillator strengths are
taken from the TOPbase data base. Results are obtained as a function of temperature for a
set of perturber densities of 1014, 1017 and 1018 cm−3. In addition to electron-impact full half
widths and shifts, Stark-broadening parameters due to singly ionized carbon impacts have
been calculated. Thus, we have provided Stark-broadening data for the important charged
perturbers in the atmospheres of carbon white dwarfs.

Key words: atomic data – atomic processes – line: profiles – white dwarfs.

1 INTRODUCTION

A new type of white dwarf star has recently been discovered by
Dufour et al. (2007, 2008). The surface composition of this type
of star consists mostly of carbon; there is scarcely either hydrogen
or helium in the atmosphere. In order to understand the origin and
evolution of this new type of star, the determination of gravity is
essential and it is necessary to develop a new generation of accurate
models. The astrophysical interpretation of this surprising discovery
was hindered by the lack of atomic Stark-broadening data. In fact,
the inclusion of accurate spectral line broadening is crucial for
modelling this type of white dwarf atmosphere.

At the temperatures and pressures of interest (effective tem-
peratures within 19 000–23 000 K, electron density within 1015–
1018 cm−3), the dominant ion is C II. There is a contribution of C III

for the deepest layers or for very hot models, but it can be ne-
glected. The predominant cause of broadening of C II lines is Stark
broadening, i.e. broadening by electron-impact and ion interactions.
The colliding ions are C II, and the density number of C II is equal
to the density number of electrons. In addition, adequate results
for Stark broadening of C II lines are completely missing in the
literature, except for a very few calculations by Mahmoudi, Ben
Nessib & Sahal-Bréchot (2004). However, results of calculations
for 16 multiplets can be found in the book of Griem (1974). We
have therefore undertaken to calculate a great number of widths
and shifts of C II lines colliding with electrons and C II ions un-
der the conditions of carbon white dwarfs. For this work, we have
used the impact semiclassical perturbation (SCP) method and the

�E-mail: Sylvie.Sahal-Brechot@obspm.fr

numerical code of Sahal-Bréchot (1969a,b, 1974) for electron and
ion collisions. It includes Feshbach resonances for ion–electron col-
lisions (Fleurier, Sahal-Bréchot & Chapelle 1977) and also quasi-
static widths of ionic lines due to ionic interactions (Sahal-Bréchot
1991). This well-proven method gives results with an accuracy of
about 20 per cent. The best results are obtained when a sophisti-
cated atomic structure, which enters the Stark-broadening code, is
used. We have used the data of The Opacity Project on-line atomic
database, TOPbase1 (R-matrix with innovative asymptotic tech-
niques: Cunto et al. 1993). It is suitable for C II and offers a great
number of levels and line strengths for the transitions. We have
therefore modified the SCP code of Sahal-Bréchot by coupling it to
the C II TOPbase data, and a great number (149) of line widths and
shifts have been obtained.

In the following, we will recall the basis of the SCP Stark-
broadening method and numerical code of Sahal-Bréchot. We will
then describe the method of coupling the Stark-broadening code to
the C II TOPbase data.

The results are available in an electronic form (see Supporting
Information) and will also be implemented in the STARK-B data
base (Sahal-Bréchot, Dimitrijević & Moreau 2012).2 A sample of
these results is displayed in the following tables and commented on.
A number of systematic trends will be presented and discussed.

2 THEORY

In the derivation by Sahal-Bréchot (1969a,b, 1974) of the expres-
sion for Stark-broadening parameters, the optical theorem is used

1 http://cdsweb.u-strasbg.fr/topbase/topbase.html
2 http://stark-b.obspm.fr/

C© 2012 The Authors
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(cf. also Baranger 1958) and the line width can then be expressed
in terms of elastic and inelastic collision rates. Thus, experience
gained in atomic collision theory can be used as a guide in the
choice of impact parameters and strong collision terms. Then,
dipole, quadrupole and quadratic (the polarization r−4 potential)
interactions are taken into account.

For the transition between levels i and f , the total width at half-
intensity (FWHM: W = 2w) and the shift d can be expressed in the
form (Sahal-Bréchot 1969a,b, 1974)

W = N

∫ ∞

0
vf (v) dv

⎛

⎝
∑

i′ �=i

σii′ (v) +
∑

f ′ �=f

σff ′ (v) + σel

⎞

⎠ , (1)

d = N

∫ ∞

0
vf (v) dv

∫ RD

R3

2πρ dρ sin 2φp. (2)

Here i′ and f ′ are the perturbing levels, N is the density of perturbers,
v is the relative velocity and f (v) is the Maxwellian distribution of
velocities.

The inelastic cross-section σii′ (v) (resp. σff ′ (v)) is given by an
integration over the impact parameter ρ of the transition probability
Pii′ (v, ρ) (resp. Pff ′ (v, ρ)) as

∑

i′ �=i

σii′ (v) = 1
2
πR2

1 +
∫ RD

R1

2πρ dρ
∑

i′ �=i

Pii′ (ρ, v) . (3)

Table 1. Calculated C II widths and shifts for the 2s23s 2S–2s2np 2Po series for the electron
density Ne = 1014 cm−3. In the first column we give multiplets, wavelengths of the multiplets in
Å and C values that give an estimate for the maximum perturber density for which the line may be
treated as isolated if it is divided by the corresponding full width. Non-empty cells in Tables 2–6
preceded by an asterisk mean that the impact approximation reaches its limit of validity (0.1 <

NV ≤ 0.5). Empty cells, denoted by an asterisk, mean that the impact approximation is not valid.
The energy levels (terms) and wavelengths of the multiplets are those of TOPbase.

Multiplet T We de WC II dC II

[K] [Å] [Å] [Å] [Å]

2s23s 2S–2s23p 2Po 5000. 0.142E-02 −0.281E-04 0.605E-04 −0.648E-05
10000. 0.105E-02 −0.334E-04 0.814E-04 −0.105E-04

6741.6 Å 20000. 0.837E-03 −0.287E-04 0.924E-04 −0.146E-04
C= 0.63E+18 30000. 0.784E-03 −0.310E-04 0.989E-04 −0.167E-04

50000. 0.754E-03 −0.348E-04 0.106E-03 −0.191E-04
80000. 0.732E-03 −0.308E-04 0.109E-03 −0.214E-04

2s23s 2S–2s24p 2Po 5000. 0.330E-03 0.657E-04 0.353E-04 0.664E-05
10000. 0.261E-03 0.451E-04 0.400E-04 0.883E-05

2195.0 Å 20000. 0.234E-03 0.351E-04 0.443E-04 0.106E-04
C = 0.26E+17 30000. 0.230E-03 0.332E-04 0.456E-04 0.117E-04

50000. 0.231E-03 0.272E-04 0.471E-04 0.132E-04
80000. 0.232E-03 0.232E-04 0.474E-04 0.143E-04

2s23s 2S–2s25p 2Po 5000. 0.410E-03 0.133E-03 0.663E-04 0.143E-04
10000. 0.348E-03 0.100E-03 0.735E-04 0.171E-04

1700.8 Å 20000. 0.334E-03 0.804E-04 0.772E-04 0.203E-04
C = 0.72E+16 30000. 0.336E-03 0.704E-04 0.778E-04 0.224E-04

50000. 0.344E-03 0.577E-04 0.804E-04 0.244E-04
80000. 0.348E-03 0.497E-04 0.801E-04 0.260E-04

2s23s 2S 2S–2s26p 2Po 5000. 0.794E-03 0.424E-03 0.144E-03 0.613E-04
10000. 0.738E-03 0.355E-03 0.153E-03 0.722E-04

1515.9 Å 20000. 0.734E-03 0.297E-03 0.168E-03 0.831E-04
C = 0.17E+16 30000. 0.763E-03 0.258E-03 0.168E-03 0.890E-04

50000. 0.796E-03 0.217E-03 0.183E-03 0.101E-03
80000. 0.810E-03 0.181E-03 0.170E-03 0.108E-03

2s23s 2S 2S–2s27p 2Po 5000. 0.133E-02 0.726E-03 0.256E-03 0.117E-03
10000. 0.128E-02 0.642E-03 0.276E-03 0.136E-03

1434.9 Å 20000. 0.134E-02 0.509E-03 0.292E-03 0.153E-03
C = 0.13E+16 30000. 0.140E-02 0.452E-03 0.291E-03 0.166E-03

50000. 0.147E-02 0.371E-03 0.292E-03 0.185E-03
80000. 0.150E-02 0.304E-03 0.298E-03 0.186E-03

2s23s 2S 2S–2s28p 2Po 5000. 0.222E-02 −0.466E-07 0.414E-03 −0.161E-03
10000. 0.225E-02 0.710E-04 0.447E-03 −0.186E-03

1387.1 Å 20000. 0.239E-02 0.843E-04 0.460E-03 −0.208E-03
C = 0.30E+15 30000. 0.249E-02 0.916E-04 0.471E-03 −0.222E-03

50000. 0.260E-02 0.943E-04 0.499E-03 −0.242E-03
80000. 0.265E-02 0.740E-04 0.513E-03 −0.289E-03

C© 2012 The Authors, MNRAS 423, 766–773
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The elastic contribution to the width or elastic cross-section is
given by

σel = 2πR2
2 +

∫ RD

R2

8πρ dρ sin2 δ + σr, (4)

with

δ =
(
φ2

p + φ2
q

)1/2
. (5)

The phase shifts φp and φq are respectively due to the polar-
ization and quadrupolar interactions, described in Sahal-Bréchot
(1969a), Sahal-Bréchot (1974) and Bréchot & Van Regemorter
(1964). σ r is the contribution of Feshbach resonances (Fleurier et al.
1977).

All the cut-offs (R1, R2, R3) as well as the symmetrization proce-
dures in the inelastic cross-sections are described in Sahal-Bréchot
(1969b). RD is the upper cut-off allowing for Debye shielding. A
description of the semiclassical perturbation formalism used here is
given in Sahal-Bréchot (1969a,b).

3 RESULTS AND DISCUSSION

3.1 Results of calculations and comparison with experiments

The results for 149 lines are provided online in electronic form
(see Supporting Information) in three tables for electron tempera-

tures within 5000–80 000 K and electron densities 1014 (Table S1),
1017 (Table S2) and 1018 cm−3 (Table S3). Atomic data have been
taken from the TOPbase data base (Cunto et al. 1993). Values of
the parameter C divided by the corresponding full widths give an
estimate for the maximum perturber density for which the line
may be treated as isolated (see equation 5 in Dimitrijević, Sahal-
Bréchot & Bommier 1991). For each value given in the tables, the
collision volume V multiplied by the perturber density N is much
less than unity and the impact approximation is valid. Values for
NV > 0.5 are not given but are denoted by an asterisk and val-
ues for 0.1 < NV ≤ 0.5 are given but preceded by an asterisk.
A number of data that are given for the density 1014 cm−3 do not
appear at 1017 and 1018 cm−3. This means that the impact approx-
imation is valid neither for electron collisions nor for ionized ion
colliders.

We give a sample of our electron-impact full widths and shifts in
Tables 1–6.

We present in Table 7 a comparison between our theoretical
widths We and existing experimental ones. For the width of a par-
ticular line within a multiplet, we used the following scaling ex-
pression (Popović, Milovanović & Dimitrijević 2001):

Wline =
(

λ

λ̄

)2

W, (6)

Table 2. Same as Table 1, for the 2s23d 2D–2s2nf 2Fo series.

Multiplet T We de WC II dC II

[K] [Å] [Å] [Å] [Å]

2s23d 2D–2s24f 2Fo 5000. 0.220E-02 −0.434E-04 0.138E-03 −0.103E-03
10000. 0.175E-02 −0.212E-04 0.168E-03 −0.123E-03

4299.9 Å 20000. 0.142E-02 −0.121E-04 0.192E-03 −0.144E-03
C = 0.15E+17 30000. 0.130E-02 −0.108E-04 0.209E-03 −0.154E-03

50000. 0.119E-02 −0.123E-04 0.236E-03 −0.178E-03
80000. 0.110E-02 −0.649E-05 0.241E-03 −0.184E-03

2s23d 2D–2s25f 2Fo 5000. 0.386E-02 0.151E-03 0.366E-03 0.325E-03
10000. 0.349E-02 0.194E-03 0.463E-03 0.381E-03

3009.9 Å 20000. 0.316E-02 0.138E-03 0.491E-03 0.419E-03
C = 0.10E+16 30000. 0.296E-02 0.112E-03 0.563E-03 0.464E-03

50000. 0.273E-02 0.110E-03 0.670E-03 0.497E-03
80000. 0.251E-02 0.960E-04 0.775E-03 0.563E-03

2s23d 2D–2s26f 2Fo 5000. 0.693E-02 0.531E-03 0.962E-03 0.804E-03
10000. 0.651E-02 0.502E-03 0.108E-02 0.942E-03

2588.1 Å 20000. 0.605E-02 0.350E-03 0.123E-02 0.114E-02
C = 0.46E+15 30000. 0.574E-02 0.313E-03 0.128E-02 0.114E-02

50000. 0.530E-02 0.285E-03 0.139E-02 0.116E-02
80000. 0.487E-02 0.202E-03 0.171E-02 0.145E-02

2s23d 2D–2s27f 2Fo 5000. 0.118E-01 0.146E-02 *0.205E-02 *0.178E-02
10000. 0.112E-01 0.116E-02 *0.240E-02 *0.196E-02

2386.5 Å 20000. 0.104E-01 0.868E-03 0.252E-02 0.243E-02
C = 0.25E+15 30000. 0.990E-02 0.770E-03 0.260E-02 0.228E-02

50000. 0.920E-02 0.612E-03 0.338E-02 0.274E-02
80000. 0.847E-02 0.420E-03 0.330E-02 0.285E-02

2s23d 2D–2s28f 2Fo 5000. 0.221E-01 0.922E-02 * *
10000. 0.210E-01 0.720E-02 * *

2271.8 Å 20000. 0.195E-01 0.547E-02 *0.594E-02 *0.554E-02
C = 0.16E+15 30000. 0.183E-01 0.465E-02 *0.780E-02 *0.596E-02

50000. 0.168E-01 0.362E-02 *0.678E-02 *0.622E-02
80000. 0.154E-01 0.278E-02 *0.913E-02 *0.554E-02
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Table 3. Same as Table 1, for the electron density Ne = 1017 cm−3.

Multiplet T We de WC II dC II

[K] [Å] [Å] [Å] [Å]

2s23s 2S–2s23p 2Po 5000. 1.42 −0.209E-01 0.583E-01 −0.538E-02
10000. 1.05 −0.334E-01 0.807E-01 −0.969E-02

6741.6 Å 20000. 0.848 −0.287E-01 0.922E-01 −0.143E-01
C = 0.63E+21 30000. 0.791 −0.310E-01 0.988E-01 −0.164E-01

50000. 0.754 −0.348E-01 0.106 −0.190E-01
80000. 0.732 −0.309E-01 0.109 −0.214E-01

2s23s 2S–2s24p 2Po 5000. 0.330 0.626E-01 * *
8 10000. 0.261 0.437E-01 *0.387E-01 *0.756E-02
2195.0 Å 20000. 0.234 0.347E-01 *0.440E-01 *0.101E-01
C = 0.26E+20 30000. 0.230 0.328E-01 *0.454E-01 *0.114E-01

50000. 0.231 0.271E-01 *0.471E-01 *0.131E-01
80000. 0.232 0.233E-01 *0.474E-01 *0.142E-01

2s23s 2S–2s25p 2Po 5000. 0.409 0.127 * *
10000. 0.348 0.962E-01 * *

1700.8 Å 20000. 0.334 0.778E-01 * *
C = 0.72E+19 30000. 0.336 0.693E-01 * *

50000. 0.344 0.575E-01 * *
80000. 0.348 0.495E-01 * *

2s23s 2S–2s26p 2Po 5000. *0.793 *0.368 * *
10000. 0.738 0.317 * *

1515.9 Å 20000. 0.734 0.275 * *
C = 0.17E+19 30000. 0.763 0.248 * *

50000. 0.796 0.215 * *
80000. 0.810 0.179 * *

2s23s 2S–2s27p 2Po 5000. *1.32 *0.574 * *
10000. *1.27 *0.537 * *

1434.9 Å 20000. *1.33 *0.449 * *
C = 0.13E+19 30000. *1.40 *0.422 * *

50000. 1.46 0.365 * *
80000. 1.50 0.300 * *

2s23s 2S–2s28p 2Po 5000. * * * *
10000. * * * *

1387.1 Å 20000. *2.29 *0.186 * *
C = 0.30E+18 30000. *2.41 *0.146 * *

50000. *2.54 *0.104 * *
80000. *2.60 * 0.818E-01 * *

where W and λ̄ are respectively the values of the width and the
average wavelength of the whole multiplet and W line and λ refer to
the line within the multiplet.

We also provide in Table 7 estimates of the uncertainties of the
experimental data, with letter codes as used by Konjević et al.
(2002):

A = uncertainties within 15 per cent,
B+ = uncertainties within 23 per cent,
B = uncertainties within 30 per cent,
C+ = uncertainties within 40 per cent,
C = uncertainties within 50 per cent.

Since we used the same atomic data and Sahal-Bréchot SCP code
as Mahmoudi et al. (2004), we should obtain the same results. In
fact, this is not exactly the case, because there was a small error
in the quadrupolar contribution for C II lines in Mahmoudi et al.
(2004). The data corrected by Mahmoudi (private communication)
have been implemented in the STARK-B data base (Sahal-Bréchot
et al. 2012).

Table 4. Same as Table 1, for the 2s23d 2D–2s2nf 2Fo series and for the
electron density Ne = 1017 cm−3.

Multiplet T We de WC II dC II

[K] [Å] [Å] [Å] [Å]

2s23d 2D–2s24f 2Fo 5000. 2.20 0.370E-02 * *
10000. 1.75 0.114E-01 *0.162 *−0.922E-01

4299.9 Å 20000. 1.42 0.819E-02 *0.192 *−0.134
C = 0.15E+20 30000. 1.30 −0.197E-02 *0.213 *−0.147

50000. 1.19 −0.105E-01 *0.235 *−0.176
80000. 1.10 −0.477E-02 *0.241 *−0.182

2s23d 2D–2s25f 2Fo 5000. *3.50 *−0.127 * *
10000. *3.24 *−0.167E-02 * *

3009.9 Å 20000. 2.99 0.124E-01 * *
C = 0.10E+19 30000. 2.82 0.411E-01 * *

50000. 2.62 0.962E-01 * *
80000. 2.42 0.844E-01 * *

2s23d 2D–2s26f 2Fo 5000. * * * *
10000. *5.25 *−0.139 * *

2588.1 Å 20000. *5.18 *−0.795E-01 * *
C = 0.46E+18 30000. *5.03 * 0.562E-01 * *

50000. 4.76 0.221 * *
80000. 4.44 0.151 * *

2s23d 2D–2s27f 2Fo 5000. * * * *
10000. * * * *

2386.5 Å 20000. * * * *
C = 0.25E+18 30000. *7.80 * 0.108 * *

50000. *7.58 * 0.428 * *
80000. *7.19 * 0.270 * *

2s2 3d 2D–2s2 8f 2Fo 5000. * * * *
10000. * * * *

2271.8 Å 20000. * * * *
C = 0.16E+18 30000. * * * *

50000. * * * *
80000. *11.6 *2.27 * *

The earliest experiments on C II Stark-broadening parameters are
those of Kusch (1967), who used pulsed discharge, and Roberts
& Eckerle (1967), who used a T tube; we do not mention
these values in Table 7 because the uncertainties are greater than
50 per cent.

To give more accuracy, a few years later Platiša, Popović &
Konjević (1978) used a low-pressure pulsed arc, while Goly &
Weniger (1982a,b) used a stabilized arc and investigated ultravi-
olet lines. The visible spectrum was covered by Djeniže et al.
(1988) and Perez et al. (1989): both authors used a low-pressure
pulsed arc. Sarandaev & Salakhov (1995) used an impulsive cap-
illary discharge, Blagojević et al. (1999) produced plasma with a
low-pressure pulsed arc and more recently Srećković et al. (2000)
investigated a large spectral range using a linear low-pressure pulsed
arc.

We can see from Table 7 that the best agreement between our
present theoretical values and the experimental ones is obtained
using the results of Blagojević et al. (1999). Moreover, the results
of Srećković et al. (2000) for the 2s23p 2Po–2s23d 2D multiplet are
also in very good agreement with those of Blagojević et al. (1999)
and our own, whereas the results of Djeniže et al. (1988) are twice
as large as those for our calculations and the two abovementioned
experiments. Since the measurements of Djeniže et al. (1988) and
Srećković et al. (2000) originate from the same laboratory, we may
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Table 5. Same as Table 1, for the electron density Ne = 1018 cm−3.

Multiplet T We de WC II dC II

[K] [Å] [Å] [Å] [Å]

2s23s 2S–2s23p 2Po 5000. 14.2 −0.171 *0.386 *−0.339E-01
10000. 10.5 −0.309 *0.740 *−0.806E-01

6741.6 Å 20000. 8.48 −0.268 *0.891 *−0.127
C = 0.63E+22 30000. 7.91 −0.299 *0.977 *−0.154

50000. 7.54 −0.341 *1.05 *−0.184
80000. 7.32 −0.306 *1.09 *−0.213

2s23s 2S–2s24p 2Po 5000. *3.30 *0.578 * *
8 10000. 2.61 0.407 * *
2195.0 Å 20000. 2.34 0.321 * *
C = 0.26E+21 30000. 2.30 0.311 * *

50000. 2.30 0.264 * *
80000. 2.32 0.231 * *

2s23s 2S–2s25p 2Po 5000. *4.08 *1.11 * *
10000. *3.48 *0.861 * *

1700.8 Å 20000. *3.34 *0.709 * *
C = 0.72E+20 30000. 3.36 0.638 * *

50000. 3.44 0.546 * *
80000. 3.48 0.473 * *

2s2 3s 2S–2s2 6p 2Po 5000. * * * *
10000. * * * *

1515.9 Å 20000. * * * *
C = 0.17E+20 30000. *7.50 *1.98 * *

50000. *7.86 *1.89 * *
80000. *8.02 *1.59 * *

Table 6. Same as Table 1, for the 2s23d 2D–2s2nf 2Fo series and for
the electron density Ne = 1018 cm−3.

Multiplet T We de WC II dC II

[K] [Å] [Å] [Å] [Å]

2s23d 2D–2s24f 2Fo 5000. *21.3 1.33 * *
10000. *17.1 0.939 * *

4299.9 Å 20000. 13.9 0.677 * *
C = 0.15E+21 30000. 12.9 0.435 * *

50000. 11.8 0.128 * *
80000. 10.9 0.127 * *

2s23d 2D–2s25f 2Fo 5000. * * * *
10000. * * * *

3009.9 Å 20000. *23.4 *0.176 * *
C = 0.10E+20 30000. *23.0 *0.129 * *

50000. *22.2 *0.409 * *
80000. *21.0 *0.425 * *

2s2 3d 2D–2s2 6f 2Fo 5000. * * * *
10000. * * * *

2588.1 Å 20000. * * * *
C = 0.46E+19 30000. * * * *

50000. * * * *
80000. *34.9 0.575 * *

neglect the article of Djeniže et al. (1988). Therefore we may con-
clude that the experiments of Blagojević et al. (1999) and Srećković
et al. (2000) are in excellent agreement with the theoretical results
for the 2s23p 2Po–2s23d 2D multiplet. For the 2s23s 2S–2s23p 2Po

multiplet, our theoretical results are also in excellent agreement

with the experimental data of Blagojević et al. (1999), as well as
with those of Sarandaev & Salakhov (1995). They are in very good
agreement, better than 30 per cent (which is well within error bars),
with the data of Srećković et al. (2000). We will also neglect the old
measurements of Djeniže et al. (1988), which disagree with theory
and all other experiments by a factor higher than 2. We conclude that
for the 2s23s 2S–2s23p 2Po multiplet, theory and recent experiments
mutually confirm each other.

If we take into account of the fact that accuracy ‘C’ denotes exper-
iments with 50 per cent uncertainty, we can see in Table 7 that, for
all transitions between terms with a parent term 1S, the agreement
with different experiments is relatively good. The ratio between ex-
perimental and calculated widths varies from 0.83–1.49 for Perez
et al. (1991). For Goly & Weniger (1982b) it varies from 0.37–
1.78 and for Roberts & Eckerle (1967) it varies from 0.97–1.29,
always within the estimated uncertainty. For transitions between
terms with a parent term 3Po, the agreement is also within the error
bars but the experimental data are lower than the theoretical ones.
The ratio of experimental to theoretical widths is 0.77 for Djeniže
et al. (1993) and from 0.81–1.94 for Srećković et al. (2000). The
largest disagreement is for the 2s2p2 2P–2p3 2Do and 2s2p2 2S–
2s23p 2Po transitions: it varies from 0.37–1.94. Since most of these
experimental results are with accuracies C and C+ and are about
30 years old, except for the data of Srećković et al. (2000), new
experimental determination of Stark-broadening parameters would
be very welcome.

3.2 Influence of the choice of oscillator strengths on the results
of calculations: case of the 3s–np and 3d–nf series

Figs 1 and 2 show that the width values achieved using oscillator
strengths obtained with the Bates and Damgaard method (WBD)
are in good agreement with the values calculated using TOPbase
atomic data (WTB). The only exception is for the transition 2s23s
2S–2s28p 2Po (see Fig. 1), where WTB = 22.141 × 109 s−1, whereas
WBD = 17.047 × 109 s−1. This discrepancy is due to the fact that the
oscillator strength of the transition between the initial level 2s28p
2Po and the perturbing one 2s2p(3Po)3p is zero in the Bates and
Damgaard method, because an internal electron is excited. If we use
the TB oscillator strength for this transition, in the BD calculation
we obtain 22.141 × 109 s−1. This TB oscillator strength is equal to
0.1041 × 10−2: if we neglect the contribution of this transition in the
TB calculation, we obtain 15.48 × 109 s−1, which is close to the BD
value given above. This shows the limit of validity of the Bates and
Damgaard approximation for the calculation of Stark-broadening
parameters.

3.3 Systematic trends: variation with principal number n
along the 3s–np and 3d–nf series

Figs 3 and 4 show the asymptotic behaviour of the Stark widths
within two series when the principal quantum number n increases.
We have fitted the widths with a least-squares fourth-order polyno-
mial fitting:

W = a0 + a1n + a2n
2 + a3n

3 + a4n
4.

The coefficients of the fitting and the correlation coefficient R2

are given in Table 8.
As expected from the Coulomb (hydrogenic) behaviour of the

dipolar line strengths (n, l − n, l + 1), the widths increase as n4

(Sahal-Bréchot, Dimitrijević & Ben Nessib 2011).
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Table 7. Comparison between our theoretical electron impact widths We and experimental ones Wexp. The wavelengths are those of
the NIST Atomic Spectra Database (Ralchenko et al. 2011). The electron density Ne is in [1017 cm−3]. Ratios Wexp/We are given. The
uncertainties of the experimental data are given in column ‘Acc’.

Line λ Ne Te We Wexp Wexp/We Acc. Ref.
[Å] [K] [ Å] [ Å]

2s2p2 2P3/2–2p3 2Do
5/2 2512.06 0.19 12800 0.0647 0.024 0.37 C Goly & Weniger (1982b)

2s2p2 2P1/2–2p3 2Do
3/2 2509.13 0.19 12800 0.06455 0.026 0.40 C Goly & Weniger (1982b)

2s2p2 2S1/2–2s23p 2Po
3/2 2836.71 0.49 26300 0.06214 0.082 1.32 C+ Platiša et al. (1978)

1.96 17800 0.27274 0.530 1.94 B Srećković et al. (2000)
0.19 12800 0.02929 0.052 1.78 C Goly & Weniger (1982b)

2s2p2 2S1/2–2s23p 2Po
1/2 2837.61 0.49 26300 0.06218 0.083 1.33 C+ Platiša et al. (1978)

1.96 17800 0.27294 0.456 1.67 B Srećković et al. (2000)
0.19 12800 0.02929 0.052 1.78 C Goly & Weniger (1982b)

2s23p 2Po
3/2–2s24s 2S1/2 3920.68 0.19 12800 0.13704 0.15 1.09 C+ Goly & Weniger (1982b)

0.95 12800 0.68324 0.95 1.39 C+ Perez et al. (1991)

2s23p 2Po
1/2–2s24s 2S1/2 3918.98 0.19 12800 0.13693 0.15 1.09 C+ Goly & Weniger (1982b)

2s23d 2D3/2–2s25p 2Po
5/2 3361.05 1.4 30000 1.82 1.76 0.97 C Roberts & Eckerle (1967)

1.5 30000 1.95 2.52 1.29 C –

2s23d 2D5/2–2s24f 2Fo
5/2 4267.26 0.4 12800 0.644 0.96 1.49 C Perez et al. (1991)

2s2p(2Po)3s 4Po
5/2–2s2p(2Po)3p 4P3/2 5151.08 1.82 18300 0.97706 0.889 0.91 B+ Srećković et al. (2000)

2s2p(2Po)3s 4Po
5/2–2s2p(2Po)3p 4P5/2 5145.16 1.82 18300 0.97781 0.790 0.81 B+ Srećković et al. (2000)

2s2p(2Po)3s 4Po
3/2–2s2p(2Po)3p 4P1/2 5143.49 1.82 18300 0.97418 1.194 1.22 B+ Srećković et al. (2000)

2s2p(2Po)3s 4Po
3/2–2s2p(2Po)3p 4S3/2 5648.07 1.1 20000 0.641 0.53 0.83 C+ Perez et al. (1991)

2s23s 2S1/2–2s23p 2Po
3/2 6578.05 1.43 35000 1.10900 1.106 1.00 B Djeniže et al. (1988)

1.96 17800 1.70846 2.198 1.29 B+ Srećković et al. (2000)
0.31 18800 0.27175 0.265 0.97 B+ Blagojević et al. (1999)
2.21 22000 1.83835 1.88 1.02 C Sarandaev & Salakhov (1995)

2s23s 2S1/2–2s23p 2Po
1/2 6582.88 1.43 35000 1.11063 1.106 0.99 B Djeniže et al. (1988)

1.96 17800 1.71097 2.145 1.25 B+ Srećković et al. (2000)
0.31 18800 0.27215 0.265 0.97 B+ Blagojević et al. (1999)
2.21 22000 1.84105 1.81 0.98 C Sarandaev & Salakhov (1995)

2s2p(2Po)3s 4Po
5/2–2s2p(2Po)3p 4D7/2 6783.91 1.61 40000 1.32 1.02 0.77 C Djeniže et al. (1993)

2s23p 2Po
3/2–2s23d 2D5/2 7236.42 1.43 35000 1.43976 1.712 1.18 B Djeniže et al. (1988)

0.31 18800 0.34594 0.353 1.02 B+ Blagojević et al. (1999)
1.96 17800 2.20964 2.034 0.92 B Srećković et al. (2000)

2s23p 2Po
3/2–2s23d 2D3/2 7231.33 1.96 17800 2.20653 2.220 1.01 B+ Srećković et al. (2000)

0.31 18800 0.34545 0.338 0.98 B+ Blagojević et al. (1999)

Figure 1. Electron-impact full widths at half-maximum (in 10−9 angular
frequency units) for the 3s–np series as a function of n for T = 10 000 K. The
electron density is 1014 cm−3. For the calculation of width (TB), energies
and oscillator strengths were obtained from the TOPbase data base, while
width (BD) was calculated using the TOPbase data base for energy and
oscillator strengths were calculated using the method of Bates & Damgaard
(1949). Figure 2. Same as Fig. 1, for the 3d–nf series.
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Figure 3. Electron-impact full widths at half-maximum (in 10−9 angular
frequency units) for the 3s–np series as a function of n for T = 10 000 K and
N = 1014 cm−3: least-squares fourth-order polynomial fitting of the data
showing the n−4 asymptotic behaviour. The coefficients of the fitting and
the correlation factor R2 are given in Table 8. The widths (TB) have been
calculated using energies and oscillator strengths of TOPbase. Full squares:
width calculations; full line: fitting curve.
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Figure 4. Same as Fig. 3, for the 3d–nf series.

Table 8. Coefficients and correlation factor R2 of the least-squares fourth-
order polynomial fitting of the width as a function of the principal quantum
number n for the 3s–np and 3d–nf series. The electron density is Ne =
1018 cm−3 and T = 10 000 K.

Series a0 a1 a2 a3 a4 R2

3s–np 0.71988 −0.39812 0.17792 −0.057296 0.010358 0.99962
3d–nf 381.45 −288.27 80.185 −9.8085 0.46181 1

4 CONCLUSIONS

In this work, we have calculated Stark widths and shifts for lines
of singly ionized carbon, using the semiclassical perturbation for-
malism. These data can be used for laboratory and stellar plasma
diagnostics, investigation and modelling, in particular for modelling
recently discovered carbon white dwarfs.
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ABSTRACT
Stark-broadening parameters have been calculated for 114 spectral lines of triply charged
lead ion (Pb IV) using semiclassical perturbation approach in the impact approximation. The
provided widths and shifts have been obtained for a set of temperatures from 20 000 to
300 000 K and an electron density of 1017 cm−3. The studied lines correspond to transitions
between the configurations 5d10nl−5d10n′l′ and 5d96s2−5d10nl. Energy levels and oscillator
strengths needed for this calculation have been calculated using a Hartree–Fock relativistic
(HFR) approach. Comparison has also been made with available theoretical and experimental
results. In addition, the regularity in the 5d106s 2S1/2−5d10np2Po

1/2 spectral series has been
studied.

Key words: atomic data – atomic processes – line: profiles.

1 INTRODUCTION

Triply charged lead ion (Pb IV) belongs to the gold isoelectronic
sequence, its ground-state configuration is 4f145d106s. This is an
interesting isoelectronic sequence with filled 4f and 5d subshells
and a single electron in the outer shell. This ion is characterized
by a strong resonance line, which is a candidate for spectroscopic
detection in hot DA white dwarfs (Vennes, Chayer & Dupuis 2005).
O’Toole (2004) reported the discovery of strong photospheric reso-
nance lines of several heavy elements in the ultraviolet (UV) spectra
of more than two dozen sdB and sdOB stars at temperatures ranging
from 22 000 to 40 000 K. Among these lines, several correspond to
Pb IV ones. Pb IV 1313.1 Å resonance line was detected by Proffitt,
Sansonetti & Reader (2001) in the main-sequence B star AV 304.

Stark broadening of spectral lines is very important in DA and DB
white dwarf atmospheres (Simić, Dimitrijević & Kovačević 2009;
Dimitrijević et al. 2011; Dufour et al. 2011; Larbi-Terzi et al. 2012).
Hamdi et al. (2008) studied the influence of Stark broadening on
Si VI lines in DO white dwarf atmospheres and found that this mech-
anism is dominant in broad regions. Besides white dwarfs, Stark
broadening is the most important pressure-broadening mechanism
for A and B stars and this effect must be taken into account for inves-
tigation, analysis and modelling of their atmospheres. In Popović
et al. (2001), it was shown that Stark broadening can change the

� E-mail: Rafik.Hamdi@istls.rnu.tn

spectral line equivalent widths by 10–45 per cent. Hence neglect-
ing this mechanism, significant errors in abundance determinations
may be introduced.

Alonso-Medina et al. (2010) carried out semi-empirical (SE)
calculations of Stark widths and shifts in the impact approximation
for 58 spectral lines of Pb IV using Griem’s (1968) formula with
a Gaunt factor suggested by Niemann et al. (2003). Atomic data
were determined using Hartree–Fock relativistic (HFR) approach
(Cowan 1981). They found that their values are for a factor of 2
lower than Dimitrijević & Sahal-Bréchot (1999). The latter ones
calculated widths and shifts of the lines within 6s 2S−6p 2Po and
6s 2S−7p 2Po multiplets with the impact semiclassical perturbation
(SCP) method (Sahal-Bréchot 1969a,b) with Bates and Damgaard
(Bates & Damgaard 1949) oscillator strengths. Alonso-Medina et al.
(2010) concluded that the Bates and Damgaard oscillator strengths
used by Dimitrijević & Sahal-Bréchot (1999) were overestimated
because the core-polarization effects were not included.

Due to the interest of SCP and SE methods for Stark-broadening
line profiles determination, and since Pb IV lines have been observed
in stellar spectra, it is important to clarify the reasons of this dis-
crepancy.

Therefore, we have performed in this paper several SCP cal-
culations of Stark-broadening parameters using different sets of
oscillator strengths. First, we have used the oscillator strengths
of Alonso-Medina, Colón & Porcher (2011), i.e. the same os-
cillator strengths as used in the SE work of Alonso-Medina
et al. (2010). Secondly, we have calculated oscillator strengths by

C© 2013 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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using the Cowan code [HFR correction approach (Cowan (1981)].
Thirdly, we have used the oscillator strengths of Safronova & John-
son (2004) obtained using third-order many-body perturbation the-
ory. We have also calculated Stark-broadening parameters using the
modified semi-empirical method (MSE; Dimitrijević & Konjević
1980), with the atomic data taken from Alonso-Medina A., Colón
& Porcher (2011). Then our obtained results have been compared
to the SCP values of Dimitrijević & Sahal-Bréchot (1999) and to
the SE results of Alonso-Medina et al. (2010). They have also been
compared to the experimental ones of Bukvić et al. (2011). The
obtained results are used to clarify the reason for the discrepancy
between SE results of Alonso-Medina et al. (2010) and SCP results
of Dimitrijević & Sahal-Bréchot (1999).

In addition, we have provided in this work SCP impact Stark
widths and shifts for 114 spectral lines between the 5d10nl−5d10n′l′

and 5d96s2−5d10nl configurations of Pb IV. The colliding particles
are electrons, protons and ionized helium. The energy levels and
oscillator strengths have been obtained with the Cowan code with
43 configurations.

Finally, the regularity of behaviour of Stark widths within the
5d106s 2S1/2−5d10np2Po

1/2 spectral series has been studied.

2 THE IMPACT SEMICLASSICAL
PERTURBATION METHOD

A detailed description of this formalism with all the innova-
tions is given in Sahal-Bréchot (1969a,b, 1974, 1991); Fleurier,
Sahal-Bréchot & Chapelle (1977); Dimitrijević, Sahal-Bréchot &
Bommier (1991); Dimitrijević & Sahal-Bréchot (1996). The profile
F(ω) is Lorentzian for isolated lines:

F (ω) = w/π

(ω − ωif − d)2 + w2
, (1)

where

ωif = Ei − Ef

�
,

i and f denote the initial and final states and Ei and Ef their corre-
sponding energies.

The total width at half-maximum (W = 2w) and shift (d) (in
angular frequency units) of an electron-impact-broadened spectral
line can be expressed as

W = N

∫
vf (v)dv

⎛

⎝
∑

i′ �=i

σii′ (v) +
∑

f ′ �=f

σff ′ (v) + σel

⎞

⎠

d = N

∫
vf (v)dv

∫ RD

R3

2πρdρ sin(2ϕp), (2)

where N is the electron density, f (υ) the Maxwellian velocity
distribution function for electrons, ρ denotes the impact parameter
of the incoming electron, i′ (resp. f ′) denotes the perturbing levels
of the initial state i (resp. final state f ). The inelastic cross-section
σii′ (υ) (resp. σff ′ (υ)) can be expressed by an integral over the
impact parameter ρ of the transition probability Pii′ (ρ, υ) (resp.
Pff ′ (ρ, υ) ) as

∑

i′ �=i

σii′ (υ) = 1
2
πR2

1 +
∫ RD

R1

2πρdρ
∑

i′ �=i

Pii′ (ρ, υ), (3)

and the elastic cross-section is given by

σel = 2πR2
2 +

∫ RD

R2

2πρdρ sin2 δ + σr,

δ = (ϕ2
p + ϕ2

q )
1
2 . (4)

The phase shifts ϕp and ϕq due, respectively, to the polarization
potential (r−4) and to the quadrupolar potential (r−3), are given in
section 3 of chapter 2 in Sahal-Bréchot (1969a) and RD is the Debye
radius. All the cut-offs R1, R2 and R3 are described in section 1 of
chapter 3 in Sahal-Bréchot (1969b). σr is the contribution of the
Feshbach resonances (Fleurier et al. 1977)

The formulae for the ion-impact widths and shifts are analogous
to equations (2)– (4), without the Feshbach resonances contribution
to the width. For electrons, hyperbolic paths due to the attractive
Coulomb force are used, while for perturbing ions the hyperbolic
paths are different since the force is repulsive.

The calculations need a relatively complete set of oscillator
strengths for transitions starting or ending on energy levels forming
the considered line, so that the corresponding oscillator strength
sum rules can be satisfied. In our present calculations, energy levels
and oscillator strengths have been carried out with the HFR ap-
proach using the Cowan code (Cowan 1981). We have adopted an
atomic model including 43 configurations: 5d96s2, 5d96p2, 5d10 ns
(6 ≤ n ≤ 11), 5d10 nd (6 ≤ n ≤ 11), 5d10 ng (5 ≤ n ≤ 11), 5d96s7s,
5d96s6d (even parity) and 5d10 np (6 ≤ n ≤ 11), 5d10 nf (5 ≤ n ≤
11), 5d10 nh (6 ≤ n ≤ 11), 5d96s6p (odd parity).

3 COMPARISON BETWEEN DIFFERENT
CALCULATIONS

In order to explain the reason of the disagreement found be-
tween SE results of Alonso-Medina et al. (2010) and SCP ones of
Dimitrijević & Sahal-Bréchot (1999), the present section is devoted
to a comparison between different calculations for several lines of
Pb IV, using the impact approximation.

The first SCP calculations of Stark-broadening parameters of
Pb IV were performed by Dimitrijević & Sahal-Bréchot (1999). En-
ergy levels were taken from Gutmann & Crooker (1973) and os-
cillator strengths were calculated with the Bates and Damgaard
method (Bates & Damgaard 1949). Stark widths were calculated
for 6s 2S−6p 2Po and 6s 2S −7p 2Po multiplets. The widths of Dim-
itrijević & Sahal-Bréchot (1999) are denoted here as WDS.

Alonso-Medina et al. (2010) used the SE Griem’s formula (Griem
1968) with a Gaunt factor suggested by Niemann et al. (2003).
Atomic data, obtained by using HFR approach of Cowan (1981)
with 14 configurations, were taken from Alonso-Medina et al.
(2011). Yet, it can be noticed that Griem (1974, p. 256) wrote that
not much is known about the accuracy of his SE formula (Griem
1968) for multiply charged ions. In fact, this formula was based on
the effective Gaunt factor proposed by Van Regemorter (1962) for
ions. Furthermore, Dimitrijević & Konjević (1980) showed that the
accuracy of SE line widths decreases with the increase of the charge
of emitter, and that these SE widths were considerably lower than
the results of experiments. Therefore, Alonso-Medina et al. (2010)
replaced the Gaunt factor of Van Regemorter (1962) by the Gaunt
factor suggested by Niemann et al. (2003). This is another reason
to investigate the accuracy of such adaptation of the SE method.

Regarding this work, we have performed three different sets of
calculations for the aim of comparison and discussion. SCP calcula-
tions using oscillator strengths and energy levels of Alonso-Medina
et al. (2011) obtained by Cowan code with 14 configurations (the
width is denoted by WSC1) and SCP calculations using oscilla-
tor strengths taken from Safronova & Johnson (2004) and energy
(the width is denoted by WSC2). Oscillator strengths of Safronova
& Johnson (2004) are obtained using third-order many-body
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Stark broadening of spectral lines of Pb IV 1041

Table 1. Comparison between our electron impact Stark widths (WSC1, WSC2, WSC3), values
from Alonso-Medina et al. (2010) (WAM) and values from Dimitrijević & Sahal-Bréchot (1999)
(WDS). Present results: WSC1 – semiclassical Stark widths obtained using oscillator strengths
from Alonso-Medina et al. (2011); WSC2 – semiclassical Stark widths obtained using oscillator
strengths from Safronova & Johnson (2004); WSC3 – semiclassical Stark widths obtained using
oscillator strengths calculated with HFR method (Cowan 1981) and the atomic model given in
Section 2. WSC1, WSC2 and WSC3 are obtained using energy levels from Alonso-Medina et al.
(2011). Results are given for an electron density of Ne = 1017 cm−3.

Transition T (K) WSC1 (Å) WSC2 (Å) WSC3 (Å) WDS(Å) WAM (Å)

6s 2S1/2−6p 2Po
1/2 50 000 0.008 25 0.008 80 0.010 70 0.010 34 0.0051

λ = 1313.1 Å 200 000 0.004 46 0.004 76 0.005 87 0.005 67 0.0022

6s 2S1/2−6p 2Po
3/2 50 000 0.005 98 0.006 04 0.006 95 0.006 34 0.0051

λ = 1028.6 Å 200 000 0.003 28 0.003 30 0.003 82 0.003 47 0.0022

6s 2S1/2−7p2Po
1/2 50 000 0.002 80 0.003 53 0.003 65 0.003 65 0.0017

λ = 476.7 Å 200 000 0.001 70 0.002 29 0.002 36 0.002 39 0.0008

6s 2S1/2−7p 2Po
3/2 50 000 0.003 10 0.003 36 0.003 36 0.003 38 0.0030

λ = 459.0 Å 200 000 0.002 01 0.002 22 0.002 19 0.002 22 0.0014

perturbation theory with the Brueckner-orbital corrections which
account for core-polarization effects (Chou & Johnson 1997). In ad-
dition, we have performed SCP calculations with oscillator strengths
that we have calculated using the Cowan code with 43 configura-
tions (the width is denoted by WSC3).

Furthermore, we have performed another calculation using the
MSE approach of Dimitrijević & Konjević (1980) and atomic data
of Alonso-Medina et al. (2011). MSE method is valid for singly and
multiply charged ions, it uses an effective Gaunt factor and has the
advantage that it does not involve a large number of atomic data. The
corresponding width is denoted by WMSE. For the details of MSE
calculations see Mahmoudi, Ben Nessib & Dimitrijević (2005). We
can notice that as a difference from MSE, the complete version of
Griem’s SE method (Griem 1968) needs the same set of atomic
data as the more sophisticated SCP method, so the same effort is
needed for simpler (SE) and more advanced (SCP) calculations, if
both codes are available.

3.1 Role of oscillator strengths

Table 1 presents the different results for the lines of the 6s 2S−6p 2Po

and 6s 2S−7p2Po multiplets of Pb IV, for two temperatures (50 000
and 200 000 K), and for an electron density of 1017 cm−3. Con-
sequently, the use of the set of Bates and Damgaard’s oscillator
strengths in WDS calculations, which satisfies the corresponding
sum rules (Shore & Menzel 1965), cannot explain the large differ-
ence between WAM and WDS, for example for 476.7 Å line.

As we can see in Table 1, WDS is always larger than WSC1. The
average ratio WDS

WSC1
is equal to 1.19 and cannot explain the difference

of the factor of 2 (found by Alonso-Medina et al. 2010 in some
cases). WDS is also larger than WSC2 but the difference is smaller
since the average ratio WDS

WSC2
is equal to 1.07 only. WSC3 are closer

to WDS and the average difference is 3 per cent.
A similar conclusion, concerning the use of a set of Bates and

Damgaard’s oscillator strengths, complete from the point of view
of the corresponding sum rules, was obtained by Ben Nessib,
Dimitrijević & Sahal-Bréchot (2004) and Hamdi et al. (2007)
who calculated line widths and shifts of Si V and Ne V ions. They
compared SCP ab initio Stark widths obtained with Bates and
Damgaard oscillator strengths and with SUPERSTRUCTURE (Thomas–
Fermi–Dirac interaction potential model with relativistic correc-

tions; Eissner, Jones & Nussbaumer 1974) oscillator strengths for
Si V and Ne V ions. They found that the difference between the two
sets of calculations did not exceed 30 per cent. Thus, the difference
in oscillator strengths used in Stark-broadening calculation is not of
crucial importance, since the accuracy of the SCP method is about
20 per cent.

One additional reason which could explain the difference be-
tween SCP Dimitrijević & Sahal-Bréchot (1999) calculations and
SE Alonso-Medina et al. (2010) results, is the eventual existence
of a perturbing level close to the initial or final level of the studied
transitions, the transition to which is forbidden in Coulomb ap-
proximation but becomes allowed if configuration mixing is taken
into account. So the corresponding Bates and Damgaard oscillator
strength is zero, whereas the Hartree–Fock one can be large. The
existence of such levels can increase the width. The influence of a
possible close perturbing level will be discussed in Sections 4 and 5.

3.2 Comparison between the three methods: SCP, SE
and MSE

By using the same set of atomic levels and oscillator strengths, we
compare in Figs 1, 2 and 3 the three methods used in the calculations
for the widths: SCP (WSC1), SE (WAM) and MSE (WMSE). The three
theoretical widths are also compared with the experimental ones of
Bukvić et al. (2011).

Fig. 1 displays electron-impact Stark widths for the
6d 2D5/2−7p 2Po

3/2 line as a function of electron temperature for a
1017 cm−3 electron density. Our SCP and MSE calculations have
been obtained with energy levels and oscillator strengths from
Alonso-Medina et al. (2011).

As we can see in Fig. 1, WSC1 are slightly higher than WMSE. At
low temperatures, SE widths of Alonso-Medina et al. (2010) are
higher than SCP and MSE ones. At T = 200 000 K, the three meth-
ods give the same results. SE results overestimate the experimental
line width, our SCP and MSE results underestimate the experimen-
tal width, but the SCP value is in the lower limit of experimental
error.

Fig. 2 is the same as Fig. 1 but for the 7s 2S1/2−7p 2Po
3/2 transition.

At low temperatures WAM is higher than WSC1 and WMSE and at
high temperatures WAM is lower than our SCP and MSE results.
Our SCP width is close to the experimental ones, MSE results
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Figure 1. Electron impact Stark widths FWHM for the 6d 2D5/2–7p 2Po
3/2

(λ = 3221.22 Å) line as a function of the electron temperature (T) at an
electron density of 1017 cm−3. Solid line: our Stark widths obtained us-
ing SCP approach (Sahal-Bréchot 1969a,b) (WSC1) and oscillator strengths
from Alonso-Medina et al. (2011), Dotted line: our Stark widths obtained
using modified SE approach (Dimitrijević & Konjević 1980) and oscillator
strengths from Alonso-Medina et al. (2011) (WMSE), Dashed line: Stark
widths of Alonso-Medina et al. (2010) obtained using SE formula (Griem
1968), with Gaunt factor suggested by Niemann et al. (2003) (WAM), Full
circle: experimental Stark width (Bukvić et al. 2011).

Figure 2. Same as in Fig. 1 but for the 7s 2S1/2−7p 2Po
3/2 (λ = 3052.66 Å)

transition.

underestimate the experimental width and SE results overestimate
the experimental width, but the SCP value is on the lower limit of
experimental error.

Fig. 3 is the same as Fig. 1 but for the 5f 2Fo
7/2−5g 2G9/2 transition.

WAM is in the higher limit of the experimental error. WSC1 and
WMSE underestimate the experimental value but WMSE is closer.
WSC1 is lower than the experimental width by a factor of 3. At low
temperatures WMSE is lower than WAM but at high temperatures
WMSE is higher than WAM. At T = 100 000 K, SE and MSE approach
gives the same width.

One can see that in Figs 1 and 2, the results of three theoretical
methods are in much better agreement than in Fig. 3, where there
is a large difference. If we look at the partial energy level diagram
in Fig. 7, one can see that the structure of perturbing levels is not
regular. In particular, MSE theory assumes that the important con-

Figure 3. Same as in Fig. 1 but for the 5f 2Fo
7/2−5g 2G9/2 (λ = 2049.37 Å)

transition.

tribution to the line width proceeds from perturbing levels with the
same principal quantum number and that all other perturbing levels
are lumped together. But for the 5g 2G9/2 level there is no 5h 2Ho

perturbing term, and the energies of 5f 2Fo levels are much lower
than the 6f 2Fo and 7f 2Fo ones. This introduces additional uncer-
tainties in the MSE theoretical approach. Additional experimental
results will be of interest for checking and improving theory for
such a specific case which is more complicated than the previous
two.

By comparing our new large-scale SCP results for widths, given
in Section 5, with those of Alonso-Medina et al. (2010), we see that
the SE widths are not always lower than ours (as all values given
in Table 1). For many transitions, there is an acceptable agreement
between the two calculations. However, for a number of transitions
the SE results are greater than ours even by a factor of 2.

In Alonso-Medina & Colón (2011), the overestimation of the-
oretical widths obtained using SE formula for Sn III lines in some
cases when their values are above the existing experimental val-
ues is explained by the large number of perturbing levels used
for initial and final levels for each transition. From our point of
view, the set of atomic data used in the SE and SCP calcula-
tion of the width is relatively large but the number of signifi-
cant perturbing levels involved in the calculation of the width is
not large. Adding other perturbing levels will have a negligible
effect on the final results for the line width. However, we note
that the shift calculations are more sensitive to the number of
perturbing levels. This is due to mutual cancellations of contri-
butions with different signs. This is not the case for the widths,
where the contributions of different perturbing levels have positive
values.

Indeed, in the case of Pb IV the atomic model adopted by Alonso-
Medina et al. (2010) is not so large. For example, the 8p and 9p
configurations are not included in their atomic model. In fact, these
configurations provide levels which significantly perturb the level
8s 2S1/2. For example, for the 7p 2Po

3/2−8s 2S1/2 transition, our width
at T = 20 000 K is equal to 0.374 Å. If we do not take into account
the 8p and 9p configurations, the width becomes 0.220 Å.

For the 6s 2S−6p 2Po multiplet, the widths of the fine structure
components of Alonso-Medina et al. (2010) are exactly the same.
The difference between our widths of the two fine structure com-
ponents is 46 per cent. It must be noted that the difference between
the wavelengths of the two fine structure components is 27 per cent.
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Figure 4. Partial energy level diagram showing the principal perturbing
levels for 6s−6p transitions.

This large difference in the widths expressed in Å is only due to the
difference in the wavelengths, since in angular frequency units the
widths differ only by 6 per cent. The difference between the widths
of the two components found by Alonso-Medina et al. (2010) ex-
pressed in angular frequency units is 62 per cent. Partial energy level
diagram showing the principal perturbing levels for 6s 2S−6p 2Po

multiplet is presented in Fig. 4. This diagram shows that 6s2 2D3/2 is
the nearest level to 6p 2Po

3/2 but its contribution is very small. In fact,
the value of the oscillator strength given in Alonso-Medina et al.
(2011) of the 6p 2Po

3/2−6s2 2D3/2 transition is only 7 × 10−5. The
distances to the perturbing levels 6d 2D, 6s 2S and 7s 2S are much
larger than the energy differences between 6p 2Po

3/2 and 6p 2Po
1/2, so

that one expects that the widths of the two fine structure compo-
nents are close. The large difference found by Alonso-Medina et al.
(2010) cannot be explained by the existence of a perturbing level
much closer to the upper level of one of the two neighbouring fine
structure transitions, which should be consequently more perturbed
in this case.

4 COMPARISON WITH EXPERIMENT

Recently, Bukvić et al. (2011) investigated Pb IV and Pb V spectral
line shapes in the laboratory helium plasma at electron temperatures
around 22 000 K and electron density between 5.1 × 1016 cm−3 and
9.1 × 1016 cm−3. In Table 2, our results are compared to these
experimental results (Wm) and also to the SE values of Alonso-
Medina et al. (2010).

WSC = We+Wi, where We is electron-impact Stark width and
Wi is ionic-impact Stark width. Taking into account the experimen-
tal conditions, we have taken as ionic perturbers singly charged
helium ions. For each value given in Table 2, the collision vol-
ume (V) multiplied by perturber density (N) is much less than one
and the impact approximation is valid. The greatest value of N×V,
equal to 0.25, has been found for the 5g 2G9/2−6h 2Ho transition
for collisions with ions. For the study of the 5g 2G9/2−6h 2Ho tran-
sition, the atomic model given in Section 2 has been enriched by
the configurations 7i and 8i which give important perturbing levels
for 6h 2Ho. In addition, since we have found that magnetic dipole
(M1) and electric quadrupole (E2) transitions have no influence on
the width, only electric dipole transitions (E1) are considered in our
calculations.

A number of levels in Alonso-Medina et al. (2011), used also
by Bukvić et al. (2011), belonging to the configuration 5d9 6s6p
are a mixture without a leading term. They are denoted as [1o],
[2o], . . . [27o]. For some of them, there is a correspondence with
energy levels within LS coupling (Moore 1958; Alonso-Medina
et al. 2011). Namely 6d10 7p 2Po

1/2, 7p 2Po
3/2, 5f 2Fo

5/2 and 5f 2Fo
7/2

correspond to 5d9 6s6p [16o]1/2, [22o]3/2, [23o]5/2 and [24o]7/2, re-
spectively. In Table 2, experimental results of Bukvić et al. (2011)
are included only for transitions which could be described in LS
coupling, since our calculations have been performed only for such
Pb IV transitions.

The lines labelled as 4a and 4b in Table 2 correspond to the super-
position of two close fine structure components: 6d 2D3/2−5f 2Fo

5/2

(2864.31 Å) and 6d 2D5/2−5f 2Fo
7/2 (2864.55 Å). By assuming local

thermodynamical equilibrium and that the lines are optically thin at
the temperature T = 2.38 104 K and the density Ne = 1017 cm−3,

Table 2. Comparison between our Stark widths (FWHM) (WSC) obtained using atomic data calculated
using Cowan code (Cowan 1981), experimental values (Wm) of Bukvić et al. (2011) and theoretical
values of Alonso-Medina et al. (2010) (WAM). Results are given for an electron density of Ne =
1017 cm−3.

Label Transition λ (Å) T (104 K) Wm (pm) WSC (pm) WAM (pm)

1 5f 2Fo
7/2−5g 2G 2049.37 2.00 ± 0.28 49.3 ± 7.4 19.0 54.2

2a 5g 2G9/2−6h 2Ho 4534.46 2.33 ± 0.33 301 ± 24 260 300
2b 5g 2G7/2−6h 2Ho 4534.93 2.33 ± 0.33
3 6p 2Po

1/2−6s 2 2D3/2 2154.01 2.20 ± 0.30 5.0 ± 1.2 4.08
4a 6d 2D3/2−5f 2Fo

5/2 2864.31 2.38 ± 0.33 49.4 ± 7.4 40.4 37.3
4b 6d 2D5/2−5f 2Fo

7/2 2864.55 2.38 ± 0.33
5 6d 2D5/2−5f 2Fo

5/2 3062.43 2.22 ± 0.31 22.5 ± 4.0 21.7
6 6d 2D3/2−7p 2Po

3/2 3002.76 2.30 ± 0.32 18.5 ± 3.8 26.6
7 6d 2D5/2−7p 2Po

3/2 3221.22 2.30 ± 0.32 31.2 ± 4.7 31.2 43.3
8 6d 2D3/2−7p 2Po

1/2 3962.49 2.26 ± 0.32 47.0 ± 7.0 48.1
9 7s 2S1/2−7p 2Po

3/2 3052.66 2.22 ± 0.31 25.5 ± 3.8 29.4 31.1
10 7s 2S1/2−7p 2Po

1/2 4049.84 2.38 ± 0.33 61.5 ± 9.2 51.2
11 7p 2Po

1/2−7d 2D3/2 2461.51 2.32 ± 0.32 24.9 ± 3.7 31.0 22.0
12 7p 2Po

3/2−7d 2D5/2 2978.20 2.30 ± 0.32 36.9 ± 5.5 40.0 34.2
13 7p 2Po

3/2−7d 2D3/2 3071.33 2.26 ± 0.32 43.3 ± 6.5 46.7
14 7p 2Po

3/2−8s 2S1/2 3145.47 2.10 ± 0.30 39.2 ± 6.0 42.8 28.4
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Figure 5. Superposition of 6d 2D3/2−5f 2Fo
5/2 (2864.31 Å) and

6d 2D5/2−5f 2Fo
7/2 (2864.55 Å) line profiles.

we have determined the global profile of this line. Under these con-
ditions the intensities of the lines are additive and the total intensity
profile Itotal(λ) is given by the following formula:

Itotal(λ) = g1A1I1(λ) + g2A2I2(λ), (5)

where g1 (resp. g2) is the statistical weight of the upper level of the
first component of the line (resp. the second component of the line).
A1 (resp. A2) is the transition probability of spontaneous emission
of the first component of the line (resp. the second component of
the line). I1(λ) (resp. I2(λ)) is the normalized profile of the first
component of the line (resp. the second component of the line) with
a half-width w1 and shift d1 (resp. half-width w2 and shift d2). A
normalized Lorentzian is given by

I (λ) = w

π

1
(λ − λif − d)2 + w2

, (6)

where w = W/2 is the half width at half-maximum and d is the
shift. The resulting profile is plotted in Fig. 5. Using this profile,
we have found that the full width at half intensity maximum of
this global transition is 40.4 pm. The experimental width of this
global transition is 49.4 ± 7.4 pm (Bukvić et al. 2011). They found
that the composed profile is close to a Lorentz profile and that
the width of this composite distribution is less than the width of
the broader component. We have found that the composite profile
is not Lorentzian (see Fig. 5) and that the width of the composite
distribution is much larger than the width of a particular component.

The lines labelled as 2a and 2b in Table 2, are also a superpo-
sition of two close transitions: 5g 2G9/2−6h2Ho (4534.46 Å) and
5g 2G7/2−6h 2Ho (4534.93 Å). We have calculated the width of the
global line using the same method described above. Our calculated
width is 260 pm and the measured one is 301 ± 24 pm. Global
profile for this line is presented in Fig. 6.

The line labelled as 11 in Table 2, is also a superposition of
two close transitions: 7p 2Po

1/2−7d 2D3/2 and 7p 2Po
3/2−7d 2D3/2

(2461.51 Å). We have also calculated the width of the global line
using the same method described above. Our calculated width is
31.0 pm and the measured one is 24.9 ± 3.7 pm.

We have found a tolerable agrement with measured widths except
for one line: 5f 2Fo

7/2−5g 2G (2049.37 Å) labelled as 1 in Table 2
for which the experimental width is 49.3 ± 7.4 pm. In Fig. 7, we
show a partial energy level diagram for 5f −5g transitions. This
diagram shows that 5f 2Fo

7/2−5g 2G7/2 and 5f 2Fo
7/2−5g 2G9/2 lines

have close wavelengths and in fact these are also two superposed

Figure 6. Superposition of 5g 2G9/2−6h 2Ho (4534.46 Å) and
5g 2G7/2−6h2Ho (4534.93 Å) line profiles.

Figure 7. Partial energy level diagram showing the principal perturbing
levels for 5f−5g transitions. Wavelengths 2049.37 Å and 1959.32 Å are
from Crawford, McLay & Crooker (1937) and λ = 2049.29 Å has been
calculated from Pb IV terms in table 1 of Crawford et al. (1937) and scaled
to the two previous observed wavelengths.

lines like in the three previous cases, but Alonso-Medina et al.
(2010) provided a width only for one component, so that Bukvić
et al. (2011) could not calculate the composite distribution. We have
also determined the global profile with the same preceding method,
and our width of 19.0 pm is still lower than the experimental one by
a factor greater than 2. The agreement with experiment for this line
can not be improved even we use the atomic data of Alonso-Medina
et al. (2011) (see Fig. 3).

5 LARGE-SCALE CALCULATIONS

5.1 SCP calculations for 114 transitions of Pb IV

Our SCP method allows us to study a large number of lines. In
fact, a large number of collisional data are needed for deriving
precise atmospheric parameters of hot star atmospheres as white
dwarfs (Dufour et al. 2011). Accurate and large Stark-broadening
tables are of crucial importance for sophisticated spectral analysis
by means of non-local thermodynamic equilibrium (NLTE) model
atmospheres (Rauch et al. 2007).

Thus, using our SCP code, we have calculated widths and
shifts for 114 transitions of Pb IV between the 5d 10nl−5d10n′l′

and 5d 96s 2−5d 10nl configurations. The results are provided in
electronic form in the online journal as additional data (Table S).
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Table 3. This table gives electron-, proton- and singly charged helium-impact broadening parameters for Pb IV lines calculated using
Cowan code (Cowan 1981) oscillator strengths, for a perturber density of 1017 cm−3 and temperature of 20 000 to 300 000 K. Calculated
wavelength of the transitions (in Å) and parameter C are also given. This parameter when divided with the corresponding Stark width
gives an estimate for the maximal pertuber density for which the line may be treated as isolated. We: electron-impact full Stark width
at half-maximum, de: electron-impact Stark shift, WH+ : proton-impact full Stark width at half-maximum, dH+ : proton-impact Stark
shift, WHe+ : singly charged helium-impact full Stark width at half-maximum, dHe+ : singly charged helium-impact Stark shift. This
table is available in its entirety for 114 Pb IV spectral lines in machine-readable form in the online journal as additional data. A portion
is shown here for guidance regarding its form and content.

Transition T (K) We (Å) de (Å) WH+ (Å) dH+ (Å) WHe+ (Å) dHe+ (Å)

5f 2Fo
5/2−7d 2D3/2 20 000 0.462 0.389E−01 0.184E−01 0.126E−01 0.223E−01 0.110E−01
3237.7 Å 30 000 0.399 0.356E−01 0.233E−01 0.160E−01 0.277E−01 0.138E−01

C = 0.50E+20 50 000 0.338 0.336E−01 0.312E−01 0.210E−01 0.320E−01 0.174E−01
100 000 0.281 0.367E−01 0.380E−01 0.261E−01 0.374E−01 0.211E−01
200 000 0.239 0.323E−01 0.449E−01 0.310E−01 0.428E−01 0.252E−01
300 000 0.219 0.306E−01 0.496E−01 0.344E−01 0.455E−01 0.274E−01

5f 2Fo
5/2−7g 2G7/2 20 000 0.198 −0.146E−01 *0.191E−01 *−0.117E−01 *0.192E−01 *−0.918E−02
1174.1 Å 30 000 0.178 −0.167E−01 *0.216E−01 *−0.136E−01 *0.214E−01 *−0.110E−01

C = 0.34E+19 50 000 0.161 −0.141E−01 *0.246E−01 *−0.166E−01 *0.237E−01 *−0.133E−01
100 000 0.140 −0.131E−01 0.289E−01 −0.203E−01 *0.266E−01 *−0.162E−01
200 000 0.123 −0.120E−01 0.329E−01 −0.231E−01 *0.289E−01 *−0.185E−01
300 000 0.113 −0.984E−02 0.363E−01 −0.253E−01 *0.301E−01 *−0.198E−01

A sample of the results is only shown in Table 3 for guidance
regarding its form and content. The calculations have been made for
a perturber density of 1017 cm−3 and for a set of temperatures from
20 000 to 300 000 K. Stark widths (FWHM) and shifts are given for
electron-, proton- and singly ionized helium impact broadening. En-
ergy levels and oscillator strengths needed for this calculation have
been determined using Cowan code (Cowan 1981) and the atomic
model described above in the end of Section 2 (43 configurations).

All wavelengths given in Tables 3 and S are calculated wave-
lengths. They have been determined from energy levels obtained
with the first three Cowan codes and the fourth part devoted for
scaling with experimental energy levels has not been used. So the
calculated wavelengths given in Table 3 are not good but the Stark-
broadening parameters, which depend on relative and not abso-
lute positions of energy levels are correct in angular frequency
units. The relationship between the width expressed in Å and the
width expressed in angular frequency units is given by the following
formula:

W (Å) = λ2

2πc
W (s−1), (7)

where c is the speed of light. If we want to introduce a correction to
the width due to the difference between calculated and experimental
wavelength, one should use the following formula:

Wcor =
(

λexp

λ

)2

W. (8)

In the above expression, Wcor is the corrected width, λexp is the
experimental wavelength, λ is the calculated wavelength and W is
the calculated width of Tables 3 and S. A similar formula can be
used for the shifts.

We also specify a parameter C (Dimitrijević & Sahal-Bréchot
1984), which gives an estimate for the maximal perturber density
for which the line may be treated as isolated, when it is divided by
the corresponding full width at half-maximum (FWHM). For each
value given in Tables 3 and S, the collision volume V multiplied
by the perturber density N is much less than one and the impact
approximation is valid (Sahal-Bréchot 1969a,b). For NV > 0.5, the
impact approximation breaks down and thus the values are not given.

For 0.1 < NV ≤ 0.5, the impact approximation reaches his limit of
validity and values are preceded by an asterisk. When the impact
approximation is not valid, the ion broadening contribution may be
estimated by using the quasi-static approach (Griem 1974; Sahal-
Bréchot 1991). In the region where none approximation is valid,
a unified-type theory should be used. For example, in Barnard,
Cooper & Smith (1974) a simple analytical formula is given for
such a case.

The difference between the widths of different fine structure
components of a multiplet is small except for 5f 2Fo−7g 2G and
6f 2Fo−7g2G multiplets for which the ratio of the widths of two
components attains 2. This large difference is due to the fact that the
upper level 7g 2G9/2 of the considered transition and the closest per-
turbing level 7h 2Ho

11/2 have very close energies (
E = 240 cm−1).
This is not the case for the 7g 2G7/2, where the closest perturbing
level is more distant.

All the data given in the online Table S will be also inserted in
the STARK-B data base (Sahal-Bréchot, Dimitrijević & Moreau
2013), which is a part of Virtual Atomic and Molecular Data Cen-
ter (Dubernet et al. 2010; Rixon et al. 2011), cf. also Sahal-Bréchot
(2010). This data base is devoted to diagnostics modelling and inves-
tigations of stellar atmospheres and also for fusion and laboratory
plasmas. As for diagnostics of stellar plasmas, Stark-broadening pa-
rameters are used in the determination of temperature and density
of laboratory plasmas. For example, in Hanif, Salik & Baig (2011),
spectroscopic emission of laser produced lead plasma was studied
and electron number density was determined from Stark-broadened
lines.

5.2 Systematic trends: behaviour with the principal quantum
number n along the 6s 2S1/2−np 2Po

1/2 series

In Fig. 8, electron-impact widths (in angular frequency units) for the
series 6s2S1/2−np2Po

1/2 of Pb IV are shown as a function of the princi-
pal quantum number of the upper state n, for T = 50 000 K and Ne =
1017 cm−3. We can see a gradual increase of Stark width within the
considered spectral series. Such regular behaviour of Stark width is
the consequence of the gradual change of the energy separation be-
tween the initial (upper) level and the principal perturbing levels. As
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Figure 8. Electron-impact widths (in angular frequency units) for the series
6s 2S1/2−np 2Po

1/2 of Pb IV as a function of the principal quantum number of
the upper state. Dashed line: least square polynomial fitting (fourth order).
The correlation factor R2 = 1.

expected from the Coulomb (hydrogenic) behaviour of the dipolar
line strengths, the widths increase as n4 (Sahal-Bréchot, Dimitri-
jević & Ben Nessib 2011). The function W(n) has been fitted using
the fourth power polynomial:

W (n) = an4 + bn3 + cn2 + dn + f , (9)

where W(n) is the FWHM expressed in rad s−1 per electron and
constants are a = 1.77 × 1010, b = −5.46 × 1011, c = 6.39 × 1012,
d = −3.30 × 1013 and f = 6.35 × 1013. The correlation factor R2 is
equal to 1.

In Fig. 8, the polynomial function is displayed by a dashed line.
Such fitting can be of interest for high n transitions for which atomic
data are often insufficient, provided that the line is still isolated.

6 CONCLUSIONS

Our results show an acceptable agreement with the recent experi-
mental results except for one transition. Our atomic model include
a large number of configurations. The atomic data used in Alonso-
Medina et al. (2010) are obtained after including least square fitting
of experimental energy levels and core polarization effect. Our result
for the transition for which the disagreement with the experimental
width is large has not improved even when we used the atomic data
of Alonso-Medina et al. (2011). In conclusion, this work gives an
idea of the role of the quality of oscillator strengths for the Stark-
broadening calculations. This work also suggests that the disagree-
ment between the results of Alonso-Medina et al. (2010) and those
of Dimitrijević & Sahal-Bréchot (1999) is due to the choice of the
method of calculation of the Stark width and not due to the choice
of the set of atomic data used in the calculation. Finally, we have
performed an SCP calculation of Stark-broadening parameters for
114 transitions in Pb IV. Energy levels and oscillator strengths were
carried out using Cowan code (Cowan 1981). Stark-broadening pa-
rameters are determined for transitions of the type 5d10nl−5d10n′l′

and 5d96s2−5d10nl.
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MNRAS, 423, 766
Mahmoudi W. F., Ben Nessib N., Dimitrijević M. S., 2005, A&A, 434, 773
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Sahal-Bréchot S., Dimitrijević M. S., Ben Nessib N., 2011, Balt. Astron.,

20, 523
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The paper ‘Stark-broadening calculations of singly ionized carbon
spectral lines’ was published in MNRAS, 423, 766 (2012). Due
to one unfortunate typing error in one input atomic data necessary
for the C II calculations that enters the computer code, some output
data in the online tables (S1, S2, S3) are erroneous within a few
per cent, and some others are unchanged. This is not the case in
tables 1–6 of the paper where there is no error. In addition, there
were some typing errors in F and G terms and the parity indicated
in the transitions was inadvertently inverted in the online tables, but
this has no effect on the numerical results. The new online joined
tables are corrected.
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ABSTRACT
The aim of this research is to show that the processes of absorption charge exchange and
photoassociation in A + B+ collisions together with the processes of AB+ photodissociation
in the case of strongly non-symmetric ion–atom systems, significantly influence the opacity
of stellar atmospheres in ultraviolet (UV) and extreme UV (EUV) region. In this work,
the significance of such processes for solar atmosphere is studied. In the case of the solar
atmosphere the absorption processes with A = H and B = Mg and Si are treated as dominant
ones, but the cases A = H and B = Al and A = He and B = H are also taken into consideration.
The choice of just these species is caused by the fact that, of the species relevant for the
used solar atmosphere model, it was only for them that we could determine the necessary
characteristics of the corresponding molecular ions, i.e. the molecular potential curves and
dipole matrix elements. It is shown that the efficiency of the examined non-symmetric processes
within the rather wide corresponding quasi-molecular absorption bands in the far-UV and
EUV regions is comparable and sometimes even greater than the intensity of the known
symmetric ion–atom absorption processes, which are included now in the models of the solar
atmosphere. Consequently, the presented results suggest that the non-symmetric ion–atom
absorption processes also have to be included ab initio in the corresponding models of the
stellar atmospheres.

Key words: atomic processes – molecular processes – radiation mechanisms: general –
radiative transfer – stars: atmospheres.

1 I N T RO D U C T I O N

Significant influence of at least some of the ion–atom radiative pro-
cesses on the optical characteristics of the solar atmosphere has
already been established. Here we mean the following symmetric
processes of molecular ion photodissociation/association and radia-
tive charge exchange in ion–atom collisions:

ελ + H+
2 ←→ H + H+, (1)

ελ + H+ + H ←→ H + H+, (2)

which were studied in the context of the atmosphere of the Sun
in Mihajlov & Dimitrijević (1986), Mihajlov, Dimitrijević & Ign-
jatović (1993) and Mihajlov et al. (1994, 2007). Let us note that

� E-mail: vlada@ipb.ac.rs

here H = H(1s), H+
2 is the molecular ion in the ground electronic

state, and ελ the energy of a photon with wavelength λ. Of course,
the results obtained in the mentioned papers are significant and for
atmospheres of other solar- or near-solar-type stars.

Only the processes (1) and (2) were taken into account in the
mentioned papers, since the contribution of other symmetric ion–
atom radiative processes to the solar atmosphere opacity could be
completely neglected due to the composition of the atmosphere,
while the possible non-symmetric processes were excluded from the
consideration because of the orientation of the research, already es-
tablished in the first paper (Mihajlov & Dimitrijević 1986), towards
the visible and near-ultraviolet (UV) and infrared (IR) parts of the
electromagnetic (EM) spectrum. However, in Mihajlov et al. (2007)
it was demonstrated that the efficiency of the processes (1) and (2)
becomes close to the total efficiency of the concurrent electron–ion
and electron–atom radiative processes outside of these parts of the
EM spectrum, namely in far-UV and extreme UV (EUV) regions.

C© 2013 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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It is important that just these spectral regions are very significant
in the case of the solar atmosphere. This is caused by the fact that
the solar emission in far-UV and EUV regions very strongly affects
the ionosphere every day, and by extension the whole of the Earth’s
atmosphere. Therefore the solar EM emission in the mentioned re-
gions has been the object of extensive investigation for a long time
(see the classic book: White 1977), which continues up until now
(see e.g. Worden, Woods & Bowman 2001; Woods 2008; Woods
et al. 2009). It is clear that in this context it becomes necessary
to pay attention not only to the symmetrical ion–atom processes
(1) and (2), but also to each new process which might affect the
mechanisms of EM radiation transfer in far-UV and EUV regions
in the solar atmosphere, and consequently the corresponding opti-
cal characteristics. These facts suggested that it could be useful to
carefully examine also the possible influence of the relevant non-
symmetric ion–atom radiative processes on the solar atmosphere
opacity, namely

ελ + AB+ −→ A+ + B, (3)

ελ + A + B+ −→ A+ + B, (4)

ελ + A + B+ −→ (AB+)∗, (5)

where B is an atom in the ground state with its ionization potential
IB smaller than the ionization potential IA of the atom A, while AB+

and (AB+)∗ are the corresponding molecular ions in the electronic
states which are asymptotically correlated with the states of the sys-
tems A + B+ and A+ + B, respectively, and the possible partners are
determined by the used solar atmosphere models. One can see that
the processes (3) and (4) represent the analogues of the processes
(1) and (2), while the process (5) does not have a symmetric ana-
logue. In this work the standard non-local thermodynamic equi-
librium (LTE) model C for the solar atmosphere from Vernazza,
Avrett & Loser (1981) is used. The reason is the fact that as yet
all the relevant data needed for our calculations are provided in the
tabular form only for this model, and that in Stix (2002) the solar
atmosphere model C from Vernazza et al. (1981) is treated as an
adequate non-LTE model. In accordance to the chosen model here
we take into account the non-symmetric processes (3)–(5) with A =
H(1s) and B = Mg, Si, Fe and Al, as well as with A = He(1s2) and
B = H(1s). For the solar photosphere the behaviour of the densities
of the metal Mg+, Si+, Fe+ and Al+ ions is particularly important.
Namely, in accordance with the tables 12, 17 and 19–22 from Ver-
nazza et al. (1981) this behaviour, as well as the behaviour of the
temperature T and the ion H+ density, within the solar photosphere
can be illustrated by the Fig. 1, where h is the height of the consid-
ered layer with the respect to the chosen referent one. The region
of h is chosen here in accordance with the fig. 4 from the previ-
ous paper Mihajlov et al. (2007), where the relative efficiencies of
the symmetric ion–atom processes (1) and (2) with the respect to
the relevant concurrent (electron–atom and electron–ion) radiative
processes are presented. This region is slitted in three parts: two
denoted with I, which corresponds to the areas where the efficiency
of the processes (1) and (2) with A = H is close to the one of the
mentioned concurrent processes, and one denoted with II, where
their efficiencies can be neglected. From Fig. 1 one can see that in
part I the ion H+ density dominates with the respect to all metal ion
B+ densities, which means that within these parts it is expected that
the efficiency of the symmetric processes (1) and (2) is more greater
than the one of the non-symmetric processes (3)–(5). However, from
the same figure one can see also that

Figure 1. The behaviour of the temperature T and the densities NH+ and
NB+ of the ions H+ and the metal ions B+ for the non-LTE model C from
Vernazza et al. (1981) within the solar atmosphere.

– in the part II, i.e. in the neighbourhood of the temperature
minimum, each of the ion B+ densities is greater than the ion H+

density;
– the width of the part II is close to the total width of the parts

denoted with I.

From here it follows that, in the principle, the contribution of the
non-symmetric processes (3)–(5) to the solar atmosphere opacity
can be comparable to the one of the symmetric processes (1) and (2),
since in the both non-symmetric and symmetric cases as the neutral
partner the same atom H appears, and that symmetric and non-
symmetric ion–atom radiative processes together could be treated
as a serious partner to the above-mentioned concurrent processes in
the whole solar photosphere.

In the general case of the partially ionized gaseous plasmas, apart
of the absorption processes (3)–(5), it is necessary to consider also
the corresponding inverse emission processes, namely the emission
charge exchange and photoassociation in A+ + B collisions, and
the photodissociation of the molecular ion (AB+)∗. However, here
only the absorption processes (3) and (4) have to be taken into
account. Namely, under the conditions from Vernazza et al. (1981)
the influence of the emission processes in A+ + B collisions on
the optical characteristics of the considered atmospheres can be
neglected in comparison to the other relevant emission processes,
since both A+ and B partners belong to the poorly represented
components.

From the beginning of our investigations of ion–atom radiative
processes as the final aim we have always the inclusion of the con-
sidered processes in the stellar atmospheres models. Here it should
be noted that we considered as our task only to provide the relevant
data (the corresponding spectral absorption coefficients etc.), which
are needed for the stellar atmospheres modelling, without involving
into the process of the modelling itself. Consequently, for us it was
important only to know whether the processes, which we studied
in connection with the considered stellar atmosphere, are included
in the corresponding models or not. So during the previous investi-
gations, whose results were published in Mihajlov & Dimitrijević
(1986) and Mihajlov et al. (1993, 1994, 2007), we reliably knew
that, for example, the processes of the radiative charge exchange (2)
generally were not taken into account in connection with the solar
atmosphere. Apart of that, it was known that the photodissociation
processes (1) were seriously treated only when the atom and ion
(H and H+) densities are close, while our results suggested that the
processes (1) and (2) are of the greatest importance for the weakly
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ionized stellar layers (ion density/atom density �10−3). These rea-
sons fully justified the mentioned investigations. It is important that
the situation about the symmetric processes (1) and (2) begins to
change now in the positive way, since these processes are already
included in some solar atmosphere models (Fontenla et al. 2009).

The main aim of this work is to draw attention to the non-
symmetric radiative processes (3)–(5) as the factors of the influence
on the solar atmosphere opacity in the significant parts of UV and
EUV regions and, in accordance with above mentioned, to show that
these processes should be included ab initio in the solar atmosphere
models, as well as in the models of solar- and near-solar-type stars,
together with the symmetric processes (1) and (2). In this context we
will have to determine here the corresponding spectral absorption
coefficients, as the functions of λ, the local temperature T and the
relevant particle densities, for the conditions which correspond to
the photosphere of the Sun. For that purpose the needed characteris-
tics of the considered ion–atom systems, i.e. the molecular potential
curves and dipole matrix elements, are presented in Section 2. Then,
the relevant characteristics of these processes themselves, i.e. the
mean thermal cross-sections for the photodissociation processes (3),
and the spectral rate coefficients for the absorption charge exchange
processes (4) and (5), will be presented in Section 3. With the help
of these characteristics in Section 4 will be calculated the total
spectral absorption coefficients, characterizing (3), (4) and (5) ab-
sorption processes as the functions of λ and the position within the
solar photosphere. Finally, the values of the parameters which char-
acterize the relative contribution of the non-symmetric processes
(3)–(5) with the respect to the total contribution of the symmetric
and non-symmetric radiative processes (1)–(5), which are also cal-
culated in Section 4, present the one of the main results of this work.
Because of the properties of the considered strongly non-symmetric
ion–atom systems only the far-UV and EUV regions of λ are treated
here. Let us note that we were able to determine the relevant char-
acteristics of the molecular ions HB+ for the cases B = Mg, Si and
Al, and consequently only these cases are considered within this
work.

2 T H E P RO P E RT I E S O F T H E
N O N - S Y M M E T R I C I O N – ATO M S Y S T E M S

As in the previous papers the ion–atom radiative processes are
described here within two basic approximations: the adiabatic ap-
proximation for the relative motion of the nucleus of the considered
ion–atom systems, and the dipole approximation for the interaction
of these systems with the free EM field. Since these approximations
are discussed in details in the literature (see e.g. Mihajlov & Popović
1981), the corresponding matter is considered here briefly, with ref-
erences only to the elements specific just for the non-symmetric
processes (3)–(5), which are schematically shown in Fig. 2.

In accordance with Fig. 2 the photodissociation (bound–free)
processes (3), charge exchange absorption (free–free) processes (4)
and photoassociation (free–bound) processes (5) are caused by the
radiative transitions:

|in; R〉|in, J , v; R〉 → |fin; R〉|fin, J ′, E′; R〉,
|in; R〉|in, J , E; R〉 → |fin; R〉|fin, J ′, E′; R〉,
|in; R > |in, J , E; R〉 → |fin; R〉|fin, J ′, v′; R〉,

(6)

where |in; R 〉 |in, J, v; R 〉 and |in; R 〉 |in, J, E; R 〉 are initial,
and |fin; R 〉 |fin, J′, E′; R 〉, |fin; R 〉 |fin, J′, E′; R 〉 and |fin;
R 〉 |fin, J′, v′; R 〉 are final states of considered ion–atom system,
determined as the products of the adiabatic electronic states |in;

Figure 2. Schematic presentation of the non-symmetric processes (3)–(5)
caused by the bf-, ff- and fb-radiative transitions: �I = IA − IB, where IA

and IB are ionization potentials of the atoms A and B; E = Eimp and E′
impa

are the impact energies of the corresponding ion–atom systems; Uin; J(R)
and Ufin;J ′ (R) are the effective potentials, given by equation (12).

R 〉 and |fin; R 〉 and the corresponding states which describe rela-
tive nucleus motion, and R denotes the internuclear distance. It is
assumed that these transitions are allowed by the dipole selective
rules.

From Fig. 2 one can see that

– |in; R 〉 and |fin; R 〉 belongs to the groups (i) and (ii) of the states
of the molecular ions AB+ and (AB+)∗ which are asymptotically
correlated with the electronic states of the ion–atom systems A +
B+ and A+ + B, respectively;

– |in, J, v; R 〉 and |fin, J′, v′; R 〉 are the bound rovibrational
states of the same molecular ion, defined by the orbital quantum
numbers J and J′ and vibrational quantum numbers v and v′;

– |in, J, E; R 〉 and |fin, J′, E′; R 〉 are the free states of the same
molecular ion defined by the orbital quantum numbers J and J′ and
the total energies E and E′. Let us note that as zero of energy here
is taken the total energy of the immobile atom A and ion B+ at
R = ∞.

The states |in, J, v; R 〉, |in, J, E; R 〉, |fin, J′, E′; R 〉 and |fin,
J′, v′; R 〉 are determined as the solutions of the corresponding
Schrodinger equations:
[
− 1

2μ
� + Uin;J (R)

]
|in, J , v; R〉 = εJ ,v |in, J , v; R〉, (7)

[
− 1

2μ
� + Uin;J (R)

]
|in, J , E; R〉 = E |in, J , E; R〉, (8)

[
− 1

2μ
�+Ufin;J ′ (R)

]
|fin, J ′, E′; R〉=E′

imp |fin, J ′, E′; R〉, (9)
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[
− 1

2μ
�+Ufin;J ′ (R)

]
|fin, J ′, E′; R〉=ε′

J ′,v′ |fin, J ′, E′; R〉, (10)

where μ is the reduced mass of the considered ion–atom system,

E′
imp = E′ − (IA − IB ) (11)

and ε′
J ′,v′ < 0. With Uin; J(R) and Ufin;J ′ (R) are defined the effective

potential energies given by

Uin;J (R) = Uin(R) + �
2J (J + 1)

2μR2
,

Ufin;J ′ (R) = Ufin(R) + �
2J ′(J ′ + 1)

2μR2
, (12)

where Uin(R) and Ufin(R) are the adiabatic potential energies of the
molecular ions AB+ and (AB+)∗ in the states |in; R 〉 and |fin; R 〉
as the functions of R. In further consideration it is assumed that
the radial wave functions which correspond to the considered states
satisfy the standard ortho-normalization conditions.

In the case A = He and B = H, as well as in the cases A = H
and B = Mg or Al, each of the groups (i) and (ii) of the electronic
molecular states contains only one �-state: the ground and the first
excited electronic state of the considered molecular ion. Because of
that in these cases we will denote the states |in; R 〉 and |fin; R 〉 with
|1; R 〉 and |2; R 〉, respectively, and the corresponding potential
curves – with U1(R) and U2(R). Let Din;fin(R) be the electronic
dipole matrix element which corresponds to the transitions given in
equations (6), i.e.

Din;fin(R) = 〈in; R|D(R)|fin; R〉, (13)

where D is the operator of the dipole moment of the considered
ion–atom system. One can see that in the mentioned cases,

Din;fin(R) = D1;2(R) ≡ 〈1; R|D(R)|2; R〉. (14)

However, in the case A = H and B = Si, the group (i) contains the
ground electronic �-state and the excited, weekly bounded �-state,
denoted here with |1a; R 〉 and |1b; R 〉, respectively, while the group
(ii) contains two �-states and one �-state, denoted here with |2a;
R 〉, |2b; R 〉 and |2c; R 〉, respectively. In accordance with this, the
corresponding potential curves will be denoted by U1a, 1b(R) and
U2a, 2b, 2c(R). One can see that, in this case we have the situations
when |in, R 〉 = |1a; R 〉 and |fin, R 〉 = |2a; R 〉 or |2b; R 〉, and
|in, R 〉 = |1b; R 〉 and |fin, R 〉 = |2c; R 〉. Consequently, the
corresponding Din; fin(R) will be defined here by the relations

Din;fin(R) =

⎧
⎪⎨

⎪⎩

D1a;2a(R) ≡ 〈1a; R|D(R)|2a; R〉,
D1a;2b(R) ≡ 〈1a; R|D(R)|2b; R〉,
D1b;2c(R) ≡ 〈1b; R|D(R)|2c; R〉.

(15)

For the ions HeH+ and (HeH+)∗ the potential curves U1, 2(R) and the
values of D1; 2(R) are taken from Green et al. (1974a,b). For all other
considered molecular ions the corresponding potential curves and
the values of the dipole matrix elements are calculated within this
work. Also, we will introduce the so-called splitting term Uin;fin(R),
defined by

Uin;fin(R) = Ufin(R) − Uin(R), (16)

which is used in the further considerations.
All calculations were done at the multiconfiguration self-

consistent field (MCSCF) and multireference configuration inter-
action (MRCI) levels (with MCSCF orbitals) using the MOLPRO

package of programs (Werner & Knowles 2006). The basis sets

Figure 3. The potential curves of the molecular ion HMg+.

we employed were the cc-pvqz basis sets of Dunning et al. (Dun-
ning 1989; Kendall, Dunning & Harrison 1992). Initially, test runs
were done in the asymptotic region (30 Bohr) at the lowest three
to five levels at each selected symmetry to determine the low lying
levels corresponding to the H-B+ and the H+-B electron distribu-
tions and their wave functions (B = Mg, Si, Al). For each level a
Mulliken population analysis was done to determine the location
of the charges. Since H has the highest ionization potential, the
lowest states of a given symmetry correspond to the H-B+ charge
distribution while the H+-B charge distribution is described by one
or more of the excited states. The potential energies of all these
states were calculated starting at the asymptotic region and mov-
ing inwards. At each point the dipole matrix elements between the
H-B+ and H+-B states were calculated using the corresponding
wave functions. The calculated potential curves are presented in
Figs 3–5. Figs 6–8 show the behaviour of D1; 2(R), D1a; 2a; b(R) and
D1b; 2c(R).

3 T H E R E L E VA N T S P E C T R A L
C H A R AC T E R I S T I C S

In accordance with the aim of this work the considered absorption
processes will be characterized by the adequately defined spectral

Figure 4. Same as in Fig. 3, but for the molecular ion HSi+.
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Figure 5. Same as in Fig. 3, but for the molecular ion HAl+.

Figure 6. The behaviour of the electronic dipole matrix element D1; 2(R),
given by equations (13) and (14), for the molecular ion HMg+.

Figure 7. The behaviour of dipole matrix elements D1a; 2a; b(R) and
D1b; 2c(R), given by equations (13) and (15), for the molecular ion HSi+.

Figure 8. Same as in Fig. 6, but for the molecular ion HAl+.

absorption coefficients. We will start from the bound–free, free–
free and free–bound absorption processes, caused by the radiative
transitions given by equations (6), for the given species A and B. In
the cases A = H and B = Mg and A = He and B = H where the tran-
sitions given by equations (6) are connected with only one initial
and one final �-electronic state, the corresponding spectral absorp-
tion coefficients are denoted here with κ

(bf)
AB+ (λ, T ), κ

(ff)
AB+ (λ, T ) and

κ
(fb)
AB+ (λ, T ), where T is the local plasma temperature in the solar

atmosphere.
However, it follows from the above mentioned that in the case

A = H and B = Si we will have the transitions from two initial �-
and �-electronic states to two final �- and one final �-electronic
states. Because of that in this case we will have three groups of
the spectral absorption coefficients κ

(bf,ff,fb)
AB+ (λ, T ; i, f ), which cor-

respond to these transitions.

3.1 The bound–free processes

In the usual way the spectral absorption coefficients κbf(λ, T) which
characterize the efficiency of the photodissociation process (3) are
defined by

κ
(bf)
AB+ (λ, T ) = σ

(phd)
AB+ (λ, T ) NAB+ , (17)

where N(AB+) is the local density of the considered molecular ion
AB+, and σ (phd) is the corresponding mean thermal photodissocia-
tion cross-section, which is given by

σ
(phd)
AB+ (λ, T ) =

∑
J ,v(2J + 1) e

−EJ,v
kT σJ ,v(λ)

∑
J ,v(2J + 1) e

−EJ,v
kT

, (18)

where σ J, v(λ) is the partial photodissociation cross-section for the
rovibrational states with given quantum numbers J and v, and EJ, v

the energies of these states with the respect to the ground rovibra-
tional states. It means that EJ, v = Edis + εJ, v , where Edis is the
dissociative energy of the ion AB+, and the energies εJ, v < 0 are
determined from equation (7) together with the wave functions of
the considered rovibrational states. Within the dipole approximation
the partial cross-sections σ J, v(λ) are given by the expressions

σJ,v(λ) = 8π3

3λ

[
J + 1
2J + 1

|DJ,v;J+1,E′
imp |2

+ J

2J + 1
|DJ,v;J−1,E′

imp |2
]
, (19)
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DJ,v;J±1,E′
imp = 〈in, J , v; R|Din,fin(R)|fin, J ± 1, E′〉, (20)

where E′ = εJ, v + ελ, E′
imp and E′ are connected with equation (11),

and Din, fin(R) is given by equations (13)–(15).
Keeping in mind that the deviations from the LTE of the used

model C from Vernazza et al. (1981) are not related to the con-
sidered bound–free processes, we will take the photodissociation
coefficient κ

(bf)
AB+ (λ, T ) in an equivalent form, suitable for further

considerations, namely

κ
(bf)
AB+ (λ, T ) = K

(bf)
AB+ (λ, T ) NANB+ , (21)

K
(bf)
AB+ (λ, T ) = σ

(phd)
AB+ (λ, T ) χ−1(T ; AB+), (22)

χ (T ; AB+) =
[

N (A)N (B+)
N (AB+)

]
, (23)

where the factor χ is given by the relation

χ (T ; AB+)= gAgB+

gAB+

(
μkT

2π�2

)3/2 1
∑

J ,v(2J + 1) e
Edis−EJ,v

kT

, (24)

where gAB+ , gA and gB+ are the electronic statistical weights of the
species AB+, A and B+, respectively, and σ

(phd)
AB+ (λ, T ) is given by

equations (18)–(20). The behaviour of the photodissociation cross-
section σ

(phd)
AB+ (λ, T ) and the bound–free spectral rate coefficient

K
(bf)
AB+ (λ, T ) are illustrated in Figs 9 and 10, on the example of the

case A = H and B = Mg, for 110 � λ � 205 nm and T = 4000,
6000, 8000 and 10 000 K. These figures show that exist a significant
difference between temperature dependence of the mean thermal
photoionization cross-section and the corresponding spectral rate
coefficient.

3.2 The free–free processes

The very fast approaching of the electronic dipole matrix elements
Din, fin(R) to zero with the increasing of R in the case of the non-
symmetric ion–atom systems, which is illustrated by Figs 6–8,
makes possible to apply here the complete quantum mechanical
treatment not only to the bound–free and free–bound absorption
processes (3) and (5), but also to the free–free absorption pro-
cess (4). Namely, it can be shown (see e.g. Lebedev & Pres-
nyakov 2002) that the free–free spectral absorption coefficients
κ

(ff)
AB+ (λ, T ) can be expressed over the quantities σ

(ff)
AB+ (λ, E) ≡

Figure 9. The behaviour of the mean thermal photodissociation cross-
section σ

(phd)
HMg+ (λ; T ) for the molecular ion HMg+.

Figure 10. The behaviour of the bound–free (bf) spectral rate coefficient
K

(bf)
HMg+ (λ; T ) for the molecular ion HMg+.

σ
(ff)
AB+ (J ,E, λ; J ± 1, E′

imp) in the form

κ
(ff)
AB+ (λ, T ) = K

(ff)
AB+ (λ, T ) NANB+ ,

K
(ff)
AB+ (λ, T ) =

∫ ∞

0

(
2E

μ

)1/2

σ
(ff)
AB+ (λ, E)fT (E) dE, (25)

where fT(E) is the Maxwell impact energy distribution function,

fT (E) = 2
π1/2(kT )3/2

e− E
kB T E1/2 dE, (26)

and σ
(ff)
AB+ (λ,E) is given by

σ
(ff)
AB+ (λ) = gA+gB

gAgB+

8π4
�

2ελ

3c 2μE

×
[
(J + 1) |DJ,E;J+1,E′

imp |2 + J |DJ,E;J−1,E′
imp |2

]
,

(27)

DJ,E;J±1,E′
imp = 〈in, J , E; R|Din,fin(R)|fin, J ± 1, E′〉, (28)

where E′
imp and E′ = E + ελ are connected with equation (11), gA+ ,

gB, gA and gB+ are the electronic statistical weights of the species
A+, B, A and B+, respectively. One can see that the quantity σ

(ff)
AB+

can be treated as the effective cross-section, but is expressed in units
cm4 s, and the rate coefficient K (ff)

AB+ (λ, T ) is equal to the absorption
coefficient for the unit densities N(A) and N(B+).

3.3 The free–bound processes

Similarly to the free–free case the free–bound spectral absorption
coefficients κ

(fb)
AB+ (λ, T ) is taken here as

κ
(fb)
AB+ (λ, T ) = K

(fb)
AB+ (λ, T ) NANB+ , (29)

where the rate coefficient K
(fb)
AB+ (λ, T ) can be also expressed over

the corresponding free–bound cross-section. In accordance with
Mihajlov & Ignjatović (1996) and Ignjatović & Mihajlov (1999) it
can be presented in the form

K
(fb)
AB+ (λ, T )= (2π)3

3�λ

(
2π�

2

μkT

)3/2∑

J ′,v′

( μ

2E

)1/2
e− E

kT CJ ′,v′ , (30)

CJ ′,v′ = g(AB+)∗

gAgB+

[
J ′|DJ ′−1,E;J ′,v′ |2+(J ′+1)|DJ ′+1,E;J ′,v′ |2] , (31)
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Figure 11. The behaviour of the free–free (ff) and free–bound (fb) spectral
rate coefficients K(ff, fb)(λ; T) for HeH+.

Figure 12. Same as in Fig. 11, but for HMg+.

DJ ′±1,E;J ′,v′ = 〈in, J ′ ± 1, E; R|Din,fin(R)|fin, J ′, v′〉, (32)

where E = IA − IB − ελ + εJ ′;v′ , g(AB+)∗ is the electronic statistical
weights of the molecular ion (AB+)∗, εJ ′;v′ < 0 the energy of the
ion (AB+)∗ in the rovibrational state with the orbital and vibrational
quantum numbers J′ and v′, and summing is performed over all these
ro-vibration states. Let us note that within this paper we will neglect
everywhere the corrections for stimulated emission as in all the cases
considered here the corresponding corrections (given the relevant
values of the ratio ελ/kT) would be at a level of 0.01 per cent.

The behaviour of the free–free and free–bound spectral rate co-
efficients K

(ff)
AB+ (λ, T ) and K

(fb)
AB+ (λ, T ) is illustrated by the Figs 11–

13, on the examples:
A = He and B = H for 60 � λ � 115 nm and T = 4000, 6000

and 8000 K;
A = H and B = Mg for 150 � λ � 220 nm and T = 4000, 6000,

8000 and 10 000 K;
A = H and B = Si, for the transition X1�+ → B1�+, for 190 �

λ � 220 nm and T = 4000, 6000, 8000 and 10 000 K.

These figures show that in the general case the absorption pro-
cesses caused by the free–free and free–bound transitions (6) have
to be considered together since their relative efficiency, character-
ized by K

(ff)
AB+ (λ, T ) and K

(fb)
AB+ (λ, T ) significantly changes from

one to other ion–atom system. Let us note that at least some of
the picks, existing in Figs 11–13 which illustrate the shape of the
profiles K

(ff)
AB+ (λ, T ) and K

(fb)
AB+ (λ, T ), can be connected with the

Figure 13. Same as in Fig. 11, but for the transition X1�+ → B1�+ for
HSi+.

extremums of the corresponding splitting terms. Such phenomena
in connection with the ion–atom systems were discussed already in
Mihajlov & Popović (1981). Let us note that in the case of non-
symmetric atom–atom systems the similar phenomena were also
investigated earlier (Veža et al. 1998; Skenderović et al. 2002).

3.4 The partial and total non-symmetric spectral
absorption coefficients

The partial absorption coefficients which characterize the individ-
ual contribution of the considered ion–atom systems are denoted
here with κAB+ (λ) ≡ κAB+ (λ, T ; NA,NB+ ). In accordance with the
above mentioned we have that

κAB+ (λ) = κ
(bf)
AB+ (λ, T ) + κ

(ff)
AB+ (λ, T ) + κ

(fb)
AB+ (λ, T ), (33)

in the cases A = He and B = H, and A = H and B = Mg and Al,
κAB+ (λ), and that

κHSi+ (λ)= 1
3

[κHSi+;1(λ; �)+κHSi+;2(λ; �)]+ 2
3
κHSi+ (λ; �),

(34)

where κHSi+;1(λ; �) and κHSi+;2(λ; �) describe the contribution of
the radiative transitions X1�+ → B1�+ and X1�+ → C1�+, re-
spectively, and κHSi+ (λ; �) the contribution of the transition A1� →
21�. The spectral absorption coefficients κ

(bf)
AB+ (λ, T ), κ

(ff)
AB+ (λ, T )

and κ
(fb)
AB+ (λ, T ) are defined by equations (17)–(24), (25)–(20) and

(29)–(32), respectively.
The total contribution of the mentioned non-symmetric ion–atom

absorption processes to the opacity of the considered stellar atmo-
spheres within this work is described by the spectral absorption
coefficient κ ia;nsim(λ) ≡ κ ia;nsim(λ; T) given by

κia;nsim(λ) =
∑

κAB+ (λ), (35)

where the partial coefficients κAB+ (λ; T ) are given by equations
(33) and (34), and summing is performed over all considered pairs
of atom and ion species (A, B+). It is assumed that these coefficients
are determined with the plasma temperature T and the atom and ion
densities taken from the used model of the considered atmosphere.

4 RESULTS AND DI SCUSSI ON

The absorption coefficients, as functions of the plasma’s temper-
ature and the atomic and ionic densities in the solar photosphere,
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Figure 14. Quiet Sun. Spectral absorption coefficient κnsim(λ, T), given by
equation (36) for 200 ≤ λ ≤ 230 nm.

Figure 15. Same as in Fig. 14, but for 115 ≤ λ ≤ 195 nm.

are determined here based on the non-equilibrium model C from
Vernazza et al. (1981), where these parameters are presented as
functions of the height (h) of the considered layer with respect to
the chosen referent layer. The total non-symmetric spectral absorp-
tion coefficient κ ia;nsim(λ) is taken here, in accordance with equation
(35), in the form

κia;nsim(λ) = κHeH+ (λ) + κHMg+ (λ) + κHSi+ (λ), (36)

where the partial spectral absorption coefficients κAB+ (λ) are deter-
mined using the above expressions for the bf, ff and fb rate coef-
ficients. The results of the calculations of κ ia;nsim(λ) as a function
of h, for −75 ≤ h ≤ 1100 km are presented in Figs 14–16 which
cover the part of UV and EUV region where 40 ≤ λ ≤ 230 nm.
Consequently, this part covers all regions of λ relevant for the con-
sidered ion–atom systems (see Figs 9–13). In accordance with this,
Fig. 14 illustrates the common contribution of the HMg+ and HSi+

absorption continua, while Fig. 15 refers to the region of exclusive
domination of the HMg+ continuum. Finally, Fig. 16 illustrates the
HeH+ absorption continuum.

As the characteristics of the non-symmetric absorption processes
(3)–(5), in the context of their influence on the solar atmosphere

Figure 16. Same as in Fig. 14, but for 40 ≤ λ ≤ 110 nm.

opacity, here it is used the quantity G
(nsim)
tot (λ) defined by the rela-

tions

G
(nsim)
tot (λ) = κia;nsim(λ)

κia;tot(λ)
, κia;tot(λ) = κia;nsim(λ) + κia;sim(λ), (37)

where κ ia;sim(λ) characterize the contribution of the symmetric ion–
atom absorption processes (1) and (2). In accordance with these re-
lations the quantity G

(nsim)
tot (λ) describes the relative contribution of

the non-symmetric processes (3)–(5) to the total absorption caused
by all ion–atom absorption processes. Let us note that the use of
κ ia;sim(λ) as a referent quantity is justified as these symmetric pro-
cesses are now already included in some solar atmosphere models
(Fontenla et al. 2009).

It is clear that apart of the quantity G
(nsim)
tot (λ) as the characteris-

tics of the processes (3)–(5) could be used some other quantities,
e.g. the ratio κ ia;tot(λ)/κ ia;sim(λ), which describes the direct increase
of the efficiency of the ion–atom absorption processes caused by
the inclusion of the non-symmetric ones. However, in the case of
the solar atmosphere it would be very difficult to use this ratio.
Namely, in accordance with Vernazza et al. (1981) in the part of
the solar atmosphere around its temperature minimum the proton
densities NH+ � NB+, where B = Mg and Si, and consequently
the quantity [κ ia;nsim(λ) + κ ia;sim(λ)]/κ ia;nsim(λ)  1. Consequently,
the behaviour of this quantity can be hardly shown in the whole
region of h in the same proportion. Because of that, as the char-
acteristic of the significance of the non-symmetric absorption pro-
cesses (3)–(5) for the solar atmosphere in UV and EUV region,
the quantity G

(nsim)
tot (λ) is used, since from its definition follows that

always 0 < G
(nsim)
tot (λ) < 1. The values of κ ia;sim(λ), needed for the

G
(nsim)
tot (λ) determination, are taken from Mihajlov et al. (2007).
The calculated values of G

(nsim)
tot (λ) as function of h, for the chosen

set of λ, are presented in Figs 17–19. From these figures one can
see that around the mentioned temperature minimum (T � 5000 K,
150 � h � 705 km) the contribution of non-symmetric processes
(3)–(5) is dominant in respect to the symmetric processes (1) and
(2). Such region of the non-symmetric processes domination is
denoted in these figures as the region ‘I’. Apart of that, Figs 17–
19 show that within the rest of the considered region of h there
are significant parts where the relative contribution of the non-
symmetric processes is close to or at least comparable with the
contribution of the symmetric ones. In the same figures these parts
are denoted as regions ‘II’.

In order to additionally show the importance of the consider-
ations in the case of the solar atmosphere of the non-symmetric
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Figure 17. The presented values of G
(nsim)
tot (λ), given by equation (37),

as the function of h for the quiet Sun for 200 ≤ λ ≤ 230 nm; I and II
are the regions of h where 0.5 � G

(nsim)
tot (λ) and 0.1 � G

(nsim)
tot (λ) < 0.5,

respectively.

Figure 18. Same as in Fig. 17, but for 160 ≤ λ ≤ 195 nm.

Figure 19. Same as in Fig. 17, but for 115 ≤ λ ≤ 155 nm.

processes (3)–(5) here, similarly to Mihajlov et al. (2007), it was
performed the comparison of the efficiencies of the ion–atom ab-
sorption processes and the efficiency of such concurrent processes
as the ion H− photo-detachment and the electron–hydrogen atom
inverse ‘bremsstrahlung’ (H− continuum). Namely, among relevant
concurrent absorption processes just these electron–atom ones can
be treated until now as the dominant in the spectral region which
was considered in Mihajlov et al. (2007). For that purpose in this
work it was compared the behaviour of the quantity

F (sim)
ea (λ) = κia;sim(λ)

κea(λ)
, (38)

which is similar to the correspond quantity from Mihajlov et al.
(2007) and characterize the relative efficiency of the ion–atom sym-
metric processes and H− continuum, and the quantity

F (tot)
ea (λ) = κia;tot(λ)

κea(λ)
, (39)

which characterize the increasing of the total efficiency of the
ion–atom radiative processes after the including in the consider-
ation of the non-symmetric processes (3)–(5). In these expressions
κ ia;tot(λ) is given by equation (37), the spectral absorption coeffi-
cient κ ia;sim(λ) characterizes the ion–atom symmetric processes (1)
and (2) and is taken from Mihajlov et al. (2007) and the spectral ab-
sorption coefficient κea(λ) describes the H− continuum. In the case
of the solar atmosphere κea(λ) is determined based on of Stilley &
Callaway (1970), Wishart (1979) and Vernazza et al. (1981). The be-
haviour of F (sim)

ea (λ) and F (tot)
ea (λ), as the functions of h, is presented

in Fig. 20. This figure shows that the inclusion in the consideration
of the non-symmetric processes (3)–(5) causes the significant in-
creases of the total efficiency of the ion–atom absorption processes,
particularly in the neighbourhood of the solar atmosphere temper-
ature minimum, where it become close to the efficiency of the H−

continuum.
In connection with the above mentioned let us note that according

to Vernazza et al. (1981) in the neighbourhood of the solar atmo-
sphere temperature minimum (50 � h � 650 km) the Fe component
gives the maximal individual contribution to the electron density in
respect to the Mg and Si components. It means that the inclusion
in the consideration of the processes (3)–(5) with A = H and B =
Fe would surely significantly increase the total contribution of the

Figure 20. Quantities F
(sim)
ea (λ) (dashed line) and F

(tot)
ea (λ) (full line) defined

in equations (38) and (39) as the functions of h for the solar atmosphere for
120 ≤ λ ≤ 150 nm.
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Figure 21. The ratio (κia;nsim(λ) + κAlH+ (λ))/κia;nsim(λ), where κ ia;nsim(λ)
is given by equation (36) and κAlH+ (λ) by equation (33) for A = H and B =
Al, as a function of h for the solar atmosphere for 140 ≤ λ ≤ 155 nm.

non-symmetric ion–atom absorption processes, perhaps for about
50 per cent. Because of that we have as the task for the nearest future
to find the data about the relevant characteristics of the molecular
ion HFe+, since the data from Vernazza et al. (1981) make possible
to perform all needed calculations.

Let us note also that, according to the data from Vernazza et al.
(1981) and Fontenla et al. (2009), in the solar atmosphere it should
be include in the consideration the non-symmetric processes (3)–(5)
with A = H, where B is the atom of the one of such components
(C, Al etc.), which give visible contribution in narrow regions of h
and λ. Now we have only the data needed for the case A = H and
B = Al, whose contribution is noticeable in the region 140 � λ �
155 nm. Since there is a certain difference between shapes of the
lower potential curves for the ion AlH+, presented in Fig. 5 and
the corresponding figure from Guest & Hirst (1981), whose nature
by now is not completely clear, the contribution of the processes
(3)–(5) with A = H and B = Al was not included in the calculations
described above. However, we think that this contribution can serve
to estimate the usefulness of the inclusion in the consideration of
these processes. For that purpose we presented in Fig. 21 the results
of the calculations of the ratios (κia;nsim(λ) + κAlH+ (λ))/κia;nsim(λ),
as function of h, for 140 ≤ λ ≤155 nm, where κ ia;nsim(λ) was
determined according to equation (36). The behaviour of this ra-
tios presented in above-mentioned figure, in the region 200 < h <

700 km, is caused by the fast decrees of the corresponding ion
species concentration. This figure clearly demonstrates the fact that
in the significant parts of the solar photosphere the inclusion in the
consideration of the processes (3)–(5) with A = H and B = Al should
noticeably increase the total contribution of the non-symmetric ion–
atom processes. The above mentioned suggest that the contribution
of all metal components which by now were not included in the
consideration could significant increase the total efficiency of the
ion–atom radiative processes, which is characterized by the quan-
tity F (tot)

ea (λ) in Fig. 20. The results presented in Figs 17–19 and 20
show that the neglecting of the contribution of the non-symmetric
processes (3)–(5) to the opacity of the solar atmosphere, in respect
to the contribution of symmetric processes (1) and (2) would caused
significant errors. From here it follows that the non-symmetric ab-
sorption processes (3)–(5) should be ab initio included in the solar
atmosphere models.

5 C O N C L U S I O N S

From the presented material it follows that the considered non-
symmetric ion–atom absorption processes cannot be treated only
as one channel among many equal channels with influence on the
opacity of the solar atmosphere. Namely, these non-symmetric pro-
cesses around the temperature minimum increase the absorption
of the EM radiation, which is caused by all (symmetric and non-
symmetric) ion–atom absorption processes, so that this absorption
becomes almost uniform in the whole solar photosphere. Moreover,
the presented results show that further investigations of these pro-
cesses promise to demonstrate that they are of similar importance as
the known process of photo-detachment of the ion H−, which was
treated until recently as absolutely dominant. Namely, the inclusion
of the non-symmetric absorption processes into consideration with
A = H and B = Fe, as well as some other similar processes (with
A = H and B = Al etc.), would significantly increase the contri-
bution of such processes to the solar atmosphere opacity. All men-
tioned facts suggest that the considered non-symmetric ion–atom
absorption processes should be included ab initio in the solar atmo-
sphere models, as well as in the models of solar- and near-solar-type
stars.
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ABSTRACT
New Stark broadening parameters of interest for the astrophysical, laboratory and techno-
logical plasma modelling, investigations and analysis for nine resonant Cr II multiplets have
been determined within the semiclassical perturbation approach. In order to demonstrate one
possibility for their usage in astrophysical plasma research, obtained results have been applied
to the analysis of the Stark broadening influence on stellar spectral line shapes.

Key words: atomic data – line: profiles – stars: atmospheres – white dwarfs.

1 INTRODUCTION

Chromium lines are interesting for astrophysics due to their pres-
ence in stellar atmospheres, where they are identified in a large
number, so that data on their profiles are obviously of interest for ex-
ample to determine chromium abundance and investigate chromium
stratification in stellar atmospheres (Dimitrijević et al. 2005, 2007)
as well as for the diagnostics and modelling of stellar plasma and for
analysis and synthesis of stellar spectra. They have been identified
in A-type star spectra, such as e.g. in o Peg (Adelman 1991), 7 Sex
(Adelman & Philip 1996), φ Aqu (Caliskan & Adelman 1997) and
Przybylski’s star (Cowley et al. 2000), which are also chemically
peculiar stars. Namely the majority of chemically peculiar stars
are of A spectral type. As an example, in the spectrum of φ Aqu,
Caliskan & Adelman (1997) identified 28 Cr II spectral lines and
noted an overabundance of log[Cr/H] = −5.82 ± 0.27, in com-
parison with the Solar value of −6.26. Also for Przybylski’s star,
Cowley et al. (2000) identified 15 Cr II lines and noted an overabun-
dance with the value log [Cr/H] = −5.92 ± 0.26. Cr II spectral lines
are before Fe II and Ti II in number and intensity in the Ae/Be Herbig
star V380 Ori, where 25 Cr II lines were found (Shevchenko 1994).
Since in stellar atmospheres, layers, where the Stark broadening
contribution to the line profiles is important, exist (Lanz et al. 1988;
Popović, Dimitrijević & Tankosić 1999a; Popović, Dimitrijević &
Ryabchikova 1999b; Popović, Milovanović & Dimitrijević 2001;
Tankosić, Popović & Dimitrijević 2003; Dimitrijević et al. 2003a,
2004, 2007; Dimitrijević, Jovanović & Simić 2003b; Simić et al.
2005, 2006; Hamdi et al. 2008; Simić, Dimitrijević & Kovačević
2009b), Stark broadening parameters for singly ionized chromium
spectral lines are obviously of astrophysical interest.

� E-mail: zsimic@aob.rs

Dimitrijević et al. (2007) calculated Stark broadening parameters
for Cr II spectral lines of seven multiplets belonging to 4s–4p tran-
sitions and applied the obtained results to the analysis of Cr II line
profiles observed in the spectrum of the Cr-rich star HD 133792.
There is only one experimental result on the Stark broadening of
Cr II spectral lines, obtained by Rathore et al (1984). The Stark
widths and shifts of Cr II 3120.36, 3124.94 and 3132.05 Å of the
multiplet 5 (4s 4D−4p 4F o) have been measured in a T-tube plasma.
These results have been compared with values predicted from es-
tablished systematic trends and regularities. Using regularities and
systematic trends, Lakićević (1983) also made an attempt to esti-
mate Stark broadening parameters of the Cr II 2065.65 Å line. In
order to enlarge and complete Stark broadening data for astrophys-
ically interesting Cr II lines, we have determined Stark broadening
parameters for nine resonant Cr II 3d5–3d4 4p multiplets in the vis-
ible and UV wavelength range (2060–6073 Å). There are no other
available theoretical or experimental data for considered multiplets.
The obtained results have also been used to analyse the influence of
Stark broadening on Cr II spectral lines in a hot A-type star and DB
white dwarf atmospheres.

2 THEORETICAL REMARKS

For the determination of Stark broadening parameters the semiclas-
sical perturbation (SCP) formalism (Sahal-Bréchot 1969a,b) has
been used. For updates see Fleurier, Sahal-Bréchot & Chapelle
(1977), Sahal-Bréchot (1974, 1991), Dimitrijević, Sahal-Bréchot
& Bomier (1991), Dimitrijević & Sahal-Bréchot (1996) and the re-
view article of Dimitrijević (1996). The full width at half-maximum
intensity (FWHM) (W = 2w) and shift (d) of an isolated spectral
line broadened by electron impacts can be expressed (in angular
frequency units), for an ionized emitter, in terms of cross-sections

C© 2013 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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for elastic and inelastic processes as

W = N

∫
vf (v) dv

⎛

⎝
∑

i′ �=i

σii′ (v) +
∑

f ′ �=f

σff ′ (v) + σel

⎞

⎠ ,

d = N

∫
vf (v) dv

∫ RD

R3

2πρ dρ sin(2ϕp). (1)

In the above equations, N is the electron density, f (υ) the
Maxwellian velocity distribution function for electrons, ρ the im-
pact parameter of the incoming electron, i′ (respectively, f ′) de-
notes the perturbing levels of the initial state i (respectively, fi-
nal state f), σii′ (υ) [respectively, σff ′ (υ)] is the inelastic cross-
section, and here it is expressed by an integral over the impact
parameter ρ of the transition probability Pii′ (ρ, υ) [respectively,
Pff ′ (ρ, υ) ] as

∑

i′ �=i

σii′ (υ) = 1
2
πR2

1 +
∫ RD

R1

2πρ dρ
∑

i′ �=i

Pii′ (ρ, υ). (2)

The elastic cross-section is

σel = 2πR2
2 +

∫ RD

R2

2πρ dρ sin2 δ + σr,

δ = (ϕ2
p + ϕ2

q )
1
2 . (3)

The phase shifts ϕp and ϕq due, respectively, to the polarization
potential (r−4) and to the quadrupolar potential (r−3) are given in
section 3 of chapter 2 in Sahal-Bréchot (1969a) and RD is the Debye
radius. The cut-offs R1, R2 and R3 are described in section 1 of chap-
ter 3 in Sahal-Bréchot (1969b). We denote by σr the contribution of
the Feshbach resonances (Fleurier et al. 1977).

For the determination of the ion-impact widths and shifts, the
corresponding equations are analogous to equations (1)–(3), but
without the Feshbach resonance contribution to the width. Also, in
comparison with electrons different are and hyperbolic paths, since
for electrons the Coulomb force is attractive and for perturbing ions
repulsive.

3 RESULTS AND DISCUSSION

The atomic energy levels which are needed for the determination of
Stark broadening parameters are from Wiese & Musgrove (1989).
The needed oscillator strengths have been determined by using
the method of Bates & Damgaard (1949) and the tables of Oer-
tel & Shomo (1968), while for higher levels, the calculations have
been performed as in van Regemorter, Hoang Binh & Prud’homme
(1979). Within the method of Bates and Damgaard, only oscilla-
tor strengths for transitions allowed in the LS coupling are different
from zero. For simpler spectra it is usually enough to take all perturb-
ing levels with 	n = 0, ±1and ± 2, but for a particular transition
we add the perturbing levels until the corresponding sum rules are
satisfied.

Concerning the use of a set of Bates and Damgaard’s oscillator
strengths, which is complete according to the corresponding sum
rules, Ben Nessib, Dimitrijević & Sahal-Bréchot (2004) and Hamdi
et al. (2007), who calculated line widths and shifts of Si V and Ne V

ions, compared SCP ab initio Stark widths obtained with Bates and
Damgaard oscillator strengths and with SUPERSTRUCTURE (Thomas–
Fermi–Dirac interaction potential model with relativistic correc-
tions; Eissner, Jones & Nussbaumer 1974) oscillator strengths.
They obtained that the difference between the two sets of calcu-
lations did not exceed 30 per cent. Since the accuracy of the SCP

method is about 20 per cent, such a difference, due to different sets
of oscillator strengths used in Stark broadening calculation, is not
crucial.

Electron-, proton- and helium ion-impact broadening parame-
ters – W (FWHM) and d (shift for five resonant Cr II 3d5–3d44p
multiplets) – are shown in Table 1, together with the results of
present calculations of helium ion-impact broadening parameters
for additional four resonant lines. For these lines in Table 1 are
included electron- and proton-impact broadening parameters, pre-
viously communicated on a conference and published in the corre-
sponding proceedings (Simić et al. 2009a). This table shows Cr II

Stark broadening parameters, for a perturber density of 1017 cm−3

and temperatures from 5000 to 100 000 K. The quantity C (given
in Å cm−3), when divided by the corresponding full width at half-
maximum, gives an estimate for the maximum perturber density for
which tabulated data may be used. The obtained data could not be
compared with experimental results, but in Dimitrijević et al. (2007)
the Stark broadening parameters for other Cr II lines, obtained with
the same method, have been compared with the experimental re-
sults of Rathore et al (1984) and an acceptable agreement has been
obtained. Also, they are successfully used in the same article for
the synthesis of stellar Cr II lines and their comparison with the ob-
served ones, which indirectly indicates that the present results are
also correct.

The largest Stark widths are for resonant Cr II 6073.4, 5279.6 and
4588.2 Å spectral lines, corresponding to transitions with the lower
term 3d5 4F. Fig. 1 shows the full width at half-maximum intensity
as a function of the temperature for electron-impact broadening.

In order to show how the obtained results may be used for the
investigation of the influence of the Stark broadening mechanism
for Cr II spectral lines in stellar plasma conditions, we have com-
pared Doppler and Stark widths for Cr II multiplets 3d5 4F–3d44p
4Fo (λ = 5279.6 Å) and 3d5 4F–3d44p 4Po (λ = 6073.4 Å) for a Ku-
rucz (1979) A-type star atmosphere model with Teff = 8500 K and
log g = 4.0 (Fig. 2). Due to the characteristics of the Lorentz dis-
tribution function describing the Stark broadening contribution and
the Gauss distribution function describing the Doppler contribution
even when the Stark width is smaller than the Doppler one, Stark
broadening will contribute to the line wings, so that it is obvious
that layers where the Stark broadening influence is not negligible
exist.

To show it more clearly, we synthesized the Cr II 4588.2 Å line
profile using the SYNTH code (Piskunov 1992) (Fig. 3) and DIPSO

program package for the corresponding equivalent width (EW), for
Teff = 8 750 K and log g = 4.0 as a function of the chromium
abundance. One can see in Fig. 3 that the influence of Stark broad-
ening increases in line wings with the increase of the chromium
abundance as expected. Namely with the increase of the abundance
of chromium, an element with much lower ionization potential than
hydrogen and helium, the usual main constituents of stellar plasma,
the electron density increases due to the increase of the degree
of plasma ionization and the corresponding Stark line width also
increases.

It is also important to consider the influence of Stark broadening
on the EW of chromium, since it is important to see the possible
errors in the chromium abundance determination, if this broaden-
ing mechanism is neglected. For this reason, Fig. 4 shows (denoted
with a dotted line) the ratio of the EW for the Cr II spectral line
4588.2 Å with (EW2) and without (EW1) Stark broadening con-
tribution, as a function of the chromium abundance expressed as
log[Cr/H]. The full line denotes the ratio of the EW without Stark
broadening: with variable chromium abundance (EW2) and with the
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Table 1. Electron-, proton- and He II-impact broadening parameters for Cr II, 3d5–3d44p spectral lines, for a perturber density
of 1017 cm−3 and temperatures from 5 000 to 100 000 K. The calculated wavelength of the transitions (in Å) and parameter
C are also given. This parameter when divided by the corresponding Stark width gives an estimate for the maximal perturber
density for which the line may be treated as isolated. WIDTH is FWHM. We note that for the first four lines, electron-
and proton-impact broadening parameters are previously communicated on a conference and published in the corresponding
proceedings (Simić et al. 2009a).

Perturber density is 1.E+17 cm−3

Perturbers are: Electrons Protons Helium ions

Transition T (K) Width (Å) Shift (Å) Width (Å) Shift (Å) Width (Å) Shift (Å)

5000 0.514E−01 −0.334E−03 0.148E−02 −0.542E−04 0.219E−02 −0.541E−04
Cr II 10 000 0.382E−01 −0.379E−03 0.268E−02 −0.120E−03 0.335E−02 −0.118E−03

6S−6Po 20 000 0.282E−01 −0.438E−03 0.382E−02 −0.232E−03 0.433E−02 −0.214E−03
2060.4 Å 30 000 0.238E−01 −0.425E−03 0.431E−02 −0.311E−03 0.468E−02 −0.278E−03

C = 0.15E+21 50 000 0.196E−01 −0.460E−03 0.473E−02 −0.405E−03 0.508E−02 −0.355E−03
100 000 0.157E−01 −0.515E−03 0.528E−02 −0.547E−03 0.553E−02 −0.446E−03

5000 0.382 0.718E−01 0.102E−01 0.117E−02 0.147E−01 0.115E−02
Cr II 10 000 0.284 0.491E−01 0.175E−01 0.244E−02 0.218E−01 0.227E−02

4F−4Do 20 000 0.212 0.378E−01 0.244E−01 0.416E−02 0.269E−01 0.359E−02
4588.2 Å 30 000 0.182 0.319E−01 0.268E−01 0.505E−02 0.290E−01 0.439E−02

C = 0.40E+21 50 000 0.155 0.265E−01 0.295E−01 0.639E−02 0.315E−01 0.522E−02
100 000 0.133 0.219E−01 0.329E−01 0.770E−02 0.339E−01 0.630E−02

5000 0.480 0.743E−01 0.120E−01 0.874E−03 0.174E−01 0.868E−03
Cr II 10 000 0.358 0.514E−01 0.209E−01 0.188E−02 0.261E−01 0.180E−02

4F−4Fo 20 000 0.268 0.399E−01 0.293E−01 0.337E−02 0.326E−01 0.304E−02
5279.6 Å 30 000 0.229 0.338E−01 0.325E−01 0.425E−02 0.352E-01 0.370E−02

C = 0.53E+21 50 000 0.194 0.274E−01 0.357E−01 0.546E−02 0.383E−01 0.464E−02
100 000 0.165 0.229E−01 0.398E−01 0.679E−02 0.414E−01 0.556E−02

5000 0.793 0.264 0.144E−01 0.411E−02 0.210E−01 0.397E−02
Cr II 10 000 0.577 0.197 0.258E−01 0.806E−02 0.320E−01 0.742E−02

4F−4Po 20 000 0.425 0.155 0.368E−01 0.127E−01 0.408E−01 0.111E−01
6073.4 Å 30 000 0.357 0.134 0.414E−01 0.156E−01 0.442E−01 0.132E−01

C = 0.70E+21 50 000 0.294 0.110 0.459E−01 0.184E−01 0.483E−01 0.152E−01
100 000 0.255 0.920E−01 0.521E−01 0.221E−01 0.528E−01 0.182E−01

5000 0.159 0.646E−02 0.543E−02 0.322E−03 0.781E−02 0.320E−03
Cr II 10 000 0.120 0.399E−02 0.929E−02 0.695E−03 0.116E−01 0.669E−03

4D−4Do 20 000 0.903E−01 0.383E−02 0.130E−01 0.125E−02 0.143E−01 0.114E−02
3378.0 Å 30 000 0.774E−01 0.355E−02 0.142E−01 0.161E−02 0.154E−01 0.138E−02

C = 0.25E+21 50 000 0.654E−01 0.352E−02 0.156E−01 0.205E−02 0.168E−01 0.176E−02
100 000 0.547E−01 0.356E−02 0.174E−01 0.257E−02 0.181E−01 0.212E−02

5000 0.218 0.344E−01 0.585E−02 0.431E−03 0.851E−02 0.429E−03
Cr II 10 000 0.168 0.240E−01 0.103E−01 0.929E−03 0.128E−01 0.891E−03

4D−4Fo 20 000 0.129 0.183E−01 0.144E−01 0.167E−02 0.161E−01 0.151E−02
3738.4 Å 30 000 0.111 0.155E−01 0.160E−01 0.211E−02 0.174E−01 0.183E−02

C = 0.26E+21 50 000 0.951E−01 0.126E−01 0.176E−01 0.270E−02 0.189E−01 0.230E−02
100 000 0.822E−01 0.106E−01 0.196E−01 0.336E−02 0.204E−01 0.276E−02

5000 0.309 0.916E−01 0.514E−02 0.245E−02 0.742E−02 0.233E−02
Cr II 10 000 0.229 0.799E−01 0.932E−02 0.463E−02 0.114E−01 0.411E−02

4P−4Po 20 000 0.168 0.730E−01 0.136E−01 0.701E−02 0.147E−01 0.603E−02
3637.7 Å 30 000 0.141 0.654E−01 0.154E−01 0.836E−02 0.161E−01 0.683E−02

C = 0.32E+21 50 000 0.115 0.592E−01 0.174E−01 0.972E−02 0.177E−01 0.794E−02
100 000 0.994E−01 0.498E−01 0.201E−01 0.116E−01 0.197E−01 0.945E−02

5000 0.152 0.363E−01 0.440E−02 0.669E−03 0.633E−02 0.655E−03
Cr II 10 000 0.114 0.253E−01 0.756E−02 0.137E−02 0.942E−02 0.126E−02

4P−4Do 20 000 0.854E−01 0.195E−01 0.106E−01 0.227E−02 0.116E−01 0.195E−02
3046.9 Å 30 000 0.731E−01 0.164E−01 0.116E−01 0.277E−02 0.126E−01 0.238E−02

C = 0.20E+21 50 000 0.625E−01 0.138E−01 0.128E−01 0.341E−02 0.137E−01 0.278E−02
100 000 0.539E−01 0.114E−01 0.144E−01 0.409E−02 0.147E−01 0.334E−02

5000 0.160 0.315E−01 0.424E−02 0.444E−03 0.618E−02 0.439E−03
Cr II 10 000 0.120 0.216E−01 0.745E−02 0.939E−03 0.930E−02 0.886E−03

4G−4Fo 20 000 0.904E−01 0.168E−01 0.105E−01 0.165E−02 0.117E−01 0.144E−02
3197.6 Å 30 000 0.775E−01 0.143E−01 0.117E−01 0.200E−02 0.126E−01 0.176E−02

C = 0.19E+21 50 000 0.657E−01 0.116E−01 0.128E−01 0.258E−02 0.137E−01 0.214E−02
100 000 0.563E−01 0.968E−02 0.143E−01 0.313E−02 0.149E−01 0.257E−02
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Figure 1. Stark widths for resonant Cr II 4588.2, 5279.6 and 6073.4 Å
spectral lines as a function of temperature.

Figure 2. Thermal Doppler and Stark widths for Cr II multiplets 3d5 4F–
3d44p 4Fo (λ = 5279.6 Å) and 3d5 4F–3d44p 4Po (λ = 6073.4 Å), for an
A-type star atmosphere model with Teff = 8500 K and log g = 4.0, as a
function of the Rosseland optical depth.

Figure 3. Comparison of the Cr II 4588.2 Å line profile (‘a’) without the
Stark broadening contribution and with this contribution for different Cr
abundances log[Cr/H]: ‘b’ – Solar one; ‘c’ – (−3.75); ‘d’ – (−3.25); ‘e’ –
(−2.75); Teff = 8750 K, log g = 4. [This figure was preliminary reported in a
conference and published in the corresponding proceedings (Simić 2010).]

Figure 4. Ratio of EW for Cr II 4588.2 Å as a function of log[Cr/H].
Dotted line – ratio of EW2 (the EW with Stark broadening included) and
EW1 (without it). Full line – ratio of the EW without Stark broadening
contribution: EW2 denotes the EW with variable chromium abundance and
EW1 the EW with the Solar value of chromium abundance.

Figure 5. Thermal Doppler and Stark widths for Cr II multiplets 3d5 4F–
3d44p 4Fo (λ = 5279.6 Å) and 3d5 4F–3d44p 4Po (λ = 6073.4 Å), for a
DB white dwarfs atmosphere model (Wickramasinghe 1972) with Teff =
15 000 K and log g = 8.0, as a function of the optical depth.

Solar value (EW1). We can see in Fig. 4 that, in the considered case,
the neglecting of Stark broadening will introduce non-negligible
errors in abundance determination which increase with the increase
of chromium abundance.

The influence of the Stark broadening on Cr II spectral lines for
DB white dwarf plasma conditions is investigated here for the mul-
tiplets 3d5 4F–3d44p 4Fo (λ = 5279.6 Å) and 3d5 4F–3d44p 4Po

(λ = 6073.4 Å) by using the corresponding model with Teff =
15 000 K and log g = 8 (Wickramasinghe 1972). For the consid-
ered model atmosphere of the DB white dwarfs, the pre-chosen
optical depth points at the standard wavelength λs = 5150 Å(τ 5150)
are used in Wickramasinghe (1972) and here as the difference to
the A-type star model (Kurucz 1979), where the Rosseland optical
depth scale (τRoss) was taken. As one can see in Fig. 5, for the DB
white dwarf atmosphere plasma conditions, thermal Doppler broad-
ening is much less important than in A-type stars, in comparison
with the Stark broadening mechanism, which is the most important
one here.
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We have demonstrated that the Stark broadening of the consid-
ered Cr II lines may be non-negligible in A-type star atmospheres,
especially in the line wings and when chromium is overabundant.
We also note that it is even more important for the modelling of sub-
photospheric layers. Its neglection, as the present analysis shows,
may contribute to errors in chromium abundance determination.
The obtained results also show that it is the principal broadening
mechanism in DB white dwarf atmospheres. Also, Stark broadening
parameters for nine resonant Cr II multiplets are determined.

Cr II Stark broadening parameters given in Table 1 will also be
included in the STARK-B data base (Sahal-Bréchot, Dimitrijević
& Moreau 2012), a part of Virtual Atomic and Molecular Data
Center (Dubernet et al. 2010; Rixon et al. 2011), cf. also Sahal-
Bréchot (2010). This data base is devoted to diagnostics modelling
and investigations of stellar atmospheres, but also for laboratory,
fusion and laser produced plasmas research and modelling.
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Sahal-Bréchot S., Dimitrijević M. S., Moreau N., 2012, Stark-B data base,

Observatory of Paris, LERMA and Astronomical Observatory of Bel-
grade (http://stark-b.obspm.fr)

Shevchenko V. S., 1994, Astron. Zh., 71, 572
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Simić Z., Dimitrijević M. S., Popović L. Č., Dačić M., 2006, New Astron.,

12, 187
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1Astronomical Observatory, Volgina 7, 11160 Belgrade 74, Serbia
2Department of Astronomy, Faculty of Mathematics, University of Belgrade, Studentski trg 16, 11000 Belgrade, Serbia

Accepted 2006 October 26. Received 2006 September 29; in original form 2006 July 19

ABSTRACT
By taking into account the relativistic corrections to the magnetic dipole operator, the theoretical
[O III] 5006.843/4958.911 line intensity ratio of 2.98 is obtained. In order to check this new
value using the active galactic nuclei (AGN) spectra, we present the measurements of the flux
ratio of the [O III] λλ4959, 5007 emission lines for a sample of 62 AGN, obtained from the
Sloan Digital Sky Survey (SDSS) data base and the published observations. We select only the
high signal-to-noise ratio spectra for which the line shapes of the [O III] λλ4959,5007 lines are
the same. We obtained an averaged flux ratio of 2.993 ± 0.014, which is in a good agreement
with the theoretical one.

Key words: galaxies: active – quasars: emission lines – quasars: general.

1 I N T RO D U C T I O N

The forbidden [O III] λ4958.911 Å (2s22p2 1D2 − 2s22p2 3P1) and
λ5006.843 Å (2s22p2 1D2 − 2s22p2 3P2) spectral lines are among
the most prominent emission lines, not only in the spectra of pho-
toionized nebulae, but also in the spectra of photoionized gas around
active galactic nuclei (AGN) due to the relatively high abundance
of doubly charged oxygen ions. These lines are typical for AGN
and originate from the ionized narrow-line region (NLR) gas sur-
rounding the accreting super massive black hole in the centre (see
Osterbrock 1989). It should be emphasized that since they are lo-
cated in the centre of the visible band they are very often observed in
the spectra of H II regions, photoionized nebulae and AGN. Because
of observational and physical circumstances this pair of lines are
suitable to: (i) test observationally the accuracy of theoretical calcu-
lations from atomic theory; (ii) check the linearity of the detectors
in use and (iii) eventually test the assumptions on the target physics
under extreme circumstances (optical thickness effects).

These two spectral lines are the result of magnetic dipole tran-
sitions with a small contribution of electric quadrupole radiation.
The elaborate theoretical work of Galavı́s, Mendoza & Zeippen
(1997) provided the [O III] 5006.843/4958.911 intensity ratio of
2.89. Storey & Zeippen (2000) checked this result by using pho-
toionized gaseous nebulae spectra, where these lines can be observed
with a very high signal-to-noise ratio (S/N). They found a small, but
well-established, difference of 4–9 per cent between observations
and theory. Namely Rosa (1985) deduced an intensity ratio of 3.03 ±
0.03, while the measurements of Iye, Ulrich & Peimbert (1987) pro-

�E-mail: mdimitrijevic@aob.bg.ac.yu (MSD); lpopovic@aob.bg.ac.yu
(LČP); jkovacevic@aob.bg.ac.yu (JK); mdacic@aob.bg.ac.yu (MD);
dilic@matf.bg.ac.yu (DI)

vided a value of 3.17 ± 0.04, and that of Leisy & Dennefeld (1996)
the value of 3.00 ± 0.08.

In order to improve the agreement between observations and
theory, Storey & Zeippen (2000) took into account the relativis-
tic corrections to the magnetic dipole operator, demonstrating that
they affect the transition probabilities for the [O III] λ5006.843 and
λ4958.911 Å lines. They obtained a ratio of the value of 3.01, im-
plying a line intensity ratio of 2.98, which is only two per cent or
less different from the values of Rosa (1985) and Leisy & Dennefeld
(1996) obtained from gaseous nebulae spectra, and 6 per cent differ-
ent from the value Iye et al. (1987) obtained from the central region
of starburst galaxy Tololo 1924-416 (H II regions). Iye et al. (1987)
found a spatial variation of the forbidden line parameters, where
the ratio is found to vary from 2.63 ± 0.15 to 3.33 ± 0.07 along
the slit (see their table 3 and fig. 10) with a mean value of 3.17 ±
0.04, which significantly deviates from theoretical ratios (Storey &
Zeippen 2000). The authors mentioned that such results might be
caused by the detector’s non-linearity.

Storey & Zeippen (2000) also underlined the necessity to ad-
ditionally check their theoretical improvement of the line intensity
ratio by the corresponding observation in photoionized gaseous neb-
ulae spectra. However, due to instrumentational improvements the
accuracy and the resolution of observed spectra have increased to
the point where we can now use the AGN spectra for such purposes.

The [O III] λλ4959,5007 lines originate in the NLR of an AGN,
the region with conditions which differ from those in photoionized
gaseous nebulae are the following: (i) the emission comes from a
spatially very extended region, so that one can expect quite differ-
ent physical and kinematical conditions in different parts of a NLR,1

1 Note here that the [O III] lines observed in AGN very often show a blue
asymmetry and substructure in shapes (see e.g. Leipski & Bennert 2006).
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(ii) the dust on large spatial scales can result in orientation-dependent
effects on NLR line fluxes. However, one can expect that the forbid-
den line emission is isotropic since self-absorption in narrow lines
is negligible. Therefore due to the significance of this pair of lines,
it is important to check whether their flux ratio is in agreement with
the theory. Only then can it be reliably used for the different checks
of theoretical assumptions concerning the physics of the NLR and
photoionized gaseous nebulae.

The aim of this paper is to check, with the help of a large sam-
ple of AGN spectra, the improved theoretical value of the [O III]
5006.843/4958.911 line intensity ratio (Storey & Zeippen 2000).
Additionally, we want to investigate the usability of the AGN [O III]
5006.843/4958.911 emission-line flux ratio for the checks of vari-
ous theoretical assumptions and the linearity of detectors in use. In
order to do so, we will measure the considered flux ratio of the [O III]
lines in a large sample of AGN. Moreover, we will derive some ex-
plicitly or implicitly given flux ratios of the [O III] λλ5007, 4959
lines in the existing literature (Nazarova, O’Brien & Ward 1996;
Bahcall, Steinhardt & Schlegel 2004; Dietrich, Crenshaw & Krae-
mer 2005), obtained for galaxies and quasars in order to compare
them with the Storey & Zeippen (2000) [O III] 5006.843/4958.911
line intensity ratio and our results.

2 T H E S A M P L E A N D M E A S U R E M E N T S

We selected our AGN sample, choosing the spectra with high S/N,
from Data Release Four (DR4) of the SDSS data base and the obser-
vations described in the paper of Marziani et al. (2003). The SDSS
spectra cover the wavelength region 3800–9200 Å. It was shown that
the flux calibration is a few per cent on average, which is impressive

Figure 1. Example of the selected spectrum (SDSS J082308.29+42252000.00) with the same shapes of the [O III] λ 5007 and λ4959 lines. Left-hand panel:
observed spectrum, middle panel: lines without continuum and contaminating emission and right-hand panel: the profile of λ4959 line scaled to the profile of
λ5007 line.

Figure 2. Example of the spectrum (PKS 2135−14) where the line shapes are slightly different in the line wings.

for a fibre-fed spectrograph (Tremonti, Heckman & Kauffmann
2004). Tremonti et al. (2004) found that 1σ error in the synthetic
colours is 5 per cent in g(4700Å)–r(6200Å). The remaining (small)
flux-calibration residuals are coherent on the scales of 500 Å, which
has a negligible effect on our flux measurements that are obtained
using an interval of less than 100 Å. Consequently, we exclude the
effects of non-linearity of the detector on the measured [O III] line
ratio.

In our analysis, we first subtracted the continuum by using DIPSO

software package. In some spectra the Hβ and Fe II emission lines,
which contaminate the [O III] λλ4959, 5007, lines, were subtracted.

In order to arrive at a clean sample, we defined the following
selection criterion: when scaling the profile of the weaker λ4959
emission line into the stronger λ5007 emission line profile, the
line profiles of the two lines in question should differ insignifi-
cantly in the given spectrum (Fig. 1). This assures that the mea-
surements of flux ratios and line intensity peak ratios yield identical
results. Examples of the maximal difference in the line wings and
the central part of the profiles are shown in Figs 2 and 3, respec-
tively. In these examples the observed spectra, the lines without
continuum, contaminating Fe II and Hβ emission and the profile of
λ4959 scaled into the profile of λ5007 are presented. Our initial
sample of 62 AGN was selected using the criterion that the shapes
of the both lines are same or the difference is negligible as shown in
Figs 1–3.

Following the criterion outlined above, from the initial sample of
62 AGN, we selected 56, then 40 and finally 34 spectra, discard-
ing spectra with slightly different [O III] λλ4959, 5007 line shapes
(Figs 2 and 3). The final sample of 34 AGN has the best matching
of the [O III] λλ 4959, 5007 line profiles (Fig. 1). We measured the
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Figure 3. Example of the spectrum (PKS 2300−68) where the line shapes are slightly different in the central part.

flux ratio for each sample and present here the histograms of the
flux ratio values of the initial sample of 62 AGN (Fig. 4) and the
final sample of 34 AGN (Fig. 5).

3 R E S U LT S A N D D I S C U S S I O N

3.1 The flux ratio of the [O III] λλ 4959, 5007 lines in spectra
of active galaxies and quasars

Both the [O III] λ5006.843 and λ4958.911 Å lines originate from
the same lower and slightly different upper energy level and have
a negligible optical depth since the transitions are strongly forbid-
den, therefore both may be scaled to exactly the same emission
line profile. Moreover, Bahcall et al. (2004) have shown that the
effect of differential reddening on the line splitting is of the order
of 10−8 τ 5007, i.e. negligible. If there are multiple clouds that con-
tribute to the emission, the observed emission line profiles are com-
posed of the same mixture of individual cloud complexes (Bahcall
et al. 2004).

Despite the fact that spectra of galaxies and quasars have not
been used to explicitly check the theoretical flux ratio of the [O III]
λλ5007, 4959 lines, there are examples where such ratios were ob-
tained as a by-product or could be derived from published results
(Nazarova et al. 1996; Bahcall et al. 2004; Dietrich et al. 2005).

For example, Nazarova et al. (1996) investigated the Seyfert 1.2
galaxy Mrk 79 with long-slit spectroscopy, using the intensity ratio
of the [O III] λλ4959, 5007 lines to check the accuracy of the flux
measurements along the slit. Their fig. 2 shows the measured ratios
of [O III] λλ4959, 5007 lines plotted against the position along the
slit. They report that the ratio is very close to the value of 2.94, but
due to the scatter of results and error bars given in their figure, we
excluded them from present considerations.

Bahcall et al. (2004) used these [O III] lines of quasars with 0.16 <

z < 0.80, obtained from the SDSS Early Data release, to test whether
the fine-structure constant depends on cosmic time. As a by-product,
they found that the ratio of transition probabilities corresponding to
the [O III] λλ5007, 4959 lines is 2.99 ± 0.02. We note that this
result obtained from the spectra of quasars is in agreement with
the theoretical value given by Storey & Zeippen (2000). Storey &
Zeippen (2000) obtained a theoretical ratio of transition probabilities
of 3.01, which is within the given error bars of the observationally
derived value.

Dietrich et al. (2005) measured the NLR emission-line flux ra-
tios relative to the flux of the Hβ line for 12 narrow-line Seyfert
1 (NLS1) galaxies. Using the [O III] 4959/Hβ and [O III] 5007/Hβ

flux ratios given in Dietrich et al. (2005), we derived the flux ratio

of the [O III] λλ5007, 4959 lines for these 12 NLS1 galaxies.
The results are given in Table 1. The average value for the ra-
tio of observed fluxes corrected for internal reddening is 2.953 ±
0.014, which also supports the theoretical improvement of Storey &
Zeippen (2000).

3.2 Our measurements

The results of our measurements for these three mentioned samples
are given in Table 2 and Figs 4 and 5. As one can see from Table 2
and Figs 4 and 5, discarding line profiles with slightly lower quality
does not significantly influence the result.

Figure 4. Histogram showing the distribution of the measured flux ratio for
the initial 62 AGN sample.

Figure 5. Histogram showing the distribution of the measured flux ratio for
the final 34 AGN sample.
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Table 1. The flux ratio R of the [O III] λ λ4959, 5007 lines
of 12 NLS1 galaxies, derived on the basis of Dietrich et al.
(2005).

Object R

Mrk 705 3.00
Mrk 1239 2.90
Mrk 734 2.92
NGC 4748 2.99
Mrk 783 2.92
IRAS 13224−3809 2.94
CTS J13.12 3.02
IRAS 15091−2107 2.93
Mrk 291 2.95
RXS J20002−5417 2.94
ESO 399−IG 20 3.04
Mrk 896 2.88

The average value 2.953 ± 0.014

Table 2. The flux ratio R of the [O III] λλ5007, 4959 lines
of 62 AGN. The initial sample of 62 AGN is successively
reduced to 34 by discarding the line profiles of lower quality.

Number of AGN in the sample R

62 2.992 ± 0.014
56 2.986 ± 0.012
40 2.994 ± 0.014
34 2.993 ± 0.014

The obtained flux ratio of 2.993 ± 0.014 is in agreement with the
theoretical improvement of Storey & Zeippen (2000), who obtained
the intensity ratio of 2.98. This is better than some of the earlier val-
ues derived from photoionized gaseous planetary nebulae and H II

region observations, which led to the previously mentioned theoret-
ical reworking (Rosa 1985 – 3.03; Iye et al. 1987 – 3.17; Leisy &
Dennefeld 1996 – 3.00). We should note here that the measurements
given in Rosa (1985) and Iye et al. (1987) were performed in the
1980s and these differences are probably due to the observational
equipment.

4 C O N C L U S I O N S

In order to check the improved theoretical value of the intensity ratio
of the [O III] λλ5007, 4959 lines, we measured the corresponding
flux ratio in a sample of 62 AGN with a high-S/N spectra taken
from the SDSS data base (DR4) and the observations described in
Marziani et al. (2003). Also, from the existing literature we compiled

the measurements of the intensity ratio in AGN spectra obtained as a
by-product. On the basis of our investigation, we give the following
conclusions.

(i) The flux ratio (2.993 ± 0.014) obtained from our measure-
ments is in good agreement with the theoretical improvement ob-
tained by Storey & Zeippen (2000), who derived an intensity ratio
of 2.98. Our observational result supports the introduction of theo-
retical relativistic corrections to the magnetic dipole operator in the
calculation of the corresponding line intensity ratio.

(ii) Our measured flux ratio obtained from AGN spectra is in
better agreement with the theoretical one compared to the same
ratio measured from photoionized gaseous planetary nebulae and
H II region spectra. This is probably not caused by different physics,
but by technological advances and the better instrumentation used
in the observations of AGN spectra.

(iii) Despite the fact that the [O III] lines in spectra of AGN may
have very complex line profiles, they can be used to check sophis-
ticated theoretical calculations. Also, we have demonstrated that,
with the development of instrumentation, the flux ratio of the [O III]
λλ4959, 5007 emission lines in AGN spectra (not only in photoion-
ized gaseous nebulae and H II region spectra) may be used to test
observationally the accuracy of theoretical calculations and check
the linearity of the detectors.
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