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A B S T R A C T

Interplanetary dust grains contain important information about the

Solar System. Analyzing these particles is an important aspect of the

heliosphere study. Dust impacts have been observed using radio and

wave instruments onboard the spacecraft since the 1980s. The interac-

tion between the impact-generated plasma cloud and antenna – space-

craft system elements generates the characteristic signal waveform.

The present work focuses on the detection and interpretation of the

dust generated signals from radio instruments onboard various space-

craft orbiting at 1 AU.

In the first part of the thesis, we aim to develop a model which links

the observed electric signals to the dust impact properties. We propose

a new model which takes into account the effect of impact - ionization

- charge collection and electrostatic-influence. Our model provides an

analytical expression for the pulse. It allows us to measure the amount

of total ion charge, the fraction of escaping charge, the rise timescale,

and the relaxation timescale. The proposed model is simple and conve-

nient for large data fitting. To validate the model, we use the Time Do-

main Sampler (TDS) subsystem of the STEREO/WAVES instrument,

which generates high-cadence time series of voltage pulses for each

monopole. Since the beginning of the STEREO mission in 2007, we

have collected all the dust events detected by S/WAVES/TDS simul-

taneously on all three monopoles at 1 AU. Our study confirms that

the rise time vastly exceeds the spacecraft’s short timescale of elec-

tron collection by the spacecraft. Aside from electron dynamics, we

also obtained interesting results regarding the cloud’s electron tem-

perature. The presented model provides an effective tool for analyzing
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dust waveforms, and is applicable for different space missions which

investigate the distribution of dust particles, e.g., Solar Orbiter and

Parker Solar Probe.

In the second part of the thesis, we focus on the interstellar dust

(ISD). Interplanetary and interstellar dust are the two main dust pop-

ulations at 1 AU. Our objective is to search for interstellar dust by

analyzing the data sets collected by STEREO and Wind, starting from

the beginning of the missions. Between 2007 and 2012, while being at

the solar minimum with a solar dipole pointing southward, all three

spacecraft recorded ISD flux at 1 AU. However, before and after that

period, the disappearance of the interstellar component was noticeable.

The observed change of the impact rate suggests that the flux of inter-

stellar dust at 1 AU varies with the solar cycle. Each time the magnetic

dipole field changes its polarity during the solar cycle, small interstel-

lar grains experience focusing or defocusing. Consequently, the dust

grains are systematically deflected either towards, or away from the

solar magnetic equator plane by the solar wind magnetic field which

thus affects the dust dynamics and the total interstellar dust flux in

the inner heliosphere. Our study provides the first quantitative de-

scription of the time variation of ISD flux at 1 AU.

Key words: heliosphere, dust grains, interplanetary dust, modeling,

interstellar dust, analyze

Scientific field: Astronomy and Astrophysics

Scientific subfield: Physics of Heliosphere
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R É S U M É

Les grains de poussière interplanétaires contiennent des informations

importantes sur le système solaire. L’analyse de ces particules est un

aspect important de l’étude de l’héliosphère. Depuis les années 1980,

les impacts de poussières sont observés à l’aide d’instruments radio et

à ondes embarqués à bord de sondes spatiales. L’interaction entre le

nuage de plasma généré par l’impact de poussières et les éléments du

système antenne-sonde spatiale génère la forme d’onde du signal. Le

présent travail se concentre sur la détection et l’interprétation des ob-

servations de poussières à partir d’instruments radio à bord de divers

sondes en orbite à 1 AU.

Dans la première partie de la thèse, nous avons développé un mod-

èle qui lie les signaux électriques observés aux propriétés d’impact des

poussières. Nous proposons un nouveau modèle qui prend en compte

les effets d’impact - ionisation - collection de charges et d’influence

électrostatique. Il s’agit d’une expression analytique de l’impulsion.

Elle nous permet de mesurer la quantité de la charge ionique totale, la

fraction de la charge qui s’échappe, l’échelle du temps de montée et

l’échelle du temps de relaxation. Le modèle proposé est simple et pra-

tique pour l’ajustement à un grand jeux de données. Pour valider le

modèle, nous utilisons le sous-système Time Domain Sampler (TDS)

de l’instrument STEREO/WAVES, qui génère des séries temporelles

d’impulsions de la tension à haute cadence pour chaque monopole.

Nous avons collecté tous les événements de poussière détectés par

S/WAVES/TDS simultanément sur les trois monopoles à 1 AU depuis

le début de la mission STEREO en 2007. Notre étude confirme que le

temps de montée dépasse largement la courte échelle de temps de
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collecte des électrons par la sonde. Outre la dynamique des électrons,

nous avons également obtenu des résultats nouveaux concernant la

température des électrons du nuage. Le modèle présenté constitue un

outil efficace pour analyser les formes d’onde de la poussière et est

applicable à différentes missions spatiales qui étudient la distribution

des particules de poussière, par exemple sur Solar Orbiter et Parker

Solar Probe.

Dans la deuxième partie de la thèse, nous ètudions la poussière

interstellaire (ISD). La poussière interplanétaire et la poussière inter-

stellaire sont les deux principales populations de poussière à 1AU.

L’objectif de cette partie est d’analyser les jeux de données pour la

poussière interstellaire collectés par les sondes STEREO et Wind, sur

une grande échelle de temps, dès le début des missions. Entre 2007 et

2012, au moment du minimum solaire avec un dipôle solaire pointant

vers le sud, les trois sondes ont enregistré un flux ISD à 1 AU, mais

avant et après cette période, la disparition de la composante interstel-

laire est notable. La disparition d’impacts suggère que le flux de pous-

sière interstellaire observé varie avec le cycle solaire. Lorsque le champ

dipolaire magnétique a changé de polarité au cours du cycle solaire,

les grains interstellaires ont subi une focalisation ou une défocalisa-

tion. Par conséquent, les grains de poussière sont systématiquement

déviés vers - ou loin - du plan de l’équateur magnétique solaire, par le

champ magnétique du vent solaire, ce qui affecte la dynamique de la

poussière et le flux total de poussière interstellaire dans l’héliosphère

interne.

Mots clés: heliosphère , grains de poussières , poussières interplan-

etaires, modèle, poussières interstellaires , analyse

Domaine scientifique: Astronomy et Astrophysique

Sous-domaine scientique: Phisique des Heliosphere
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R E Z I M E

Med̄uplanetarna prašina sadrži važne informacije o Sunčevom sistemu.

Neposredna posmatranja kosmičke prašine različitog porekla (od kom-

eta, asteroida, planeta, prirodnih satelita, med̄uzvezdane materije, itd)

rutinski se obalja u okviru postojećih svemirskih misija koje su opreml-

jene odgovarajucim instrumentima. Udari prašine primećeni su ko-

rišćenjem radio i instrumenata za detekciju talasa na svemirskim lete-

licama još 1980-ih godina. Interakcija izmedju oblaka plazme nasta-

log usled udara čestica prašine i elemenata sistema antena–svemirska

letelica, dovodi do pojavljivanja karakterističnog talasanog oblika u

signalu. Ovaj rad se fokusira na otkrivanje i tumačenje takvih talasnih

oblika u signalu sa radio instrumenata različitih svemirskih letelica

koje kruže na udaljenosti od jedne AJ.

U prvom delu rada predstvaljen je teorijski model koji objašnjava

proces nastanka pomenutih signala, te nam omogućava da procenimo

fizička svojstva prašine na osnovu analize detektovanih talasnih oblika.

Predlažemo novi model koji uzima u obzir uticaj jonizacije u prikupl-

janju naelektrisanja, kao i elektrostatički uticaj. Kroz ovaj model želimo

da pokažemo da svojstva detektovanog signala u velikoj meri zavise

od lokalnog okruženja letelice, kao i od dinamike oblaka jonizovanog

gasa nastalog sudarnom jonizacijom. Predloženi model je jednosta-

van i pogodan za upotrebu na velikom broju podataka. U svrhu testi-

ranja pouzdanosti modela koristimo podsistem Time Domain Sampler

(TDS) instrumenta STEREO/WAVES, koji generiše često ponavljajuće

vremenske serije naponskih impulsa za svaki monopol. Naše istraži-

vanje dalo je zanimljive rezultate u vezi sa temperaturom elektrona u

oblaku. Predstavljeni model pruža efikasan alat za analizu talasnih ob-
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lika prašine i primenjiv je na podatke sa različitih svemirskih letelica.

Drugi deo teze odnosi se na detekciju i analizu med̄uzvezdane pra-

šine (ISD, eng. interstellar dust). Med̄uplanetarna prašina i med̄uzvez-

dane prašina predstavljaju dve primarne populacije na udaljenosti od

1 AJ. Naš cilj je analiza podataka za med̄uzvezdanu prašinu koje

prikupljaju STEREO i Wind sateliti, od početka misija. U periodu od

2007. do 2012. godine, kada je zabeležen minimum Sunčeve aktivnosti,

a magnetni dipol orijentisan ka jugu, sve tri letelice detektovale su

fluks med̄uzvezdane prašine na 1 AJ. Med̄utim, pre i nakon tog pe-

rioda primetan je nestanak med̄uzvezdane komponente. Kada mag-

netno polje promeni polaritet, snop sitnijih zrna med̄uzvedanih prašine

pretrpi svojevrsno fokusiranje ili pak defokusiranje. Shodno tome, kao

rezultat dolazi do toga da se zrnca prašine sistematski odguruju ka, ili

dalje od ravni Sunčevog ekvatora. To umnogome utiče na dinamiku i

ukupan protok med̄uzvezdane prašine u unutrašnjoj heliosferi. Naše

istraživanje pruža prvi kvanitativni prikaz varijacije ISD na 1 AJ tokom

vremena.

Ključne reči: heliosfera, čestice prašine, med̄uplanetarna prašina,

modelovanje, med̄uzveydana prašina, analiza

Naučna oblast: Astronomije i Astrofizika

Uža naučna oblast: Fizika heliosfere
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1
I N T R O D U C T I O N

A surprising amount of dust is present in the solar system. In spite

of the fact that you might not be aware of the presence of this dust,

you have probably seen its effect : a strange, conical glow emanating

from the horizon just before sunrise or after sunset. Interestingly, the

Persian poet and astronomer Omar Khayyam may have been referring

to this phenomenon when he spoke of the "false dawn" in one of his

poems, but the phenomenon is more properly known as the zodiacal

light. Researchers have been studying dust in the solar system through

ground observations or through space missions.

Solar system travels through interstellar space in our part of the

Milky Way Galaxy, a region called the Orion Arm. More speci�cally,

"we" are moving through a mixture of hydrogen and helium atoms

called the Local Interstellar Cloud (LIC) (Figure 1). On this journey,

dust particles from the LIC can pass through the heliospheric bound-

ary and start their journey across the solar system. Since they origi-

nate from the local interstellar cloud, such dust particles are known

as interstellar dust (ISD). The micron and submicron sized particles

of interstellar dust are naturally in�uenced by the solar gravity, the

interplanetary magnetic �eld, and the radiation pressure. During the

solar cycle, the �ow of ISD grains inside the heliosphere is modu-

lated by interactions with the interplanetary magnetic �eld. The pri-

mary sources of interplanetary dust (IDP) are asteroids and comets.

An array of physical processes generate, transport, and destroy in-

terplanetary dust particles in the solar system. Dust evolution illus-

trates how the Universe recycles material in analogous ways to the
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2 introduction

daily recycling steps with which most people are familiar: produc-

tion, storage, processing, collection, consumption, and discarding. The

Poynting-Robertson drag causes the particles to slowly move inward

as they orbit the Sun, which limits their lifetimes. IDPs close to the Sun

are mainly lost through mutual collisions, sputtering, and sublima-

tion. Through these loss processes, atoms, molecules, nanometer, and

sub-micron sized particles are generated locally. Ionized atoms and

molecules accelerate outward by interacting with the solar wind mag-

netic �eld. � - meteorites are formed from these sub-micron sized dust

grains, which are accelerated outward due to solar radiation pressure

dominating gravity. Some planetary systems exhibit interesting dust

particle phenomena. The main rings of Saturn are composed of boul-

ders as well as dust particles. Neptune, Jupiter, and Uranus also have

dusty rings. Due to ongoing bombardment from IDPs and microme-

teoroids, airless bodies, like moons and asteroids, emit dust particles.

In summary, by detecting and analyzing dust particles, we can learn

about the dynamics in the solar system. The initial motion of the par-

ticle, the particle's material properties, the surrounding plasma, and

the magnetic �eld determined its arrival at the dust detector.

Cosmic dust in our solar system can be studied in various ways.

Laboratory experiments can be used to examine samples arriving at

or passing through the Earth's vicinity. This applies to micrometeorites

collected at the surface, interplanetary dust particles collected in the

stratosphere, as well as natural and anthropogenic cosmic dust col-

lected in low Earth orbit. The large orbital velocities of dust particles

in interplanetary space make intact particle capture dif�cult. Instead,

in-situ dust detectors are generally devised to measure parameters as-

sociated with the high-velocity impact of dust particles on the instru-

ment and then derive the physical properties of the particles (usually

mass and velocity). Few interplanetary missions have �own dedicated

and well-calibrated dust instruments in recent decades (e.g., Helios,
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Figure 1: The galactic environment within 500 pc of the Sun. Currently, the

Sun is passing through the Local Interstellar Cloud, represented by

violet, which is �owing away from the Scorpius-Centaurus Associ-

ation of young stars. Local Bubble (colored black) is a low-density

hole in the interstellar medium where the LIC resides. In the near

vicinity, high-density molecular clouds, including the Aquila Rift,

surround star-forming regions (highlighted in orange). A region of

hot ionized hydrogen gas is the Gum Nebula (green). Inside the

Gum Nebula is the Vela Supernova Remnant (depicted in pink)

which is expanding to create fragmented shells of material like the

LIC.

Image Credit: P. C. Frisch, University of Chicago
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Pioneer 10, Pioneer 11, Giotto, Galileo, Ulysses, Cassini). Heliophysics

missions, however, often carry antenna-equipped plasma wave instru-

ments. Since Voyager's �yby of Saturn, such instruments have been

known to be sensitive to dust impacts. It turns out that dust detection

by antennas is complementary to measurements by dedicated dust in-

struments. Their larger collection area (the entire spacecraft surface)

also allows them to gather more statistics on dust populations with

lower �uxes. However, the utility of dust detection data by antenna in-

struments has been limited due to the lack of a detailed understanding

of how dust impacts generate electrical signals that can be measured.

Hence the importance of developing models of how signals are gen-

erated to be able to link the electric signals observed to the physical

properties of the dust impact. A vastly accepted explanation is one

where dust impacts the spacecraft body and generates clouds of ions

and electrons through a process known as impact ionization. Still, a

lot of questions remain open on this subject. Thus, different models,

ideas, and laboratory experiments are developed in order to gain a

better understanding of the process.

This thesis will be focused on in-situ radio detection of dust on var-

ious spacecraft. The data we used came from three missions, Wind,

STEREO, and Solar Orbiter. The Wind spacecraft was launched with

the goal of studying the solar wind upstream of Earth. A solar observa-

tion mission, STEREO consists of two twin spacecraft orbiting the Sun

at 1 AU. Solar Orbiter is novel mission, launched in 2020, with the goal

to study the vicinity of the Sun as close as 0.3 AU. In all three missions,

the probes are equipped with radio instruments equipped of electric

antennas connected to a sensitive receivers. This thesis involved de-

veloping a simple model for dust signal generation. The model takes

into account all the effects of charge collection by the spacecraft and

the electrostatic in�uence from charges in its vicinity. The reliability of

the model was evaluated using STEREO data. Throughout the years,
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each mission collected a large amount of dust related measurements.

Taking advantage of extensive data sets from Wind and STEREO mis-

sion, ISD �ow can be followed over different periods of solar activity.

The second part of the thesis is dedicated to this study.

The thesis is organized as follows. Next chapter outlines the dust

populations that can be observed in – situ within the solar system,

followed by a description of the fundamental physical processes re-

sponsible for dust evolution. In addition, dust particle detection and

analysis instruments, as well as their history in previous missions, are

described. Chapter 3 is based on the paper from Rackovic Babic et

al., 2022 ( Article A). A summary of the theoretical work presented

in the paper is presented in the chapter, along with an application to

STEREO data and a discussion of the results. In Chapter4, after a gen-

eral overview of the ISD population at 1 AU , in – situ detection and

their general properties, the dust data from Wind and STEREO A and

B probes are analyzed. Based on long–term solar cycle variations, the

ISD contribution to each data set is estimated. The results obtained

during this thesis project are summarized in Chapter 5.





2
D U S T I N T H E S O L A R S Y S T E M

Let us begin by introducing the population we will deal with in this

thesis. Dust grains are a common constituent of the Solar System. It

is common for dust particles to form as a result of the fragmentation

of larger solid bodies. Small quantities of dust are transported into

the Solar System from the interstellar medium. The vicinity of comets

as well as ring systems, magnetospheres, and atmospheres of planets

are also home to dust particles of various origins. The following chap-

ter provides an overview of two major dust populations found in the

Solar System, followed by a discussion of the forces that affect dust

grains. The characteristics on dust particles can be obtained through

various detection methods, including the observation of scattered so-

lar radiation, thermal emission, or in situ measurements. This chapter

discusses dust detection methods as well.

2.1 dust population

Before we introduce the dust detection methods, we will summarize

the current understanding of the Solar System dust environment. Fig-

ure 2 illustrates the different dust components and dust interactions

near the Sun. Interplanetary dust population (IDP) and interstellar

dust (ISD) are two primary dust populations in our Solar System.

There are differences between these two groups in terms of origins,

dynamics, and composition. As a result of various impact dust de-

tectors �own on various spacecraft in the past, a great deal of our

knowledge of dust comes from in-situ dust detection methods. First

7



8 dust in the solar system

Figure 2: An illustration of the different dust components and dust interac-

tions near the Sun. A large fraction of dust is destroyed in the inner

heliosphere, in sublimation and other destruction processes, and

this generates a dust-free zone.

Image Credit: Mann et al., 2019

available data sets cover a heliocentric distance range between0.3 and

5 AU, obtained by the dust particle experiments during milestone mis-

sions such as Galileo, Ulysses, Helios, Cassini (Grun et al.,1993; Gur-

nett et al., 2004; Bougeret et al.,1995). The properties of interplanetary

dust have been examined through in–situ or remote optical sensing

observations over the past few decades. First indications about the

presence of interstellar dust in the Solar System were provided by the

Ulysses mission, which allowed us to investigate this dust population

further (Grun et al., 1993).

Mutual collisions, sputtering, and sublimation are the major dy-

namic processes of dust grains close to the Sun. Interplanetary dust

particles can be identi�ed by their parent bodies and the dynamical

interactions that lead to their orbital evolution. They are mainly gen-

erated by collisions in the asteroid belts, Kuiper objects, and various

comets populations (Figure 3). The large grains, larger than microme-

tres, orbit the Sun in Keplerian orbits and are mostly fragments of

asteroids and comets. Such particles are produced in dust–dust colli-
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sions for which the rates increase with decreasing distance from the

Sun. Therefore, as their distance from the Sun decreases, their veloci-

ties and number density increase. Fragments smaller than a microme-

tre typically are pushed outward by radiation pressure and de�ected

by electromagnetic forces (see Section2.2) (Mann and Czechowski,

2004; Mann et al., 2010).

In addition to the IDP, a stream of interstellar particles passes through

the Solar System originating from the Local Interstellar Cloud (LIC)

(Grun et al., 1993). ISD particles stream into the inner heliosphere

from an interstellar upstream direction and move roughly parallel to

the ecliptic plane (Mann et al., 2010). The radiation pressure force re-

pulsion allows only the large interstellar dust grains to reach the inner

heliosphere. A more detailed analysis of the ISD population will be

presented in Chapter 4. In order to accomplish such a task, STEREO

and Wind data will be used.

There is also a mass-based approach to dust classi�cation. Assum-

ing that the dust particles are compact spherical particles with a bulk

density of 2.5 g.cm- 3 the given masses can be converted to sizes,

and vice versa. Table 1 presents the dust types with their correspond-

ing masses and radii. Meteors, the most popular, are light phenom-

ena caused by solid particles entering the atmosphere of the Earth

from space. The approximate mass ranges are> 10- 1kg for �reballs,

10- 8kg < m < 10 - 1kg for optical meteors, and < 10- 5kg for ra-

dio meteors (Mann, 2009). Meteoroids are solid objects that move

in space between the planets, with masses of m < 10 - 8kg. Mete-

orites, the solid remains of meteoroids that reach the surface of the

Earth without being completely vaporized; their masses range from

10- 3kg < m < 10 4kg. Zodiacal dust particles are responsible for

generating Zodiacal light brightness; brightness is roughly propor-

tional to dust cross-sectional area per unit volume in space and orig-
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Name mass radius

Meteors �reballs m > 10- 1kg r > 2cm

Optical meteors 10- 8kg < m <

10- 1kg

100� m < r < 2cm

Radio meteors m < 10- 5kg r < 0.1cm

Meteoroids m < 10- 8kg r > 100� m

Meteorites 10- 3kg < m <

104kg

0.5cm < r < 25cm

Zodiacal dust 10- 15 kg < m <

10- 8kg

0.5� m < r < 100� m

� - meteoroids 10- 15 kg < m <

10- 18 kg

90nm < r < 140nm

Nanodust m < 10- 18 kg 1nm < r < 100nm

Interstellar dust m < 10- 12 kg 0.1� m < r < 0.4� m

Table 1: The dust types list with corresponding masses and radii (assuming

a spherical grain of radius r and mass density � = 2.5 gcm- 3).

inates from masses of 10- 15 kg < m < 10 - 8kg. � - meteoroids are

dust grains strongly in�uenced by radiation pressure and as a re-

sult, move in hyperbolic orbits in the interplanetary medium; mass

range interval 10- 15 kg < m < 10 - 18 kg. Nanodust is usually de-

scribed with 3 external dimensions in the size range of 1–100 nm;

mass range m < 10 - 18 kg. ISD mass range for those observed in –

situ m < 10 - 12 kg. If m < 10 - 19 kg particle is de�ected from entering

the Solar System (Mann et al.,2000). The categories re�ect the proper-

ties and methods of detection.
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Figure 3: An illustration of dust in different masses and sizes in the solar

system corresponds to dominant forces and effects.

Image Credit: Mann et al., 2010

2.2 dust dynamics

Interactions between dust grains and their environment are likely to

in�uence grain dynamics. Gravitational force, radiation pressure, Poynt-

ing - Robertson force, a solar wind drag, and the Lorentz force are the

main forces acting on dust grains. Each of these forces has a differ-

ent contribution depending on the radial distance from the Sun, the

geometric shape, as well as the composition of the dust grain. Figure

3 depicts the production and loss mechanisms as well as the domi-

nating dynamical processes of dust particles in the solar system as a

function of dust size and heliocentric distance. These forces will be

brie�y summarized in the following paragraphs.

• Gravitation forcesIn a Solar System where more than 99 % of the

mass is concentrated in the Sun, it makes sense to assume that

the Sun is the primary source of gravity. When a dust grain of

mass mdust is located in the Solar gravitational �eld, the gravita-

tion force acting on the grain is:
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Fgrav =
- GM � mdust

jrj3
r, (1)

where M � is the Sun's mass and G the gravitational constant.

This is a radial force that is directed toward the Sun.

The Solar System is also a home for planets and other massive

bodies that can be the gravitational source. In the present work,

we completely neglect the effect of the gravitational force of these

sources since we interest ourselves only in the dust particles in

the vicinity of the Sun. However, if we are inside the in�uence

sphere of a planet, however, dynamics change entirely since, in

this case, the dominant gravitational potential is the planet's one,

not the Sun's. Planet in�uence sphere radius can be presented as

r in�uence = D
�

Mp

M �

� 2=5

, (2)

where M p is the mass of the planet, located at the distance D

from the Sun. For our study, using measurements from STEREO

and Solar Orbiter, we will never be as close as this distance to

the planet so we can neglect this effect.

• Radiation pressureRadiation pressure is the mechanical pressure

exerted upon any surface due to the momentum exchange be-

tween the object and the electromagnetic �eld. Electromagnetic

radiation can be viewed in terms of particles (photons) rather

than waves. Poynting (1903) demonstrated that dust grains react

with photons from the Sun to create pressure which affects dust

movement in the solar system. The expression of this force in

terms of non-relativistic dust grains that absorb and scatter sun-

light was proposed by Burns et al., 1979. This force depends on
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the wavelength of the incoming light, the heliocentric distance,

the optical surface properties, the grain shape, and it acts radially.

Photons move at the speed of light and acquire a momentum

p = h
� = Ep

c where p is momentum, h is Planck's constant, � is

wavelength, c is speed of light in vacuum and E p = h� is energy

of the photon for the frequency � . Accordingly, the associated

force will be

Frad =
P� (� )

c
. (3)

where P� corresponds to the power that the Sun emits at fre-

quency � . Following is an expression for the radiation pressure

force onto a dust grain of cross section S that takes into account

the decrease of this power as the square of heliocentric distance

r, the scattering of light, and the solar Planck curve

Frad( r) =
P� SQpr

jrj3c
r, (4)

Qpr presents the ef�ciency of radiation pressure accommodated

by the solar spectrum. In contrast to the gravitational force that

attracts particles towards the Sun, radiation pressure repels par-

ticles from the Sun.

• Poynting–Robertson effectPoynting-Robertson effect results in dust

grains slowing down since their energy and angular momentum

are dissipated, causing them to drift towards the Sun. Radiation

pressure tangential to grain motion is responsible for this effect.

Dust that is small enough to be affected by this drag, but too

large to be blown away from the star by radiation pressure, spi-

rals slowly into the star, where the grain �nally evaporates.Thus,

the dust grain spirals slowly into the star while its orbital speed

increases continuously. A Poynting–Robertson force equals to

FPR =
r2L�

4c2

r
GM �

R5 , (5)
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where c is the speed of light, r is the radius of the grain, G is the

universal gravitational constant, M � is the mass of the Sun, L�

is the solar luminosity and R is the orbital radius of the grain.

The Poynting-Robertson effect affects the long-term evolution of

dust orbits, thereby reducing their orbital radii.

• Solar wind dragA solar wind is expanding through our solar

system up to a radius greater than 100 AU. When a solar wind

proton collides with a dust grain, momentum is transferred from

the solar wind protons to the dust grain. The interaction between

them is analogous to radiation forces, depending on the cross

section of the dust grain, the surface chemical composition, and

the proton momentum �ux density. With increasing heliocentric

distance, the solar wind proton interaction intensity decreases

due to the variation of the proton number density as r - 2. There-

fore, the ratio between the proton pressure and the radiation

pressure (Eq.3) is mostly independent of r , but it depends on the

proton velocity; this ratio has been found from in-situ measure-

ments at 1 AU to be about 10- 4 (Gustafson, 1994).

• Lorentz forceThe Lorentz force on a charge q moving with the

velocity V relative to the �eld B is

FLorentz = qV � B, (6)

In the heliocentric frame, the magnetic �eld B is convected by

the solar wind at the speed Vsw . If Vg is the heliocentric grain

velocity, the Lorentz force becomes

FLorentz = q(Vg - Vsw ) � B. (7)
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Vg - V sw is the expression of the relative velocity of dust relative

to the solar wind, if Vsw is expressed in the same heliocentric

frame. As the dust particles move through the magnetic �eld

they see the Lorentz force acting on them alternately changing

direction as they pass through the current sheet. Depending on

dust's q=m ratios, particles can be accelerated up to the solar

wind speed and ejected from the solar system by the Lorentz

force (Horanyi ( 1996) and Mann and Czechowski ( 2004)).

It is common to introduce the � -ratio between the forces due to

gravitation and radiation pressure, in order to evaluate their relative

strength. Because of the same dependence on the gravitation and ra-

diation pressure forces on the heliocentric distance, the � -ratio is in-

dependent of r and is a function of parameters like the grain radius,

the grain chemical composition, the grain shape and the grain mate-

rial density. From Eq. 4 and Eq. 1 the expression of the � -ratio can be

derived as

� =
jFrad j
jFgrav j

=
Qpr SP�

GM � mdustc
. (8)

One can see that the� function depends of the grain mass, but it also

constrains the material properties of the dust grains. The dust grain

shape is usually assumed to be spherical with a typical density of 2.5

grams per cubic centimeter (Draine and Lee, 1984). This dust grain

model is commonly used for both interplanetary and interstellar dust.

Even more, this model may not be too far of the actual reality, at least

for the large grains responsible for the Zodiacal light scattering, since

it can be used to reproduce key characteristics of zodiacal light scat-

tering (Giese, 1973).
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Figure 4: The different ranges of dust grain masses detectable by the different

detection methods.

Image Credit: Mann et al., 2006

2.3 detection methods

By understanding the size and spatial distribution of dust particles

as well as their dynamical properties and compositions properties, we

can gain a better understanding dynamics inside the solar system. The

presence of the ISD grains in the Solar System, for example, is a proof

that it cannot be considered as a closed isolated system in the inter-

stellar medium. Additionally, ISD grains contain crucial information

about the past physical conditions that once governed their formation

since they are witnesses to their past formation.

A variety of detection methods can be used to obtain the main fea-

tures about dust particles, including thermal emission, the observa-

tion of scattered solar radiation, and in situ measurements. Figure 4

provides an overview of the various detection methods that can be ap-

plied depending on the size and mass of the particle.
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As an example, cosmic dust in the inner heliosphere can be observed

by observing zodiacal light, which is sunlight scattered by interplane-

tary dust particles. As a result of photometry, polarization, and spec-

troscopic observations, one can determine their sizes, densities, and

spatial distributions (Mann et al., 2006). Due to their low �ux, larger

particles (> 100 � m) can be observed individually only through re-

mote sensing observations, for instance, by meteor radars, when the

particles enter Earth's atmosphere. Particles in the micron and sub-

micron size range have suf�ciently large �uxes for in situ detection

using instruments carried on space missions. In – situ dust grain de-

tection measurements are based on their surface charge, or on the con-

sequences of their impacts at high speeds on a target (Auer (2001) and

Grün et al. (2005)). Detectors based on the principle of impact ioniza-

tion are most widely used, although, there are other methods that can

be used as well. In particular, radio instruments, composed of antenna

connected to a radio receiver enable us dust measurements. We focus

on that method in this thesis.

2.3.1 Dust detectors

Throughout history, dust detection instruments onboard spacecraft

have evolved. First detectors were based on the dust penetration im-

pact. Nowadays, in – situ dust grain detection measurements are based

on their surface charge. Here are some of the main types of dust de-

tection instruments onboard space probes.

In the early days of dust exploration, dust detectors were based

on the effect of penetration of grains of dust. Originally, they were

designed to assess how dust grains would impact space probes in

the Earth orbit. Dust impacts are measured by their rate of passing
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Figure 5: An illustration of in - situ detection methods of dust impacts.

Image Credit: Grün et al., 2001

through a target, and their detection range is between 10- 13 and 10- 9

kg. Based on what is predicted as a result of grain penetration, there

are four categories of those detectors. First, those made up of cells

containing pressurized gas whose pressure decrease indicates that a

grain of dust has perforated the wall of a cell (McDonnell, 1978). Sec-

ond, the ones which consist of capacitors whose discharge indicates

that dust particles have penetrated the surface electrode of the capaci-

tor (Zel'Dovich ( 1968)). Third, the ones detecting the perforation of a

target sheet with the help of the charges emitted by the edges of the

perforation hole and the dust particles. The impact ionization was con-

sidered for the �rst time in this method. These charges are separated

and collected thanks to an electric �eld maintained between the target

sheets and an array of sensors (Berg and Richardson,1969). The last

but not the least, those whose target sheets were polarized. An impact

of a grain of dust would cause a total depolarization inside and at the

ends of the perforation hole. A rapid electrical impulse is induced by
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local volume depolarization (Simpson and Tuzzolino, 1985).

Second-generation detectors rely on impact ionization to achieve

better sensitivity. A schematic illustration of the impact ionization de-

tection method is shown in Figure 5. It is possible to measure the

mass, impact velocity, trajectory, electrical charge, and chemical com-

position of dust grains using these instruments. Generally, the main

assumption is that the dust grain hits the spacecraft with high velocity

(faster than a few kilometers per second). As a result of the impact,

the impact triggers a shock wave, which shatters, vaporizes, and ion-

izes the dust as well as the material of the target, where an impact

crater forms. In the vicinity of the impact, crater material forms the

cloud (Auer, 2001; Grün et al., 2001). The ions and free electrons thus

produced are separated using an electric �eld, and then these charges

are collected by electrodes and converted into an electric signal. The

mass and speed of the particle responsible for the impact determine

the amplitude and the rise time of the signal. Additionally, the mass

spectrum of the released ions provides information about the parti-

cle's chemical composition.

Several missions, which have carried dedicated dust instruments,

have been �own on since the beginning of the space age. Among

them are Helios, Ulysses, Galileo, and LADEE (Lunar Atmosphere

and Dust Environment Explorer) (Grun et al., 1985, 1993; Srama et

al., 2004; Horányi et al., 2014). There is now a good deal of evidence

that space missions equipped with dust instruments can provide a

detailed in situ characterization of dust populations within the solar

system; including their dynamics and composition characteristics, to

study microscopic solid particles. In order to properly calibrate the

detectors, high-velocity impacts on a target are simulated in the labo-

ratory to determine the relationship between the measured electrical

signal and dust grain properties. Particles used during calibration and
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the impact surface composition play a signi�cant role in determining

the precision of dust grain properties obtained from electrical signals.

The detection area of these instruments is generally � 0.01m2. In terms

of dust grain mass, the detection range is between 10- 19 and 10- 11

kg. Such a dust detection method has many advantages, but its main

disadvantage is its limited impact detection area.

2.3.2 Radio instruments

With the Voyager mission, it became apparent that dust impacts on

spacecraft produce measurable electrical signals, which may be used

to detect dust in situ. In 1982, the Voyager 1 and 2 space probes used

a radio instrument to detect dust for the �rst time in the Saturn dust

rings. This discovery paved the way for an entirely new method of

detection of dust grains, with a radio receiver. After Voyager 1 and 2

(Aubier et al., 1983; Gurnett et al., 1983; Meyer-Vernet et al., 1986; Gur-

nett et al., 1997), antenna dust detection has been demonstrated on

several other missions, including Wind (Malaspina et al., 2014; Wood

et al., 2015; Kellogg et al., 2016), Cassini (Kurth et al., 2006; Meyer-

Vernet et al., 2009, 2017; Ye et al.,2014; Ye et al.,2016a; Ye et al.,2018),

STEREO (Zaslavsky et al.,2012; Thayer et al., 2016), Juno (Ye et al.,

2020), MMS (Vaverka et al., 2018; Vaverka et al., 2019), Solar Orbiter

(Zaslavsky et al., 2021), Parker Solar Probe (Malaspina et al.,2020).

A radio instrument primarily is used to detect electromagnetic waves

emitted by distant sources, as well as to diagnose in–situ the ambi-

ent plasma. Due to their sensitivity to local electric �eld �uctuations,

electric antennas can be used as in-situ detectors. Radio instruments

consist of electric antennas connected to a sensitive receiver, covering

a large frequency range, and allow the collection, sampling, and real-
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Figure 6: Principle of in situ measurements with an electric antenna onboard

a spacecraft in a dusty plasma. Dust impacts at fast speed produce

partial ionization of the dust and target, generating an expanding

plasma cloud. As a result, voltage pulses are produced whose anal-

ysis reveals some dust properties.

Image Credit: Meyer-Vernet and Zaslavsky, 2012

time transmission of observed events (Bougeret et al., 2008; Gurnett

et al., 2004).

Figure 6 illustrates the different charging processes responsible for

the spacecraft polarization, and how impact ionization can perturbate

these processes to produce transistent in the spacecraft potential. The

instrument can then be used to measure electrical potential pulses

caused by high-speed impacts of dust grains on the space probe at

low frequencies (Zaslavsky, 2015). From the 1980's until the present

day, several physical mechanisms have been proposed to explain how

dust particles produce electrical signals. The �rst proposed models

(Aubier et al., 1983; Oberc et al., 1990) relate to charging mechanisms

that can lead to voltage signals, charging an antenna or charging a

spacecraft. The models illustrate the importance of the system geom-

etry, the impact cloud geometry, and whether the measurements are
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in monopole or dipole mode. According to these and subsequent pro-

posed models, voltage pulses result from the generation of free electric

charges resulting from impact ionization after hypervelocity dust par-

ticles hit a spacecraft.

This type of dust detection relies on impact ionization. Previously,

when we presented second-generation dust detectors, we discussed

such a process. The same process can be found here, fast particle hits

target, but the targets themselves have changed. Rather than a spe-

cially designed dust detector, it is the body of the spacecraft. The po-

tential impacting area is larger, the material of the target varies from

mission to mission, and the target's charge can differ. What remains

the same, there is no doubt that in the case of a grain of dust col-

liding with the probe's body (or electric antennas), the impact's ve-

locity V impact in�uences the outcome. Increasing impact speeds lead

to increasing impact energy implying that the entire grain is eventu-

ally consumed by the vaporization and ionization processes. Whereas

V impact is large enough, Vimpact > 10 kms - 1 , the impact is violent

enough for the grain of dust to be completely disintegrated and ion-

ized in addition to creating a micro crater. Furthermore, the same out-

come occurs, and that is the formation of an expanding plasma cloud

in the crater vicinity.

The most important result of the collision is the formation of a

plasma cloud. Charge from the cloud affects the equilibrium poten-

tials of the antennas and probe body. Similarly to conventional ioniza-

tion impact instruments (such as the dust detectors mentioned earlier),

some of the charge created by the plasma cloud is collected by the tar-

get. Consequently, an electrical pulse is created whose duration is re-

lated to the perturbation and to the response of the impacted surface.

Such electrical pulses are strongly in�uenced by the characteristics of

the impact grain, as well as by the spacecraft's charge. The most im-
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portant characteristics of the dust grain in this process are their mass

m and speed V. Overall, free charge produced, Q, can be described by

the empirical relation

Q[C] ' �m � V 
 , (9)

given by McDonnell, 1978. The parameters� , � , and 
 are determined

by the velocity of the impact particle, the composition of the target and

the particle, as well as the impact geometry. According to McBride

and McDonnell, 1999 it is possible to estimate these parameters, for

impacts on aluminum, as follows:

Q[C] ' 0.7mV3.5 , (10)

where m[kg] and V[kms- 1]. A recent experiment conducted by Col-

lette et al., 2014 on the effect of hypervelocity on materials relevant

to the STEREO spacecraft, supported the estimation. The experiment

showed that, the selection of spacecraft material does not substantially

in�uence charge yield at Vimpact ' 10kms- 1 and may only affect it

within a factor of 2–5 at Vimpact > 50kms- 1 . It is commonly assumed

that 
 � 3.5, which is suitable for STEREO probe as well.

Charged particles from the impact cloud can be re-collected by the

spacecraft or escape to free space, determined by the surface potential

of the spacecraft. In the solar wind, spacecraft are usually positively

charged due to the strong photoelectron current they emit because

of their exposition to the Sun's UV radiation. As a result, it is likely

that the spacecraft attracts electrons while repelling positive ions from

the impact-produced cloud. A change in the spacecraft potential am-

plitude � Vsc � Q=Csc is produced by the recollection of total charge

Q from the cloud by the spacecraft's surface of capacitance Csc. Elec-

tric �eld radio instruments can be operated as a monopole, where

the voltage difference between an antenna boom and the spacecraft

body is measured, or a dipole, where the voltage difference between
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two antenna booms is measured. It has been noted that the ampli-

tude of the generated voltage pulse measured by monopole anten-

nas is signi�cantly larger than that measured by the dipole antennas

(Meyer-Vernet, 1985; Meyer-Vernet et al., 2014). The low sensitivity of

the dipole came from the fact that it is essentially the spacecraft poten-

tial that is varying while the antenna's one stays roughly constant.

Recent advances in the performance of radio detectors have allowed

us to gain an improved understanding of the mechanisms that gen-

erate voltage pulses. Missions such as Wind (Bougeret et al., 1995),

Cassini (Gurnett et al., 2004), or STEREO (Bougeret et al.,2008) have

provided us a large number of electric waveforms that are direct char-

acteristic of dust impacts. As a result of the large amount of available

data, more sophisticated physical mechanisms have been suggested.

Zaslavsky, 2015proposed a description of the response of a spacecraft

to the collection of electric charges generated after the hypervelocity

impact of a dust grain. He attributed voltage signals to electron col-

lection, but was unable to explain the observed rise time of signals.

Meyer-Vernet et al., 2017demonstrated that the electrostatic in�uence

of positive ions in the vicinity of the spacecraft needs to be considered

and that the positive charge timescale controls the pulse rise time. An

analysis of spacecraft charging processes in various plasma environ-

ments and an application to dust impacts on MMS is presented by

Lhotka et al., 2020. A few models have been developed on the basis

of the antenna signal generation processes in the laboratory. Collette

et al., 2015identi�ed three mechanisms for signal generation: induced

charging, antenna charging, and spacecraft charging. According to the

O'Shea et al., 2017 numerical analysis, the antennas can only collect

charge from impacts that occur in close proximity to the antenna base.

Recently, Shen et al.,2021developed a detailed electrostatic model for

a generation of antenna signals, applicable to waveforms measured in

the laboratory using a dust accelerator, but neglected the plasma effect.
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In this thesis, we will present a model, which, for the �rst time, takes

into account all the effects of charge collection by the spacecraft and

electrostatic in�uence from charges in its vicinity. We also compared

the present model to the previously used model. This study was pub-

lished in Rackovic Babic et al., 2022 (see Article A). Main results of

this work and large part of the text was transposed from the paper in

the following Chapter 3.





3
M O D E L F O R D U S T I M PA C T V O LTA G E S I G N A L S ,

A P P L I C AT I O N T O S / WAV E S D ATA

This chapter is based on the paper from Rackovic Babic et al., 2022

( Article A). We will make an overview of the main theoretical work

included in this paper. We will also present the application to STEREO

data and put some additional results.

As already mentioned, dust impacts on spacecraft produce measur-

able electrical signals. Such transient voltage signals are generated by

the expanding plasma cloud after impact ionization. The antenna in-

struments can measure these voltage signals that provide information

about dust particles. Through photoelectron emission and the collec-

tion of electrons and ions from the ambient plasma, the antenna and

spacecraft acquire equilibrium potentials in space. Depending on the

relative magnitudes of the charging currents, the equilibrium poten-

tial may be positive or negative. Naturally, the equilibrium potential

affects the expansion of the impact ionization plasma cloud. Dust

impact produce transient perturbations of this equilibrium potential,

which then relax back to their equilibrium values over time scales

which are characteristic of the environment. It is of great importance

developing models of how signals are generated to be able to link ob-

served electric signals to the physical properties of the impacting dust.

The obtained parameters from �tting the model to measured wave-

forms can provide information on dust particles and characteristics of

impact-generated plasma cloud, as well as characteristics of the ambi-

ent plasma environment. Several models have attempted to describe

the physical mechanisms leading to the generation of voltage signals

27
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measured by antennas. We will �rst introduce the evolution of physi-

cal models and then present our model that takes impact – ionization

– charge collection and electrostatic – in�uence effects into account.

Gurnett et al., 1983 assumed that a signi�cant fraction � of the

impact charge electrons is collected by the antennas with positive

equilibrium potentials. The voltage measured by the antenna is then

V = Q=Ca, assuming Ca is the capacitance of the antenna. In this case

the charge collected on the antenna is Q= � Qimpact . Aubier et al., 1983,

based on the observations during Saturn-Voyager 2 encounter, noticed

that the electrostatic noise on the antennas resulting from the passage

of electrons and ions near the antennas leads to order of magnitude

much lower than the observed values. The author explains this phe-

nomena by introducing the shot noise due to grain impacts. Namely,

they proposed that the detected shot noise is consequence of dust

grains impacting the spacecraft and/or antennas with velocity high

enough that the grains will be vaporized and ionized. Before impact,

the grain had a much lower charge than the one resulting from the im-

pact. The part of the charge will be subsequently collected by the target

(spacecraft body) with a small time constant. Therefore, this generates

a shot noise that is more intense than if the grains were not vaporized

and ionized. As a result of this approach, one can see the importance

of the spacecraft body in the impact ionization process. Additionally,

based on the observations from Voyager 2, Aubier et al., 1983showed

that dust impacts can also be detected as wide-band noise in the an-

tenna signals' power spectrum. Later, Gurnett et al., 1987examined the

collection of the impact charge by the spacecraft in the dipole con�gu-

ration, on the example of the Voyager 2 spacecraft. In this case, a small

fraction of the spacecraft voltage is measurable by the antennas, given

as V = 
 Qimpact=Csc, where Csc is the spacecraft capacitance, and
 is

the electronics coef�cient. Oberc, 1996expanded on these ideas and in-

clude sensing of the charge separation electric �eld as potential mech-
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anism s that can lead to the generation of voltage signals. According

to him, the antennas detect the electric �eld of the ion cloud during

the expansion of the impact plasma. Based on this model, the impact

plasma expands over time as it moves away from the impact area. Elec-

trons decouple from the plasma cloud during the expansion, leaving

behind a cloud of slower ions with a positive space charge potential on

the order of the electron temperature. As a result, the antennas detect

the separated electric �eld of the cloud. Moreover, Oberc, 1996noted

that the measured signals generated by antenna charging would also

strongly depend on the impact geometry, i.e., where the impact occurs

in relation to the antennas and the spacecraft. Signals generated by

spacecraft charging, however, would not be affected by impact geom-

etry. In addition, spacecraft charging is the dominant mechanism for

monopole antennas. Alternatively, for dipole antennas, the measured

signals come from differential charging and sensing the separated elec-

tric �elds. A �oating potential perturbation model was proposed by

Zaslavsky, 2015, based on data collected by the WAVES instrument

and monopole antennas. According to this model, both the spacecraft

and the antenna recollect some fraction of the impact plasma. The mea-

sured signal is the difference between the voltage perturbations on the

antenna and the spacecraft due to charge collection. The characteristic

shapes of the measured waveforms are determined by the different

discharge time constants through the ambient plasma corresponding

to the two elements. According to Meyer-Vernet et al., 2017, an ana-

lytical model can be used to calculate antenna signal rise times. It is

suggested that the electrons in the impact plasma acquire an isotropic

velocity distribution due to their high thermal speed. As a result, half

of the electrons move toward the spacecraft instead of away from it

after charge separation. In a review article by Mann et al., 2019 one

can �nd the description of the different approaches for antenna signal

generation processes.



30 model for dust impact voltage signals , application to s / waves data

3.1 modeling of the voltage pulse

As a next step, we will present a theoretical model for the generation

of voltage pulses caused by dust grains colliding with a spacecraft. The

proposed model is an extension of the work of Zaslavsky, 2015, which

gave a description, in the linear approximation, of the response of a

spacecraft (or an antenna) to the collection of electric charges gener-

ated after the hypervelocity impact of a dust grain. His model proved

its capability to reproduce most of STEREO's dust impact shapes, con-

�rming the electron collection as the main mechanism through which

voltage signals are produced. However, it was unable to explain the ob-

served rise time of the signals – of the order of some tens of microsec-

onds, despite a quick analysis of the electron dynamics, showing that

the collection time should be much smaller. This point, which was left

as a question mark in Zaslavsky, 2015, was explained by Meyer-Vernet

et al., 2017, who showed that the effect of electrostatic in�uence from

the positive ions in the vicinity of the spacecraft needs to be taken

into account. Indeed, the negative change in the spacecraft's potential

due to the collection of charges, - Q, from an initially neutral cloud

is almost exactly compensated for by the electrostatic in�uence from

the charges,+ Q, left unscreened in the close vicinity of the spacecraft.

Therefore, Meyer-Vernet et al., 2017) showed that the rise time of the

pulse is not controlled by the electron dynamics time scale but by the

positive charge time scale, that is, the time needed for the positive

charges to be screened by the photoelectrons or the ambient plasma

or to move far enough from the spacecraft for the in�uence effect to

become negligible and for the drop in the potential due to electron

collection to become apparent. Another consequence of the in�uence

effect, which was noted in the same paper, is the possible occurrence,

on very short time scales, of a precursor in the voltage pulse associ-

ated with the electron dynamics. Indeed, a fraction of the electrons
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escaping away from the spacecraft will leave some ion charge un-

screened, inducing a positive change in the spacecraft potential that

is not compensated by the collection of negative charges – resulting

in the observation of a short voltage pulse, on a typical time scale of

the electron dynamics. Mann et al., 2019summarized these processes

without providing quantitative analysis on the basis of a description

through “escaping currents.” In a nutshell, the charge conservation in

a volume V bounded by a surface S that includes the spacecraft is

dQ
dt

= -
ZZ

s
j � dS (11)

dQ
dt

= - Iout + I in = - Idust (t ) - Iph + I sw + ... (12)

Here Idust is the impact ionization charge leaving the volume V.

One takes for Idust whatever "dynamical" model, including electrons

and ions motions with their different time scales (described in Section

2.1 of Article A). Finally, Idust is the current leaving the surface S,

rather than the collection current (hence leading to the difference in

time scales with Zaslavsky, 2015).

3.1.1 Model for a signal generated by a dust impact on the spacecraft

This section provides a brief overview of our model. A detailed ex-

planation can be found in the rticle A, Section 2. The following para-

graphs will guide you through the ideas that led us to the �nal equa-

tion.

The potential of an element is a linear combination of the charge

carried by each of the elements. Considering the system composed

exclusively of the dust plasma cloud, of charge Qcloud and potential
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' cloud , and the spacecraft (indices sc), the linearity of the problem

translates into the existence of a matrix � such that

0

B
@

' cloud

' sc

1

C
A =

0

B
@

� cloud � cloud ,sc

� sc ,cloud � sc

1

C
A

0

B
@

Qcloud

Qsc

1

C
A . (13)

Here � is the inverse of the capacitance matrix, � = C- 1 , also

known as the elastance matrix. Since the size of the spacecraft is very

large with respect to the size of the dust cloud that in�uences it (so

its self capacity is much larger), the change in self-capacitance of the

spacecraft due to the presence of the cloud in its vicinity can be ne-

glected, thus

� sc ' C- 1
sc '

1
4�� 0Rsc

, (14)

where Csc is the spacecraft capacitance in a vacuum andRsc its typ-

ical size. This parameter is then a good approximation independent

of the position of the dust cloud concerning the spacecraft. The eval-

uation of � sc ,dust requires more exertion. The evaluation offered by

Jackson,1962, which assumes the dust cloud is a point charge, and

the spacecraft is a sphere, neglects many factors. Especially the fact

that the dust-spacecraft interaction does not occur in a vacuum, and

that the interaction potential is screened by the photoelectron sheath.

Hence, we chose to model the mutual elastance,� sc ,cloud , by

� sc ,cloud (r) =
1

Csc
F(r), (15)

where F(r) is a decreasing function (with a typical length scale, � ph ,

the screening length of the photoelectron sheath), with limiting values

of 1 for r ! 0 and 0 for r ! 1 . Evidently, there are many options

available, though we decide to choose

F(r) = exp(- r=� ph ). (16)
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With our model for electrostatic in�uence, we can study the effects

of a transient as a dust impact on the SC potential. In order to do this,

we use Eq. (13) to write the derivative of the spacecraft potential,

d' sc

dt
= � sc

dQsc

dt
+

d
dt

(� sc ,cloud Qcloud ) . (17)

The �rst term of the right-hand side in this equation corresponds ex-

actly to what was solved in the paper by Zaslavsky, 2015. The second

term of the right-hand side of the equation was not taken into account

in this paper. However, it contains the description of the effects of elec-

trostatic in�uence.

The solution of Eq. (17) can be obtained by linearizing the expres-

sion for the currents around the equilibrium value, ' sc ,eq , of the po-

tential, as was done in Zaslavsky, 2015. The potential perturbation,

�' sc = ' sc - ' sc ,eq , is then found to evolve according to the �rst-

order linear differential equation

d
dt

�' sc +
1

� sc
�' sc =

1
Csc

�
I collected +

d
dt

[F(r(t ))Qcloud (t )]
�

, (18)

where � sc is the linear relaxation time of the spacecraft potential

� sc =
Csc Tph

eneveSsc
, (19)

with Tph the photoelectron sheath temperature expressed in elec-

tronvolts, ne the local plasma electron density, ve =
p

kTe=2�m e the

electron mean velocity divided by 4, with k the Boltzmann's constant,

e the electron charge and me the electron mass, respectively. Te the

local plasma electron temperature and Ssc the spacecraft conductive

surface in contact with the surrounding plasma. The solution of Eq.

(18), assuming the spacecraft is in equilibrium with the surrounding

plasma when t ! - 1 , is
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�' sc (t ) =
1

Csc
e- t=� sc

Zt

- 1

�
I collected (t 0) +

d
dt 0

�
F(r(t 0))Qcloud (t 0)

�
�

et 0=� sc dt 0.

(20)

This expression can be used in a pretty general manner to model the

shape of the pulse – as long as the linear assumption is ful�lled, which

is the case for the large majority of the impacts recorded.

We aim to make a simple model, depending on only a few parame-

ters. The model that is adapted to a �tting of massive spacecraft data

sets. Several assumptions were implemented in order to accomplish

our goal. We implemented the simple assumption that the ions are

streaming out of the spacecraft surface with a constant velocity, v, and

that the motion of the electrons occurs fast enough that it can be con-

sidered as instantaneous. We also consider the possibility that the pho-

toelectrons in the sheath neutralize the ion cloud, since this effect was

shown to be important by Meyer-Vernet et al., 2017. For the function F

– which is proportional to the mutual elastance of the cloud-spacecraft

system, we use the exponential model Eq. (16) with a cutoff length

� ph on the order of the photoelectron sheath Debye length. Since we

consider ions streaming freely out of the spacecraft, the spacecraft-ion

cloud distance is given by r(t ) = vt , with v a constant. Therefore, the

term accounting for electrostatic in�uence reads

d
dt

(F(r(t ))Qcloud (t )) =
�

dQcloud

dt
+

1
� d

Qcloud

�
e- t=� d , (21)

where � d = � ph =v is the ion cloud dynamics time scale, characteris-

tic of its transit time (or expansion time) in the photoelectron sheath.

Now one must model the effects related to the motion of the cloud's

electrons. For this, we use the following equation, which expresses the

change in the cloud's charge due to currents of electrons from it and
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the neutralization of the cloud by the photoelectrons on a typical time

scale� ph :

d
dt

Qcloud +
1

� ph
Qcloud = - I collected (t ) - Iescaped (t ), (22)

where Iescaped is the current of charges escaping away from the space-

craft.

The assumption that the escape and collection of the electrons is

instantaneous (the "massless electron assumption") translates into the

following expressions for the currents

I collected (t ) = -( 1 - � )Q� (t ), Iescaped (t ) = - �Q� (t ), (23)

where Q > 0 is the total amount of free charges released in the impact

ionization process, � is the fraction of electrons escaping away from

the spacecraft, and � (t ) is the Dirac's delta function. It is then clear

that one must have, from the Eq. (22),

Qcloud (t ) = e- t=� ph

Zt

- 1

�
- I collected (t 0) - Iescaped (t 0)

�
et 0=� ph dt 0

= Qe- t=� ph H(t ),

(24)

where H(t ) is Heaviside's step function.

All the source terms appearing in the right-hand side of Eq. ( 20)

have now been given by an explicit expression, and it is straightfor-

ward to compute the integral. The potential perturbation obtained is

�' sc (t ) =
�

�Q
Csc

e- t=� sc -
Q

Csc

1
1 - � i =� sc

�
e- t=� sc - e- t=� i

� �
H(t ).

(25)

where � i = � d � ph =(� d + � ph ) is the characteristic rise time of the pulse.

It is on the order of the smaller of the ion characteristic time scale, � d ,
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and the time, � ph , for the cloud to collect enough ambient photoelec-

trons to be able to shield its charge, Q (Meyer-Vernet et al., 2017).

The shape of this time pro�le is comparable to that of the dust signal

(see Fig1. Article A). The next step is to test the model's reliability. To

accomplish this, we will use the S/WAVES data.

3.2 stereo / waves time domain sampler data

We performed an analysis of dust grain impacts from both of the

STEREO satellites in order to validate the proposed model's relia-

bility. STEREO (Solar TErrestrial RElation Observatory) is a NASA

mission that was launched in 2006. The primary objective of the mis-

sion is to study coronal mass ejections. STEREO is composed of two

twin spacecraft orbiting the Sun at approximately 1 AU, one follow-

ing the Earth (STEREO B) and one leading (STEREO A). Data from

S/WAVES radio receivers has proven to be very valuable for studying

dust (Meyer-Vernet et al., 2009; Zaslavsky et al., 2012). The S/WAVES

radio instrument is constituted by three orthogonal 6 m long anten-

nas connected to a sensitive radio receiver. The antennas are operated

in a monopole mode. The instrument can perform observations in

the frequency range 2.5 KHz to 17 MHz (Bale et al., 2008; Bougeret

et al., 2008). The Time Domain Sampler (TDS) is a subsystem of the

S/WAVES instrument that generates high-cadence time series of volt-

age pulses for each monopole. The TDS subsystem quickly and con-

tinuously samples the voltage on the antennas and simultaneously

records the results via four channels (Bougeret et al., 2008). Each of the

three S/WAVES monopole antennas is connected to the input channel

of its own. The fourth channel is connected to a pseudo-dipole ob-

tained from the analog difference between two monopoles and is of

no signi�cance for our data analysis. As part of our work, we use TDS
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Figure 7: An example of a voltage impulse recognized as dust impact de-

tected by the TDS on-board STEREO.

Image Credit: Rackovic Babic et al., 2022

data to examine how voltage changes occur when dust grains impact

the spacecraft.

Two TDS data sets are available: (1) the TDSmax data give the maxi-

mum amplitude or peak signal detected on the antennas each minute;

and (2) the TDS Events data set provides complete voltage time se-

ries captured by the instrument with a sampling rate of a few � s (Za-

slavsky et al., 2012). The TDS Events data set will be used in this Sec-

tion. The TDSmax data set will be introduced and used later, in Section

4. Measurements can be conducted in several modes with different

time resolution and total event duration. For our study snapshots with

a time resolution of 4 or 8 ms (which constitute the vast majority of

the signals) are used. They correspond to snapshot durations of 65 ms

and 130ms. Signals with a high amplitude are automatically selected

for telemetry out of a continuously recorded waveform. Analysing the

electrical waveforms of the TDS Events one can reveal that they con-
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tain a variety of signals with distinctly different shapes. The observed

signals include variations in electric potential due to inhomogeneities

of local plasma density. Panels a–c of Figure 2 in the Article A illus-

trate some of the types of signals present in the data: plasma waves

oscillating at the local plasma frequency (Langmuir waves), plasma

waves around the local cyclotron frequency, and low-frequency den-

sity �uctuation. The impact of energetic particles such as protons and

electrons from the Solar System or coming from galactic origin can

also produce an electric �eld signal. All these signals are well known

and have been the subject of many works (e.g, Kellogg et al., 1996,

Bale et al., 1998, Henri et al., 2011, Malaspina et al., 2011). Figure 7

shows a signal of characteristic shape recognized as a dust impact sig-

nal (Zaslavsky et al., 2012). This signal is characterized by an abrupt

increase in voltage followed by a rapid relaxation to equilibrium po-

tential. There are two distinct types of these signals: a strong peak

detected by one monopole or a similarly shaped signal appearing si-

multaneously on all three antennas. Our study is focused on signals

almost simultaneously generated on all three antennas.

3.2.1 Survey of TDS dust data

The TDS waveform sampler on-board both STEREO satellites has ob-

served a large number of voltage pulses interpreted as dust impact

signatures since the launch of the mission. We examines TDS events

recorded from 2007to 2018for STEREO A and from 2007to 2015for

STEREO B. As already mentioned, the data set contains snapshots of a

wide variety of phenomena. Therefore, we needed to �nd a way to au-

tomatically identify only very sharp and impulsive events, recognized

as dust events, in between all those other varieties of occurrences.
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We intended to collect a large number of data for our work. In or-

der to detect dust signals on all monopoles simultaneously, a �rst step

was to �nd a way to perform automatically detection. It is necessary

to de�ne the range of signal amplitudes generated under the in�uence

of the dust. In order to avoid signals which involve saturation of the

instrument, the upper limit amplitude of the signal is 175 mV. The

lower limit is at 15 mV, so that we can clearly distinguish the charac-

teristic peak. We know that only dust and some waves produce the

signal with the same order of magnitude on all three antennas. If we

take into consideration only signal from two monopoles, one can see

that majority of dust events are located inside the ellipse (Fig. 3 from

Article A). If we add a third antenna signal, we can presume that the

dust events simultaneously by each monopole will be inside the cone.

We select all data in a cone of aperture � = 17� . In parallel with dust

events, we have also detected Langmuir waves with a corresponding

amplitude. Insofar as we limit the signal to just two points at an in-

tersection of one-third of the height of the maximum amplitude, we

eliminate all Langmuir waves from our obtained dust database. An

auto-detection algorithm that meets all the above criteria was tested

using three months of observations over which several dozen mea-

surements of dust impacts were made. As a result, dust-related events

were found to be detected with high accuracy by this approach. Then

we applied our algorithm to the entire TDS Events data set.

We have gathered all dust events measured on all three monopoles

simultaneously with maximum amplitudes between 15 and 175 mV

from the TDS Events data set in 2007–2018to create a single database.

We will take a brief look at the data base obtained. Our earlier state-

ment stated that we were searching for signals with characteristic

shapes appearing almost simultaneously on all three monopoles. Nev-

ertheless, the obtained data base can be categorized into several groups

based on their characteristics. As shown in Figure 8, these events can



40 model for dust impact voltage signals , application to s / waves data

Figure 8: Main categories of dust impact signal obtained by S/WAVES/TDS:

(a) All three monopoles obtained the same typical signal shape (see

Figure 7), (b) Typical signal shape with prominent precursor ( 6 -3

mV), (c) one of the signals is inverted, and (d) all signal are inverted.

be categorized into four main categories. A typical dust waveform

looks exactly like those shown in Figure 8 panels a) and b). Obser-

vations of these signals indicate that particles from outer space and

interstellar space have impacted the spacecraft body (Zaslavsky et al.,

2012). 94% of detected events have this shape, according to our statis-

tics. Further analysis does not take into account events represented

on panels c) and d) respectively. The signal shapes presented in these

panels are quite intriguing, and it would be interesting to understand

how they are formed, but for the purpose of validating our model, we

will continue with the typical ones.

The resulting database contains 116544events, 76086 on STEREO

A and 40458on STEREO B. In order to check the validity of the pro-

posed theoretical model presented in the Article A, a statistical analy-

sis based on the events in the database was conducted. Due to the fact

that each impact creates a pulse on each of the three monopoles, there
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Figure 9: Effect of calibration; the blue line represents raw data and the red

line is the signal after calibration.

are 349632individual pulses.

One more step was needed before we could declare the data base

complete and prepared for its �nal purpose, which would be to val-

idate our model. Based on the typical dust shape shown in Figure 7,

the most prominent parts are the pre-shoot, when amplitude drops

before the central peak, followed by the main peak, and the overshoot

(more or less prominent), when amplitude drops after the central peak.

Overshoot amplitude is a subject of debate when it comes to dust sig-

nal modeling. The question arises whether it is due to the antenna's

role in the charge collecting process or arti�cially caused by the instru-

ment. It has been known that the electronic response to a sharp pulse

can produce an arti�cial overshoot. In the case of the S/WAVES signal,

a low-pass �lter is used to prevent aliasing by matching the sampling

channel. According to Bougeret et al., 2008, anti-aliasing low-pass �l-

ters are set up at the entrance of each sampling channel. Depending

on the time resolution of the sample, low-pass �lters can be either 108

kHz or 54 kHz (Bougeret et al., 2008). If the implementation of such

�lters caused this effect, we expected to resolve it by deconvolving the

signal with an inverse low-pass �lter. The inverse low-pass �lter was,

naturally, chosen in accordance with the sampling channel currently
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being used (Bougeret et al., 2008). Thus, we deconvolved all the data

from the data base. The FFT (a fast Fourier transform ) values of the

�lters used to deconvolve were provided by Moustapha Dekkali and

Pierre-Luc Astier for the electronic team in LESIA. Some overshoots

persist even after the correction, while there are others that disappear

completely. Figure 9 shows the pre – and post – deconvolution shape

of a signal. As shown in the example, the overshoot disappeared while

other prominent amplitudes remained almost unchanged. The exam-

ple above is ideal, but not always the case. Some overshoots remain

even after the correction. It is therefore likely that the remaining over-

shoots are not arti�cial, or at least not completely, but rather due to

the charges of the monopoles themselves (Zaslavsky,2015). Still, this

effect is dif�cult to quantify reliably since the correction by the �lter

can be quite sensitive to the phase calibration of the �lters. Neverthe-

less, in the present study, the variation in the antenna's potential was

not taken into account.

3.3 analysis of individual impacts

We developed a simple model that relies on a few parameters and is

adapted to the robust �tting of the large amount of data provided by

radio instruments such as S/WAVES. In order to test model reliability,

we used our STEREO dataset presented above. Finally, we �tted all

data from our data base with the Levenberg-Marquardt least-squares

minimization method using Eq. 25. As discussed in Section 2 of Arti-

cle A, we expect that the time required for the spacecraft to return to

equilibrium is signi�cantly longer than the ion characteristic time scale

(i.e., � sc > � i ). We removed any event that does not meet this condi-

tion; consequently, from the initial 349632events, we kept about 70%

of the events. There are several interesting results that we obtained
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Figure 10: Histogram of the parameter � sc . The green section on the his-

togram indicates the extreme values of the parameter calculated

from Eq. (19) (see text for details). Around 80% of the obtained

values for � sc are inside the green section. The dashed vertical

line represents the most probable obtained value for the parame-

ter, � sc � 190 � s. The median value of the distribution is 270 � s.

Image Credit:Rackovic Babic et al., 2022

from this simple model, which was developed to �t typical signals

rather than complicated signals. For these particular cases, numerical

simulations, including a more complex spacecraft model, would be

adapted (e.g. Shen et al.,2021), but these simulations are not suitable

for massive �tting. In summary, through the four free �tting parame-

ters S/WAVES signals will be statistically analyzed in the following.

3.3.1 Linear relaxation timescale

Figure 10shows a histogram of the parameter � sc , which describes the

discharge time scale of the spacecraft through the exchange of charges
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with the solar wind and the photoelectron emission from the space-

craft. The histogram contains all the values for the � sc parameter that

were obtained for each monopole.

The linear relaxation time of a spacecraft is given by Eq. (19) in

Sect.2.3. One can see that� sc depends on the geometry of the space-

craft (through its surfaces), as well as on the local plasma and photo-

electron parameters. It can be evaluated as follows: STEREO satellites

orbit at 1AU, where, typically, ne ' [1 - 10] cm- 3 and Te � 10 eV

(Issautier et al., 2005). Spacecraft parameters are, as an order of magni-

tude, Csc ' 200 pF, Ssc ' 10 m2 , and the photoelectron temperature

is typically Tph ' 3 eV. On the basis of these parameters, one can esti-

mate the relaxation time for STEREO, � sc � 100- 430 � s. These limits

are represented by the green-shaded area in Fig.10. One can see that

the distribution of the observed relaxation times peaks roughly in the

middle of the green area and that most of the data ( � 80%) fall within

the expected range. The most probable value and median observed

values are 190 � s and 270 � s, respectively. This quite unambiguously

shows that, consistent with the standard interpretation, the decay time

of the pulses can be identi�ed with the relaxation time of the space-

craft through the exchange of charges with the surrounding plasma

after the spacecraft body has collected a certain amount of charge.

3.3.2 Ion characteristic timescale

Figure 11 presents a histogram of the ion dynamics timescale parame-

ters, � i . The vast majority of the obtained values for parameter � i are

smaller than 100 � s. As noted in Section 2.2 in Article A, this charac-

teristic ion timescale, � i , is the smallest of the quantities � ph =v and the

time for the cloud's ions to collect enough ambient photoelectrons to
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Figure 11: Histogram of the parameter � i . The yellow section includes all the

obtained values below 100 �s (the threshold for the � sc ). More

than 80% of the obtained � i is inside the yellow section. The ver-

tical dashed line represents the most probable obtained value for

the parameter, � i � 18 � s.

Image Credit:Rackovic Babic et al., 2022
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be shielded by them, as estimated by Meyer-Vernet et al., 2017. Using

Eqs. (11) and (4) of that paper, the latter can be simpli�ed into

� ph '
�
3Q=2�I ph0

� 1=3 =v2=3 , (26)

where Iph0 is the spacecraft photoelectron current at zero potential.

Assuming Iph0 ' 20 µA/m 2 (which yields � ph ' 0.9 m), we deduce

from the most commonly observed value � i = 18 � s (Fig. 11) with

the average charge Q' 40 pC, the cloud's propagation and expansion

speed to be v ' 13 km.s- 1. This result depends weakly on the badly

known photoelectron current and is consistent with our estimate that

� i ' � ph since the most commonly observed value of � i is much

smaller than � ph =V ( � ph =V � 102 �s according to Meyer-Vernet et al.,

2017).

These values can be compared with reasonable agreement to mea-

surements from laboratory experiments and numerical simulations.

For instance, our results match those of Lee et al.,2012, who measured

the ion expansion speed in laboratory experiments and found v > 10

km.s- 1 . According to their results, plasma detection occurred most of-

ten from impacts on positively charged targets (such as STEREO). In

contrast, detection rates for negatively charged and unbiased targets

varied depending on the material. Based on multi-physics simulations

of plasma production from hypervelocity impacts, Fletcher et al., 2015

reported a similar range of values.

3.3.3 Electron collection

The value of total charge, Q, is derived from the parameter A �

�Q=C sc , which is obtained through the �tting. It should be noted that

the value of A obtained on each monopole differs a bit (probably be-

cause of the in�uence effect on the monopoles, which is neglected in
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Figure 12: Total charge calculated from Qestimate = Csc� Vmax=� as a function

of the total charge, Q, obtained from �tting parameter A (Eq. 17

from Article A). The binwidth is 5 pC, and the value of the slope

is 1.63� 0.01. The error bars show the standard deviation of the

distribution of Q in each bin.

Image Credit:Rackovic Babic et al., 2022
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this thesis). However, since the total amount of charge released during

an impact must be the same for all monopoles, we de�ned the total

charge as the mean of the values obtained by �tting each monopole

separately. For both STEREO spacecraft we used values for the space-

craft capacitance of Csc = 200pF, and for the antenna-spacecraft cou-

pling � ' 0.5 (Bale et al.,2008). As can be seen in the Figure12, values

of Q lie within the range 8 - 120pC.

The link between the total charge generated Q, and both the mass,

m, and velocity, V, of the impacting dust particles with respect to

the spacecraft was studied recently using hypervelocity impact ex-

periments on materials relevant to STEREO satellites (Collette et al.,

2014). In the case of impacts on the thermal coating that covers most

of the spacecraft, the result obtained is Q[C] ' 1.7 � 10- 3 m[kg]V4.7
[km.s- 1] .

Based on this relationship, we can, by assuming a typical velocity for

the impacts, translate the charge scale into a mass scale. For particles

orbiting at Keplerian speeds, we can assume a typical impact velocity

of 30 km.s- 1; the obtained mass range is then 20- 340� 10- 17 kg,

which corresponds to the size interval 2 – 5 � m (we assume a mass

density � = 2.5 g.cm- 3 ). On the other hand, it has appeared that the

�uxes observed on several spacecraft, including STEREO (Zaslavsky

et al., 2012), but also Parker Solar Probe (Pusack et al.,2021) and Solar

Orbiter (Zaslavsky et al., 2021), are dominated by impacts from a pop-

ulation of dust particles produced close to the Sun and pushed away

along hyperbolic orbits by the radiation pressure, the � meteoroids.

The velocity of these particles at 1 AU depends quite importantly on

their origin and composition, through the value of the � parameter

equal to the ratio of the radiation pressure force to the gravitational

force on the dust grain. For dust of asteroidal origins, an order of mag-

nitude of the velocity at 1 AU is 80 km.s- 1 (Wilck and Mann, 1996).

Using this value we obtain masses and sizes ranging from 0.4 to 6

� 10- 17 kg, and from 0.07 to 0.17 � m, respectively, which is compara-
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ble to the masses and sizes of grains detected on the cited missions.

Figure 12shows the total charge, Q, obtained through the �tting pro-

cedure, as a function of the charge Qestimate estimated with the ap-

proximation Q estimate = Csc� Vmax=� – the formula that has been used

for several space missions (e.g., Zaslavsky et al.,2012) when wave-

form data are not available for each event. Figure 12 shows that this

rough estimate is very well correlated with the total charge, Q, de-

duced from �tting the waveform. The slope is 1.63� 0.01, with 0.8 the

factor of correlation. This high correlation justi�es the use of the for-

mula A � � Q=Csc when no precise waveform data are available. How-

ever, this study shows that this formula underestimates the charge by

around 30% (at 1 AU).

This underestimation has had some consequences on the estimation

of particle size, in previous studies (e.g., Zaslavsky et al., 2012). Since

we have seen that size is linked to Q by s / Q1=3 , we can estimate that

the size, s, must be underestimated by around 10% – which is quite

small given all the other sources of uncertainties.

3.3.4 Electron escape

We �nally turn our attention to the electron escape current. Figure 13

shows value of the amount of charge escaping the spacecraft, � Q, as

a function of the estimated total cloud charge, Q. The standard devi-

ation shown as error bars gives an estimate of the width of the distri-

bution of escaped charge in each bin. For this �gure we choose only

events exhibiting a voltage precursor larger than 5 mV. Our database

contains about 20% of such events. Figure 14 shows the percentage of

events with precursor amplitude larger than the threshold concerning
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Figure 13: Escaping charge,� Q, as a function of the total charge released in

the cloud, Q. The points show the average of the values of � Q per

bins of values of Q. The binwidth is 10 pC. The error bars show

the standard deviation of the distribution of � Q in each bin.

Image Credit:Rackovic Babic et al., 2022

Figure 14: Histogram of the occurrence of events with precursor amplitude

larger than 5mV with respect to the total charge amount. The error

bars show the standard deviation of the distribution. The binwidth

is 12 pC.

Image Credit:Rackovic Babic et al., 2022
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the total charge amount Q.

Figure 13 shows that both are almost linearly correlated (at least up

to 70pC), implying that the fraction of escaping charge, � , is almost

a constant. The slope of the curve, obtained by linear regression, pro-

vides a value of � = 0.085� 0.004, where the uncertainty correspond

to a 95% con�dence interval on the value of the slope.

To our knowledge, this is a novel result. It shows that, on average

and pretty much independently of the total amount of charge in the

cloud, around 8% of this charge escapes the spacecraft. Naturally, this

is a case when some charge escapes at all (Figure14 shows that there

is no precursor in the majority of the cases). This offers, for instance, a

way to evaluate at least an order of magnitude of the amount of charge

released during an impact that saturates the instrument if a precursor

is associated with this event.

This result has a further interesting consequence. It enables us to

estimate the temperature of the impact-produced electrons as follows.

Roughly half of such electrons are expected to move toward the space-

craft initially and recollected, provided the spacecraft potential is posi-

tive. Among the other half (those initially moving outward), only those

with an energy (in eV) exceeding the spacecraft potential, ' sc , will es-

cape. Assuming a Maxwellian distribution of temperature T (in eV),

this yields

� = 0.5e- ' sc =T . (27)

With � ' 0.08 and ' sc = 5 V, we obtain T = 2.7 eV. This result is close

to the value T = 2.5 eV found by Fletcher et al., 2015and to all the pre-

vious estimates, which indicated that the impact electron temperature

is a few eV.
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Recently, impulsive magnetic signals have been detected by search

coils associated with very large amplitude (saturating) signals on the

monopoles of Parker Solar Probe and Solar Orbiter (T. Dudok de Wit,

M. Kretzschmar, private communication). Such signals are likely pro-

duced by the current generated by electrons escaping from the space-

craft. In this context, our measurement takes on a supplementary in-

terest since it helps us to evaluate the escaping current from the ampli-

tude of the pre-shoot. Indeed, one must have Iescape � �Q=� e , where

� e is the timescale associated with the electron dynamics. As discussed

previously, this time scale has been neglected (� e � 0) in the present

study. This was justi�ed by the fact that in nearly every case the rise

time of the voltage precursor is not time-resolved by the TDS instru-

ment, even when it is functioning at it highest time resolution of 4 � s.

Therefore, this time resolution can be safely considered as a higher

limit on � e , and one can evaluate

Iescape>
�Q

4 � 10- 6 . (28)

The amplitude of the magnetic pulses must be on the order of

�B � � 0 Iescape =2�R, with R the average distance between the out-

�owing electrons and the magnetic probe. We can then expect the am-

plitude of the magnetic pulse to be linearly related to the amplitude of

the voltage precursor. Checking the linearity of this relation on a sta-

tistically relevant set of observed magnetic pulses would provide an

interesting test for the hypothesis that the magnetic pulses are indeed

produced by the current of escaping electrons.

Moreover, one can use the value of the parameter � derived from

our observations to estimate the size of the dust that produce mag-

netic pulses. For instance, an escaping current that produces a mag-

netic pulse of amplitude Bobs � 0.5 nT, taking for R a value typical of

the spacecraft size,� 1 m, should be Iescape � 2�R sc Bobs =� 0 � 3 mA.

Now assuming that the value of � stays constant � 0.08 even for large
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values of Q, this current would correspond to a total impact charge

of Q � Iescape � e=� � 100 nC. For impact speeds of 50 – 100 km.s- 1

(relevant for Solar Orbiter and Parker Solar Probe; cf. Page et al.,2020),

this would give masses of m � 10- 14 kg or sizes of a few microns. This

is an interesting test for the hypothesis that the magnetic pulses are

indeed produced by the current of escaping electrons.
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Two primary populations of dust are known to exist at 1 AU, interplan-

etary dust and interstellar dust. Using S/WAVES, �uxes from both

populations close to 1 AU were measured (Meyer-Vernet et al., 2009;

Zaslavsky et al., 2012; Belheouane et al., 2012). Similar results were

obtained from the Wind/WAVES instrument (Malaspina et al., 2014).

Considering those outcomes, we expected to �nd similar results when

we analyzed the �rst measurements from the Solar Orbiter Radio and

Plasma Wave instrument (Article B). Our analyses indicates a �ux of

F� ' 1 - 6 � 10- 5m- 2s- 1 at 1 AU for the � - meteoroid, which is

similar (though slightly higher) to the one derived using S/WAVES by

Zaslavsky et al., 2012; Belheouane et al.,2012. However, interestingly,

one can note that if the presented data can be described well with a

�ux of � -meteoroids, it is found to be lacking, in comparison to the ob-

servations from STEREO (Zaslavsky et al., 2012) or Wind (Malaspina

et al., 2014), an observed �ux of interstellar dust (ISD). This lack of an

interstellar dust component in SO/RPW data, prompted us to investi-

gate further analysis.

Many authors (see e.g., Mor�ll and Grün, 1979, Grun et al., 1993,

Gustafson and Lederer, 1996, Mann et al., 2010) claim that the Lorentz-

force acts to repel or focus interstellar grains, depending upon the

magnetic �eld con�guration of the solar wind, and thus on the phase

of the solar cycle. In order to investigate this effect, a large time-scale

monitoring of ISD �ux would be necessary. This kind of monitoring

can be done with missions such as STEREO and Wind, which are both

55
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capable of detecting ISD �ux. For STEREO, the studies of Zaslavsky

et al., 2012; Belheouane et al., 2012, covered the period 2007–2010,

whereas for Wind Malaspina et al., 2014, studied the period 2006–2009.

The purpose of this chapter is to examine the long–term variations of

the ISD �ux over two solar cycles ( 23 and 24).

4.1 interstellar dust

Dust grains originating from the local interstellar medium and which

penetrate the heliosphere with a slight deviation thanks to the large

speed difference between the Sun and the interstellar cloud, are called

interstellar dust (Mann et al., 2010). A brief introduction of interstellar

dust is mentioned in Section 2.1. We will now discuss ISD in more

detail.

In the 1970's, data from dust instruments carried by some satellites

suggested that ISD grains could cross the heliospheric boundary and

penetrate deeply into the heliosphere (Bertaux and Blamont, 1976). In

1993, this was clearly demonstrated by the dust detector on the Ulysses

spacecraft. The Ulysses dust detector, which measures mass, speed,

and approach direction of the impacting grains, identi�ed ISD grains

with a radius above 0.1 �m sweeping through the heliosphere (Grun et

al., 1993). Based on the Ulysses in-situ dust measurements, ISD grain

motion in the solar system corresponds to the �ow of neutral inter-

stellar hydrogen and helium gas. Many studies demonstrated that gas

and dust travel at speeds of 26kms - 1 (Gruen et al., 1994; Baguhl et al.,

1995; Witte, 2004). In addition, the upstream direction of the dust �ow

lies at 259o ecliptic longitude and 8o latitude (Landgraf and Grün,

1998). The interstellar dust persists at high ecliptic latitudes above and

below the ecliptic plane and even over the poles of the Sun, compared

to the strongly depleted interplanetary dust at high latitudes (Grün
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et al., 1997). Grains with diameters ranging from 0.05 �m to above 1

�m were identi�ed by the Ulysses mission.

4.2 in situ dust impact detection

In this part of our work, we use data from two missions orbiting

at 1AU. We examine data from the WAVES electric �eld instrument

aboard the Wind spacecraft launched in 1994and from the WAVES in-

strument aboard the two twin STEREO satellites, A and B, launched in

2006. Our goal is to use the advantage of the long–term variations to

monitor the ISD �ux at 1 AU over different periods of the solar activity.

4.2.1 Wind/WAVES Observations

Wind is a spin-stabilized cylindrical satellite with a diameter of 2.4 m

and a height of 1.8 m launched in 1994. The electric �eld detectors of

the Wind/WAVES instrument are composed of three orthogonal elec-

tric �eld dipole antennas, two in the spin plane (spin plane differs

from the ecliptic plane by < 10) of the spacecraft and one along the

spin axis. The longer of the two spin plane antennas, de�ned as Ex ,

is approximately 100 meters tip-to-tip, while the shorter, de�ned as

Ey , is � 15 meters. Spin axis dipole, referred to as Ez , is roughly 12

meters in length. Note that the length of the Ex antenna was reduced

to 27 m after the �rst cut on August 3, 2000 and to 25 m after the

second cut on September 24, 2002. Dust impact is believed to have

caused the cutting of the antennas. The complete WAVES suite of in-

struments includes �ve total receivers, in the present work we use data

from Time Domain Sampler (TDS), which samples electric �eld data at

120 kHz, producing waveform capture of 2048points (Bougeret et al.,



58 variation of interstellar dust flux near 1 au

1995). High-amplitude signals from the longer antenna trigger an on

board algorithm that should telemeter signals from Ex and Ey dipole

to Earth.

Our study examines TDS events recorded from 1996to 2020. As ex-

pected, the data set contains snapshots of various phenomena. There-

fore, we had to �nd a way to identify only very sharp and impulsive

events, recognized as dust events, between all those other types of

occurrences. In order to clearly identify dust shapes, we set the thresh-

old to an amplitude j Vmax j > 6 mV. To determine only sharp spike

events, we included only events satisfying j Vmax j =RMS(V) > 6

(where RMS is the root mean square). In parallel with dust events,

we also detected Langmuir waves with a corresponding amplitude.

We removed Langmuir waves from the data by counting the number

of intersections with one-third the height of the maximum amplitude

and excluding all events with more than two intersections. An algo-

rithm that met the above criteria was �rst tested using six months

of observations in which several dozen dust impacts were detected.

The results showed that the algorithm was effective in detecting dust-

related events. It was then applied to the entire Wind TDS data set.

To create a single database, we gathered all dust events measured by

Wind from 1996-2020. Our derived database matches well with that of

Wilson, 2020.

Figure 15 shows the modulation of the impact rates with time. The

presence of the ISD manifests itself in a 1-year modulation of the �ux,

clearly visible from 2006 to 2012. However, we observed signi�cant

annual variations in the impact rate over different phases of the so-

lar cycles (colours in the Figure 15). These modulations motivate our

work. In the following sections, we will discuss these modulations and

connect them to the relation between ISD and solar cycle.
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Figure 15: Impact rate as a function of time since 1996 measured by Wind.

Each point corresponds to a 30-day time interval. Horizontal lines

correspond to time period of each year. Solar cycle phases are indi-

cated by colors (see Section4.3). Positive (negative) solar polarity

minima are indicated by + , - signs.
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4.2.2 STEREO/WAVES Observations

The STEREO mission was introduced in Section 3.2. The STEREO

mission consisted of two satellites, both equipped with a radio re-

ceiver. The Time Domain Sampler (TDS), a subsystem of the STERE-

O/WAVES instrument, generates high-cadence time series of voltage

pulses for each monopole. Two TDS data sets are available: the TDS-

max data gives the maximum amplitude of a peak signal detected on

the antennas every minute, while the TDS Events data set provides

complete voltage time series captured by the instrument with a sam-

pling rate of a few � s (Zaslavsky et al., 2012). Since event telemetering

back to Earth is dictated by the waveform amplitude, TDS events are

mostly recorded during the periods of highest values of the TDSmax.

As part of the current study, we use the TDSmax data set. It is suf�-

cient to record one signal per minute, since it is very unlikely that two

strong signals occur in the same minute.

In this study, we examined data for STEREO A from 2007 to 2021

and STEREO B from2007to 2015. We identify the positive signals be-

tween 15 mV and 170 mV . Due to the inability to verify the shape of

dust spikes from TDSmax data, we set the lower limit at 15 mV , as

we did in Section 3.2.1. The upper level of 170 mV is used to avoid

considering signals exceeding the saturation level of the instrument.

We also wanted the amplitudes to be roughly the same on all three an-

tennas. We proceed in a similar manner as described in Section 3.2.1

for the TDS Events dataset. We de�ne a cone that will only involve si-

multaneously occurring. Based on six months of observation data, we

developed an algorithm that meet the above criteria, and was effective

in detecting dust events. The algorithm was then applied to the entire

TDSmax data set.
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Figure 16: In panel a) one can see the dust impact rate as a function of time

for STEREO A from 2007to 2020. Panel b) depicts the dust impact

rate as a function of time for STEREO B from 2007 to beginning

2015, when the connection to the spacraft was lost. Each point

corresponds to a 30-day time interval. Horizontal lines correspond

to time period of each year. Colors indicate phases of the solar

cycle (see Section4.3). Positive (negative) solar polarity minima

are indicated by + , - signs.
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Figure 16 shows the evolution of impact rates over time for both

STEREO satellites. Impact rates as a function of time show a modula-

tion on an annual basis and across the entire data set. Both satellites

exhibit this modulation. Note that the data from STEREO only cover

solar cycle 24.

4.3 solar activity and interstellar dust

Even before 1993, when the Ulysses discovered an ISD signature, it

was predicted that the trajectories of ISD grains, once they enter the

solar system, are affected by gravitational forces, solar radiation pres-

sure, and Lorentz forces (see Section2.2). The density of ISDs in the

solar system is predicted to be affected by both their location as well

as their time, which corresponds to the solar cycle. Simulations of ISD

grain trajectories in the solar system provided useful results. Mor�ll

and Grün, 1979�rst modeled the trajectories of ISD particles, and con-

cluded that there are phases during the solar cycle where ISD are

focused towards the solar equatorial plane and phases where the ISD

are defocused from the solar equatorial plane. Since then, several mod-

els have been proposed (Landgraf, 2000; Sterken et al., 2012) that in-

clude three main forces : solar gravity, solar radiation pressure force,

and the Lorentz force, which affect the relative motion of charged par-

ticles as they traverse the interplanetary magnetic �eld (IMF). Ions

and electrons from the solar wind plasma are captured by ISD parti-

cles moving through the heliosphere. The UV radiation from the Sun

also causes the grains to emit electrons due to photo-ionization. There-

fore, the dust particles must be charged. Electron �uxes are much

higher than ion �uxes, and the amount of electrons emitted through

the photo-ionization is more than electron collection through the so-

lar wind plasma; thus, ISD particles will get positive charge. Both the

intensity of the solar UV radiation and solar wind plasma density
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decrease with increasing distance from the Sun as 1=r2 , so that this

charge remains largely constant (Horanyi, 1996).

The gravitational and radiational forces are equally dependent on

the heliocentric distance. The solar gravitation and solar radiation

pressure forces are combined into one “effective gravitation” term

(Landgraf, 1998), where � stands for the ratio of the radiation pressure

force to forces gravitational force. So the � -ratio (Eq. 8) is independent

of r and is a function of grain parameters (the grain chemical com-

position, the grain material density, the grain radius, and the grain

shape). The Lorentz force results from the interaction of the charged

dust particles with the interplanetary magnetic �eld. The IMF is mod-

eled following the Parker model (Parker, 1958), and the polarity of the

solar magnetic �eld is approximated by the dipole �eld of the Sun,

which switches polarity twice every 22 years. At the heliocentric dis-

tance r and latitude � , where Bo is the magnetic �eld at the source's

location ro , the IMF components are:

Br = Bo � (ro =r)- 2 ,B� = - Bo � ! cos(� ) � r2
o r - 1V- 1

w ,B� = 0, (29)

which correspond to, the radial, azimuthal, and the normal compo-

nent, respectively. Here, Bo is the magnetic �eld at the source's loca-

tion ro , ! represents the angular rotational speed of the Sun and is

equal to 2.7 � 10- 6 radian=s, and Vw the solar wind speed. Due to

the time-varying polarity of the IMF, depending on the solar activity,

the resulting Lorentz force is equivalent to a time-varying electric �eld

perpendicular to the equatorial plane of the Sun. Figure 17 display the

ratio of the Lorentz force to the "effective gravitation" as function of

particle size a and distance to the Sun r (Landgraf, 1998). Considering

the size range expected for ISD (Belheouane et al.,2012; Zaslavsky et

al., 2012), of approximately 0.17 �m and 0.35 �m (based on a mass den-

sity of 2.5 gcm - 3), the ratio of gravity and radiation pressure force is
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Figure 17: For several particle sizes and different distances from the Sun, the

Lorentz force is compared with "effective gravitation".

Image Credit: Landgraf, 1998

� 1 (Fig. 17). The Lorentz force takes over when gravity and radiation

pressure cancel each other. Therefore, solar activity plays a signi�cant

role in the trajectory of ISD particles.

The magnetic �eld con�guration of the Sun evolves with the 22

years cycle. Near the maximum phase of the solar activity, the mag-

netic �eld pattern becomes so complex that the �eld structure is re-

arranged with a reversed magnetic �eld-orientation, every 11 years.

The solar cycle consists of four phases: minimum, ascending, maxi-

mum, and declining phases, respectively. Figure 18 illustrates the four

phases of solar cycles21-24. Using sunspot numbers determined by

the National Geophysical Data Center ( ftp://ftp.ngdc.noaa.gov ), so-

lar cycle phases are established (see Getachew et al.,2017for details).

Considering that Wind was launched in 1994, this study will focuses

on solar cycles23and 24, more than 20years. STEREO covers the solar

cycle 24. Each phase is assigned a different color (Fig.15 and Fig. 16).
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Figure 18: Phases of solar cycles21 - 24 denoted by color. Monthly and 13 -

month running mean sunspot numbers are denoted by thin blue

and solid black lines. The + or - sign indicates the positive (nega-

tive) solar polarity minima.

Image Credit: Getachew et al., 2017

The solar cycle 23 begins with a defocusing magnetic �eld phase. The

maximum phase is between 2000-2003, and the magnetic �eld �ipped

in � 2003. As a result, we have a focusing magnetic structure. Solar

cycle 24 begins with a focusing phase that lasts until 2014, the end of

the maximum phase (2012-2014), when the magnetic �eld �ips. After

that, the Sun's magnetic �eld is in the defocusing phase.

We are interested in the variations of the ISD �ux during each of

these phases. It is possible to obtain the ISD �ux features not just dur-

ing focusing and defocusing magnetic �eld phases, but rather during

different phases of the solar activity. We will discuss these results in

this chapter.
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4.4 voltage pulses

Let us brie�y recall the mechanism through which voltage pulses are

thought to be produced. A dust grain collides with the spacecraft body

and expels from it some material, a portion of which is ionized. The

amount of free electric charge Q in the cloud of expelled material

strongly depends on the mass and relative velocity of the impacting

dust grain. The dependence has empirically been found to follow the

relation Eq. 9, where m is expressed in kg and V in the kms - 1 . Re-

garding the �tting parameters � , � , and 
 ; it is often found that � � 1,

so a simplifying linear relation between Q and m is often assumed

(Auer, 2001), the value of 
 is in the range of 2–4, with 
 = 3.5 com-

monly used, and � � 1 as suggested by McBride and McDonnell, 1999.

In Chapter 3, we described and developed the model based on the

assumption that electric antennas operating in monopole mode can

quite reliably deduce the amount of charge ( Q), released during an im-

pact due to the different dynamics of the electrons and the heavier pos-

itive charges in the expelled cloud of ionized matter. As electrons are

rapidly collected by (or repelled away from) the probe surface, depend-

ing on the spacecraft's charge, positive charges remain unscreened in

the vicinity of the spacecraft. The recollection of particles of the to-

tal charge Q by the spacecraft surface of capacitance,Csc , is expected

to produce a pulse with a maximum amplitude of �V sc � Q=Csc . In

monopole mode, the signal recorded is V(t ) = � (' ant (t ) - ' sc (t )) ,

where ' ant is the monopole antenna potential, ' sc spacecraft po-

tential, and � the gain factor of the antennas due to their capacitive

coupling with the base. Based on the assumption that ' ant is roughly

constant on the � ms time scale of the impact, one can directly relate

charge Q to the peak of the voltage pulse in the monopole mode by:

Q(m, V) '
Csc Vpeak

�
. (30)
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Moreover, Figure 12 shows the total charge, Q, obtained by the �tting

procedure (presented in the Chapter 3), as a function of the charge

Qestimate estimated with the approximation from the Eq. 30. Accord-

ing to the �gure, this rough estimate correlates well with the total

charge,Q, derived from �tting the waveform, with a correlation factor

of 0.8.

For STEREO, we use the capacitance of a perfectly conducting rect-

angular cuboid of dimensions 2.3m � 1.2m � 1.3m, which is about

200pF(Zaslavsky et al., 2012), with factor � � 0.5 as indicated by Bale

et al., 2008. Note that we only considered charges between 15mV and

170mV detected simultaneously by all three monopoles. It is appar-

ent from Eq. 10 that the mass scanned depends on the velocity of

the dust population considered, which we cannot determine indepen-

dently. Such events, detected simultaneously by all three monopoles,

are mainly caused by two groups of particles: the � –meteoroids, with

radial velocities of the order of 50- 80 kms- 1 , and interstellar dust

particles, with velocities of the order of � 26 kms- 1 . For � –particles

signal correspond to grains in the mass range 8� 10- 18 – 3� 10- 17 kg,

or equivalently to radius sizes 90nm � 0.14� m. For interstellar dust

particles, the mass range is 5 � 10- 17 – 5 � 10- 16 kg, or for radius

0.17- 0.36� m. It should be noted that the mass of the detected ISD

grains correlates with the ecliptic longitude of the spacecraft, so that

smaller grains are detected when the orbital velocity of the satellite

is antiparallel to the ISD velocity, i.e., larger grains are detected when

the orbital velocities are parallel. A fraction of the simultaneously pro-

duced pulses is generated by particles orbiting at 1AU at Keplerian

velocities (Zaslavsky et al., 2012). The average velocity of such par-

ticles is � 20 kms- 1 , meaning that they have a mass of 5 � 10- 16 –

5 � 10- 15 kg. As the cumulative mass �ux decreases with mass, this

component should be smaller than the one associated to � -meteoroids

and can be easily separated from the interstellar one using longitudi-
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nal modulation (see Section 4.5).

As can be seen, when operating in monopole mode, it is quite sim-

ple to link the charge, Q, produced by impact ionization to the mea-

sured peak of the voltage pulse. The main change induced by the im-

pact occurs in the spacecraft's surface potential, while antenna poten-

tial stays roughly constant. Dipole measurements, such as those from

Wind, which measure the variation of an antenna's potential relative to

another antenna, are therefore quite insensitive to this process. Thus,

in order for a signal to be observed in dipole mode, it must produce

a pulse of substantially larger amplitude on a particular antenna than

on the other arm of the dipole. In the case of Wind, Meyer-Vernet et al.,

2014suggested that pulses are produced by the electrostatic voltage in-

duced on the antennas by the impact produced positive ions after the

spacecraft has recollected the electrons. This mechanism agrees with

the voltage sign observed on Wind for interstellar grain impacts since

the antenna arm closer to the impact site will then measure a larger

positive voltage. Since the amplitude of the voltage pulse is dependent

not only on Q but also on the position of the impact relative to the an-

tennas, dipole measurements are more challenging to interpret. For

instance, an impact occurring at equidistance from two arms of the

dipole would produce a very small signal in dipole mode, even for an

important release of charge. Alternatively, an impact cloud expanding

near a particular dipole arm could produce a quite strong signal de-

spite a much lower charge release. An order of magnitude of such a

signal is (Meyer-Vernet et al., 2014) Vpeak � �Q= (4�� 0Lant ), assum-

ing only one arm of the dipole sees the whole unscreened charge Q,

on an antenna arm of physical length Lant in m. Therefore, in dipole

mode, the charge in the cloud can be linked to the peak voltage as

follows:

Q(m, V) '
4�� 0Lant Vpeak - dipole

�
, (31)
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where Lant ' 7.5m and � ' 0.4 for the Wind Ey dipole (Meyer-Vernet

et al., 2014). It is expected that a reduction in the length of Ex antenna

signi�cantly affects the produced signal, since antenna length plays a

signi�cant role in dipole mode.

4.5 flux of interstellar dust , analysis of wind and stereo

data

The number of dust hits per second on the spacecraft is roughly

Ns ' S� F(mmin , mmax), (32)

where S is the cross-sectional surface of the spacecraft, and F(mmin , mmax)

the �ux density of particles having a mass between m min and mmax. In

this case, mass intervals are de�ned by the voltage intervals (as men-

tioned in Section 4.4), and the �ux in the m - 2s- 1 is

F(mmin , mmax) ' Nday=(24� 3600� S), (33)

where N day is the number of dust detections per day. Figures 15and 16

show the dust impact rate as a function of time for Wind and STEREO

A and B, respectively. These �gures show that, in addition to the more-

or-less constant �ux, there is an additional �ux component varying

throughout the year. As we are aware that those modulations are asso-

ciated with ISDs, let's learn more about them.

Due to the fact that the measured �ux depends on impact velocity,

it can be expressed as F= N � V impact where N is the dust number

density and V impact the relative velocity of the spacecraft with respect

to the dust. The impact speed is V impact = V ISD - Vsc , where Vsc

is the speed of the probe (� 30kms- 1), and V ISD is the speed of the

grain. For impacts caused by � -meteorites (with quasi-radial velocity),
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Figure 19: An illustration of the velocities of the interstellar dust VISD , � -

meteorites V� , and spacecraft Vsc . The spacecraft is assumed to

be in a perfectly circular orbit. The observed ISD �ux is expected

to be greatest when the probe's orbital velocity about the Sun is an-

tiparallel to the ISD velocity, creating the highest relative velocity

between the probe and the ISD �ow. Conversely, when the probe

orbital velocity is parallel to the ISD velocity, the relative velocity

is lowest, and the �ux of measurable ISD should decrease.

the impact velocity is approximately
q

V2
sc + V2

� regardless of the po-

sitions of the probes in their orbits. Additionally, for interstellar dust,

this expression is only valid at the positions of the probes where their

longitudes are equal to the arrival longitude of the dust grain (see Fig-

ure 19).

Based on the composition of velocities (Figure 19), the total �ux of

dust grains measured by spacecraft at a given longitude, represents

the sum of the �ux of � -meteorites and that of interstellar dust (Za-

slavsky et al., 2012). Hence, expected impact rate is equal to:
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R = F� S

s

1+ (
VSC

V�
)2+

FISD S

s

1+ (
VSC

VISD
)2 - 2

VSC

VISD
sin (� - � ISD ), (34)

where � ISD is the ISD upstream direction. In this expression, the

�rst term comes from the composition of the � - meteoroid radial

velocity and the spacecraft velocity. The second term refers to the com-

position of the ISD velocity and the spacecraft velocity, taking into

consideration both the ecliptic longitude of the spacecraft, � , and the

ISD arrival ecliptic longitude, � ISD . This equation was used to �t �ux

from both STEREO probes and produced satisfactory results (see Bel-

heouane et al.,2012; Zaslavsky et al., 2012).

Since ISD �ows from the same direction as interstellar neutral gas,

one can determine the longitude and latitude of the ISD �ow. Ecliptic

longitude is � ISD ' 259� 20o , and latitude is ' ISD ' 8 � 10o , with

a velocity of � 26kms- 1 (Grun et al., 1993). With latitude ' ISD taken

into account, Eq.34 becomes:

R = F� S

s

1+ (
VSC

V�
)2+

FISD S

s

1+ (
VSC

VISD
)2 - 2

VSC

VISD
cos' ISD sin (� - � ISD ). (35)

Fitting the �uxes from both missions (Wind and STEREO) was per-

formed using equation 35. We obtained the best �t by using the fol-

lowing values for the �xed parameters: V� = 80kms- 1 for the radial

velocity of the � - meteoroids population, VISD = 30kms- 1 for the

interstellar dust velocity, and ' ISD = 8o for the ecliptic latitude of the

ISD �ow. The cross-sectional surface, S, for the Wind probe is 4.3 m2 ,

and for STEREO satellites is2
p

2 m2 .
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Figure 20: The averaged �ux measured over �ve years ( 2007-2011) on the

WIND, STEREO A, and STEREO B (top to bottom) and the corre-

sponding error bars as a function of the probes' ecliptic longitude.

The averaging is performed on 5 degrees bins and the error bars

show the standard deviation of the distribution. The blue curve is

the result of the �tting model as described in the text.
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Satellite F� FISD � ISD

Wind 3.87� 10- 5

m - 2s- 1

4.07� 10- 5

m - 2s- 1

254deg

STEREO A 4.23� 10- 5

m - 2s- 1

6.48� 10- 5

m - 2s- 1

255deg

STEREO B 2.42� 10- 5

m - 2s- 1

3.42� 10- 5

m - 2s- 1

259deg

Table 2: Obtained values for � - meteoroids �ux, ISD �ux, and ecliptic longi-

tude of ISD �ow, for period 2007-2011on all three probes.

Since we assume that the phase of the solar magnetic �eld is related

to the ISD �ux, we used dust data from all three spacecraft from 2007-

2011 in the �rst step. During this period, the solar cycle reaches its

minimum, and the solar dipole is directed southward. We �tted the

�ux averaged over �ve years using equation 35 and the above men-

tioned parameters. Figure 20 shows the average measured �ux during

this period (each panel corresponds to one spacecraft), and the blue

line corresponds to the �tting model results. Table 2 summarizes the

values obtained for each spacecraft.

These measurements are in a good agreement with results obtained

by Zaslavsky et al., 2012and Belheouane et al.,2012for both STEREO

satellites. Within a similar timeframe, 2007-2010, Zaslavsky et al., 2012

obtained F� ' 6 � 10- 5 m - 2s- 1 , FISD ' 8 � 10- 5 m - 2s- 1 , � ISD '

258 deg; and in the same period Belheouane et al., 2012 estimated

F� ' 4.3 � 10- 5 m - 2s- 1 , FISD ' 6.5 � 10- 5 m - 2s- 1 , � ISD ' 260

deg. In terms of Wind, Malaspina et al., 2014estimated �ux of (2.7 �

1.4) � 10- 5 m - 2s- 1 between 2006and 2009. Furthermore, these mea-

surements are in good agreement with those obtained by the Ulysses

spacecraft (Krüger et al., 2007) and by the Cassini spacecraft between

0.7 and 1.2 AU (Altobelli et al., 2003). Due to the fact that the �tting

model contains a number of approximations, the estimated values for
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Figure 21: The averaged �ux measured over �ve years ( 2016-2020) on the

WIND (top) and STEREO A (bottom), respectively and the corre-

sponding error bars as a function of the probes' ecliptic longitude.

The averaging is performed on 5 degrees bins and the error bars

show the standard deviation of the distribution. The blue curve is

the result of the �tting model as described in the text.

� ISD should be interpreted with caution. Even though the results ob-

tained are consistent with those previously published using a similar

technique (Zaslavsky et al., 2012; Belheouane et al.,2012), the geome-

try of the spacecraft and the dynamics of the particles should be taken

into account to obtain more accurate results.

During the period 2016- 2020which also overlaps solar minimum,

the solar dipole, in contrast, points northward. Unfortunately, for this

period, only two probes have collected data (since 2015, no data have
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Satellite F� FISD � ISD

Wind 4.18� 10- 5

m - 2s- 1

8 � 10- 6

m - 2s- 1

263deg

STEREO A 3.38� 10- 5

m - 2s- 1

9.7 � 10- 6

m - 2s- 1

244deg

Table 3: Obtained values for � - meteoroids �ux, ISD �ux, and ecliptic longi-

tude of ISD �ow, for period 2016-2020on all three probes.

been available from STEREO B). Figure 21 shows the average mea-

sured �ux during this period; The upper panel represents the Wind

satellite, and the lower panel represents STEREO B. The blue line cor-

responds to the �tting model results. Table 3 summarizes the values

obtained with the �tting model for both spacecraft during this period.

Note that period from 1996 to 2000 had similar solar conditions (so-

lar minimum and defocusing phase), for which Wind data are also

available. We found the following results using the same method:

F� ' 5.23� 10- 5 m - 2s- 1 , FISD ' 1.9 � 10- 5 m - 2s- 1 .

Comparison of the obtained values for FISD from Table 2 and Table

3 and FISD obtained from Wind data for the period 1996-2000shows

a clear difference. ISD �ux component is obviously higher during the

solar minimum when the solar dipole points southward. The same

�tting procedure can be used for the estimation of ISD �ux for each

year. The Figure 22 shows the annual values of the obtained FISD ,

with each panel representing a different spacecraft. With the values

presented this way, we can visualize the �ux variations in each phase

of the solar cycle. The expectance of the highest �ux value occur dur-

ing the solar minimum in the period 2007-2011, when solar magnetic

�eld is in the focusing phase, has been met. This is evident from the

Wind and STEREO A panels. Unfortunately, all the STEREO B avail-

able data covers not much more than the above mentioned period, so
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Figure 22: The annual values of the obtained FISD for the WIND, STEREO

A, and STEREO B (top to bottom). Red stars represent ISD �ux

values for corresponding years. STEREO A data for 2015are not

available. The yellow areas correspond to the time period when

the solar cycle reaches its minimum, and the solar dipole is di-

rected southward.
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we cannot draw any further conclusions for this probe. For the year

2015, there is no STEREO A data available, so the �ux value was not

displayed.

Even though equation 35 neglect some effects, such as the veloc-

ity dispersion of the dust particles, as well as the fact that the mass

range scanned varies with the relative velocity of the impact, and thus,

for the ISD, with the spacecraft longitude, the obtained values reveal

interesting conclusions. This study allowed for the �rst time a con-

tinuous measurement of the ISD �ux over two solar cycles. Although

correlation does not always imply causation, the drop in the ISD �ux

makes sense when compared to solar magnetic conditions. Focusing

conditions, which allow dust grains to gain traction in their upward

path towards the Sun, thus remaining relatively close to both the eclip-

tic and solar-equatorial planes. Indeed, between 2007 – 2011 at solar

minimum with a solar dipole pointing southward, all three spacecraft

recorded a signi�cant amount of ISD �ux. In contrast, defocusing con-

ditions, tend to drive interstellar grains away from the ecliptic and

solar-equatorial planes, resulting in less accessibility and likely lower

�uxes at 1 AU . Both observed defocusing solar minima phases, in

1996–2000and in 2016–2020, show a low ISD �ux. We cannot rule out

the possibility that ISD disappears completely, but certainly the small-

est ISD grains will not be able to reach 1 AU during defocusing phase.

This will need further investigation using a dynamics ISD model.

Considering that the previous magnetic �ip from defocusing to fo-

cusing phase occurred in 2003, and that a signi�cant increase in ISD

component was seen in 2006, a similar situation could be predicted in

the current solar cycle 25. Based on the assumption that the magnetic

�ip will occur in 2025, it is natural to expect a change in ISD �ux not

before 2028.





5
C O N C L U S I O N S

Using a radio instrument to detect dust grains provide a much larger

detection area than conventional dust detectors. In order to relate the

observed electrical signals to the properties of the dust, it is essential to

develop models of how signals are generated in this method of dust

detection. Developing such a model is an important part of the pre-

sented work. The work presented here supports previously published

studies on dust particles observed at 1 AU.

In the �rst part of this thesis we present a theoretical model for

the generation of voltage pulses by the collision of dust grains onto a

spacecraft. Continuing previous studies (Zaslavsky, 2015; Meyer-Vernet

et al., 2017), our work provides for the �rst time an analytical formula

describing the voltage pulse as a consequence of the combined effects

of charge collection by the spacecraft and electrostatic in�uence from

charges in its vicinity.

We validate our model using data from the S/WAVES instrument

at 1 AU. In order to validate the developed model, the �rst step was

to design a proper database.An auto-detection algorithm was created

for data from STEREO/ WAVES TDS instrument. The algorithm aims

to detect the dust signal, among other signal shapes, in the vast data

sets. Machine learning can be useful for such tasks. On the example of

Solar Orbiter - Radio and Plasma Waves Instrument, Kvammen et al.,

2022presented an novel approach to this problem (see Article C). This

technique can also be applied to data from other missions, as well as

STEREO, with high detection accuracy likely to be achieved. Perhaps

79
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it would be interesting to apply the machine learning classi�cation to

the same dataset, and compare the obtained database with the one

used in model testing.

We used data from the S/WAVES TDS instrument to determine the

four independent free parameters appearing in our model (total ion

charge, Q, fraction of escaping charge, � , rise timescale, � i , and relax-

ation timescale, � sc ) by �tting our model to the waveform data using

a least-square Levenberg-Marquardt technique. As a result, we were

able to obtain the �rst in situ measurements of parameters such as

the electron escape current and a estimation of the temperature of the

electrons in the impact cloud ( T � 2.5 eV).

Further, our study is consistent with the idea that the pulse's rise

time largely exceeds the spacecraft's short timescale of electron recol-

lection. When the electrons are recollected, the positive ions are still

very close to the spacecraft sincem i � me . Hence, they produce a

voltage of the opposite sign to that produced by the electron recollec-

tion. Therefore, the rise time of the signal is determined by the voltage

induced on the spacecraft by the cloud's positive ions (Meyer-Vernet

et al., 2017). Moreover, obtained values for the rise time give us insight

into the propagation speed of the ion cloud. This is an exciting result

given that, as far as we know, this is the �rst time that information

about the velocity of ion clouds was calculated from data. We com-

pared the results with the values obtained in numerical simulations

and laboratory experiments. Calculations based on numerical simula-

tions (Fletcher et al., 2015) and laboratory experiments (Lee et al., 2012)

match our results.

We also found that the amount of charge escaping the spacecraft

is almost linearly related to the estimated total cloud charge. Recently

detected impulsive magnetic signals associated with saturating signals

on the monopoles of Parker Solar Probe and Solar Orbiter are likely
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related to the electrons escaping from the spacecraft. In this context,

our model takes on a supplementary interest since it helps us evaluate

the escaping current from the amplitude of the precursor. The effect

of the potential induced by the cloud's ions on the antennas, expected

to be small on STEREO, could explain the minor differences between

the voltages measured on the three monopole antennas. However, on

other missions where the antennas are located on different sides of

the spacecraft, for example WIND, Parker Solar Probe, and Solar Or-

biter, this effect should produce very different voltages on different

antennas and therefore enable dust detection in dipole mode, as �rst

suggested by Meyer-Vernet et al., 2014.

The second part of the thesis work focuses on interstellar dust. Specif-

ically, this study aims to examine the long-term variation in ISD �ux

over two solar cycles (23 and 24). Lorentz force has long been thought

to repel or focus interstellar grains based on the magnetic �eld con-

�guration of the solar wind, and therefore on the phase of the solar

cycle (Mor�ll and Grün, 1979, Grun et al., 1993). In order to analyze

something for which we need long-term observation, we should have

chosen a long-term mission. Since both Wind and STEREO are long-

term missions and have been proven reliable for dust detection, we

chose to use data from both missions to examine ISD �ow. First con-

tinuous measurement of ISD �ux over two solar cycles was achieved

in this study. Even though we used a simple equation for �tting ob-

tained �ux, which neglects some effects, such as velocity dispersion of

dust particles, as well as the fact that the mass range scanned varies

with the relative velocity of the impact, the obtained values provide in-

teresting insight into the ISD. Between 2007– 2011at solar minimum

with a solar dipole pointing southward, all three spacecraft recorded

a signi�cant amount of ISD �ux. On the other hand, both observed de-

focusing solar minimum phases, in 1996–2000and in 2016–2020, ISD

�ux is signi�cantly reduced. In our opinion, ISD dust impact will not
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completely cease during deffocusing phase, but certainly the smallest

ISD grains will not be able to reach 1 AU during this phase. A dy-

namic ISD model will be needed to investigate this further.

Considering that the previous magnetic �ip from defocusing to fo-

cusing phase occurred in 2003, and that a signi�cant increase in ISD

component was seen in 2006, a similar situation could be predicted in

the current solar cycle 25. Based on the assumption that the magnetic

�ip will occur near 2025, it is natural to expect a change of the ISD

�ux around 2028.



Part I

P U B L I C AT I O N S





A
A N A N A LY T I C A L M O D E L F O R D U S T I M PA C T

V O LTA G E S I G N A L S A N D I T S A P P L I C AT I O N T O

S T E R E O / WAV E S D ATA
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