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ABSTRACT

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 T 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 T 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 T 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 T 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 T 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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RESUME

Les grains de poussiére interplanétaires contiennent des informations
importantes sur le systéme solaire. L'analyse de ces particules est un
aspect important de 1'étude de 1'héliosphere. Depuis les années 1980,
les impacts de poussiéres sont observés a 1'aide d’instruments radio et
a ondes embarqués a bord de sondes spatiales. L'interaction entre le
nuage de plasma généré par 'impact de poussieres et les éléments du
systeme antenne-sonde spatiale génere la forme d’onde du signal. Le
présent travail se concentre sur la détection et l'interprétation des ob-
servations de poussieres a partir d’instruments radio a bord de divers

sondes en orbite a 1 UA.

Dans la premiere partie de la these, nous avons développé un mod-
ele qui lie les signaux électriques observés aux propriétés d’impact des
poussieres. Nous proposons un nouveau modele 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, 1’échelle du temps de montée et
I’échelle du temps de relaxation. Le modele proposé est simple et pra-
tique pour l'ajustement a un grand jeux de données. Pour valider le
modele, nous utilisons le sous-systeme Time Domain Sampler (TDS)
de l'instrument STEREO/WAVES, qui géneére des séries temporelles
d’impulsions de la tension a haute cadence pour chaque monopole.
Nous avons collecté tous les événements de poussiere détectés par
S/WAVES/TDS simultanément sur les trois monopoles a 1 UA 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 modele présenté constitue un
outil efficace pour analyser les formes d’onde de la poussiére et est
applicable a différentes missions spatiales qui étudient la distribution
des particules de poussiere, par exemple sur Solar Orbiter et Parker

Solar Probe.

Dans la deuxiéme partie de la theése, nous etudions la poussiere
interstellaire (ISD). La poussiere interplanétaire et la poussiere inter-
stellaire sont les deux principales populations de poussiere a 1T UA.
L'objectif de cette partie est d’analyser les jeux de données pour la
poussiére interstellaire collectés par les sondes STEREO et Wind, sur
une grande échelle de temps, des le début des missions. Entre 2007 et
2012, au moment du minimum solaire avec un dipdle solaire pointant
vers le sud, les trois sondes ont enregistré un flux ISD a 1 UA, mais
avant et apres cette période, la disparition de la composante interstel-
laire est notable. La disparition d’impacts suggere que le flux de pous-
siere 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 poussiere sont systématiquement
déviés vers - ou loin - du plan de I’équateur magnétique solaire, par le
champ magnétique du vent solaire, ce qui affecte la dynamique de la
poussiére et le flux total de poussiere interstellaire dans 1'héliosphere

interne.

Mots clés: heliosphere , grains de poussiéres , poussieres interplan-
etaires, modéle, poussieres interstellaires , analyse
Domaine scientifique: Astronomy et Astrophysique

Sous-domaine scientique: Phisique des Heliosphere



REZIME

Meduplanetarna prasina sadrzi vazne informacije o Sun¢evom sistemu.
Neposredna posmatranja kosmicke prasine razli¢itog porekla (od kom-
eta, asteroida, planeta, prirodnih satelita, meduzvezdane materije, itd)
rutinski se obalja u okviru postoje¢ih svemirskih misija koje su opreml-
jene odgovarajucim instrumentima. Udari prasine primeéeni su ko-
riS¢enjem radio i instrumenata za detekciju talasa na svemirskim lete-
licama jo$ 1980-ih godina. Interakcija izmedju oblaka plazme nasta-
log usled udara Cestica prasine i elemenata sistema antena—svemirska
letelica, dovodi do pojavljivanja karakteristi¢cnog talasanog oblika u
signalu. Ovaj rad se fokusira na otkrivanje i tumacenje takvih talasnih
oblika u signalu sa radio instrumenata razli¢itih svemirskih letelica

koje kruze na udaljenosti od jedne A]J.

U prvom delu rada predstvaljen je teorijski model koji objasnjava
proces nastanka pomenutih signala, te nam omogucava da procenimo
tizicka svojstva prasine na osnovu analize detektovanih talasnih oblika.
Predlazemo novi model koji uzima u obzir uticaj jonizacije u prikupl-
janju naelektrisanja, kao i elektrostaticki uticaj. Kroz ovaj model Zelimo
da pokazZemo da svojstva detektovanog signala u velikoj meri zavise
od lokalnog okruzenja letelice, kao i od dinamike oblaka jonizovanog
gasa nastalog sudarnom jonizacijom. PredloZeni 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 generiSe ¢esto ponavljajuce
vremenske serije naponskih impulsa za svaki monopol. NaSe istraZi-
vanje dalo je zanimljive rezultate u vezi sa temperaturom elektrona u

oblaku. Predstavljeni model pruza efikasan alat za analizu talasnih ob-
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lika prasine i primenjiv je na podatke sa razli¢itih svemirskih letelica.

Drugi deo teze odnosi se na detekciju i analizu meduzvezdane pra-
Sine (ISD, eng. interstellar dust). Meduplanetarna prasina i meduzvez-
dane prasina predstavljaju dve primarne populacije na udaljenosti od
1 AJ. Na$ cilj je analiza podataka za meduzvezdanu prasinu koje
prikupljaju STEREO i Wind sateliti, od pocetka misija. U periodu od
2007. do 2012. godine, kada je zabeleZen minimum Sunceve aktivnosti,
a magnetni dipol orijentisan ka jugu, sve tri letelice detektovale su
fluks meduzvezdane prasine na 1 AJ. Medutim, pre i nakon tog pe-
rioda primetan je nestanak meduzvezdane komponente. Kada mag-
netno polje promeni polaritet, snop sitnijih zrna meduzvedanih prasine
pretrpi svojevrsno fokusiranje ili pak defokusiranje. Shodno tome, kao
rezultat dolazi do toga da se zrnca prasine sistematski odguruju ka, ili
dalje od ravni Sun¢evog ekvatora. To umnogome uti¢e na dinamiku i
ukupan protok meduzvezdane prasine u unutrasnjoj heliosferi. Nase
istraZivanje pruZa prvi kvanitativni prikaz varijacije ISD na 1 A] tokom

vremena.

Kljucne reci: heliosfera, ¢estice prasine, meduplanetarna prasina,
modelovanje, meduzveydana prasina, analiza
Naucna oblast: Astronomije i Astrofizika

UZa nauéna oblast: Fizika heliosfere
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INTRODUCTION

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 specifically,
"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 influenced by the solar gravity, the
interplanetary magnetic field, and the radiation pressure. During the
solar cycle, the flow of ISD grains inside the heliosphere is modu-
lated by interactions with the interplanetary magnetic field. 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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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 field. 3 - 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 field 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 difficult. 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 flown 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 flowing 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 flyby 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 fluxes. 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 influence 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 flow 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 Chapter 4, 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.






DUST IN THE SOLAR SYSTEM

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 flown on various spacecraft in the past, a great deal of our

knowledge of dust comes from in-situ dust detection methods. First
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Dust ejection by radiation pressure
and electromagnetic forces

Dust destruction and
collisional fragmentation

Interstellar dust
um — dust

in bound orbits
—_—

—_—

/
Sun-grazing
comets

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 between 0.3 and
5 AU, obtained by the dust particle experiments during milestone mis-
sions such as Galileo, Ulysses, Helios, Cassini (Griin 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 (Griin 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 identified 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 deflected
by electromagnetic forces (see Section 2.2) (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)
(Griin 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 classification. 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~ kg for fireballs,
1078kg < m < 10~ 'kg for optical meteors, and < 10~kg 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
1073kg < m < 10%kg. 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 fireballs

m > 10" "kg

r > 2cm

Optical meteors

1078kg <m <

100um < r < 2cm

107 kg
Radio meteors m < 10~ °kg r <0.lcm
Meteoroids m < 10~ %kg r > 100um
Meteorites 103kg < m < 0.5cm < r < 25cm
10%kg
Zodiacal dust 107 Pkg < m < 0.5um < r < 100um
10~3kg
- meteoroids 107 kg < m < 90nm < r < 140nm
10~ 18kg
Nanodust m < 10~ '8kg Inm < r < 100nm
Interstellar dust m < 10*12kg 0.Tum < r < 0.4um

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

a spherical grain of radius r and mass density p = 2.5 gcm™3).

inates from masses of 10~ 19kg < m < 1078kg. B - meteoroids are

dust grains strongly influenced by radiation pressure and as a re-

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

range interval 107 "°kg < m < 107 '8kg. Nanodust is usually de-

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

mass range m < 107 '8kg. ISD mass range for those observed in —

situ m < 107 "2kg. If m < 10~ "7kg particle is deflected from entering

the Solar System (Mann et al., 2000). The categories reflect 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
influence 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

briefly summarized in the following paragraphs.

* Gravitation forces In 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 Myyst 1S located in the Solar gravitational field, the gravita-

tion force acting on the grain is:

11
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—GMgpmgust
3
x|

T, (1)

Fgrav =

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 influence
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 influence sphere radius can be presented as

M.\ 2/5
Tinfluence = D <NI(1;> ’ (2)

where M, 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 pressure Radiation pressure is the mechanical pressure
exerted upon any surface due to the momentum exchange be-
tween the object and the electromagnetic field. 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= % = E—g’ where p is momentum, h is Planck’s constant, A is
wavelength, c is speed of light in vacuum and E, = hv is energy
of the photon for the frequency v. Accordingly, the associated

force will be

Froq = P®C(V). (3)

where P® corresponds to the power that the Sun emits at fre-
quency v. 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

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

_ POSQpr

Frad (1‘) - (4)

e
Qpr presents the efficiency 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 effect Poynting-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 finally evaporates. Thus,
the dust grain spirals slowly into the star while its orbital speed

increases continuously. A Poynting—Robertson force equals to

Fpr = a2 RS (5)

13
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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, Ly
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 drag A 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 flux 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 v, but it depends on the
proton velocity; this ratio has been found from in-situ measure-

ments at 1 AU to be about 10~# (Gustafson, 1994).

Lorentz force The Lorentz force on a charge q moving with the

velocity V relative to the field B is

l:Lorentz = CIV X B/ (6)

In the heliocentric frame, the magnetic field B is convected by
the solar wind at the speed Vi,,,. If Vg is the heliocentric grain

velocity, the Lorentz force becomes

FLorentz = q(vg —Vsw) x B. (7)
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Vg — Vi is the expression of the relative velocity of dust relative
to the solar wind, if V., is expressed in the same heliocentric
frame. As the dust particles move through the magnetic field
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

B _ |Frad| _ QprSP(D
|Fgrav| GMGmdustC.

8)
One can see that the 3 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 from 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

scattering (Giese, 1973).
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Figure 4: The different ranges of dust grain masses are detectable by the dif-
ferent 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 composition properties, we can
gain a better understanding of 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 of dust particles, including thermal emission, the observation of
scattered solar radiation, and in situ measurements. Figure 4 provides
an overview of the various detection methods that can be applied de-

pending 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 flux, larger
particles (> 100 um) 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 sufficiently large fluxes 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
consequences of their impacts at high speeds on a target (Auer (2001)
and Griin et al. (2005)). Detectors based on the principle of impact ion-
ization are the 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. The first detectors were based on the dust penetration
impact. Nowadays, in — situ dust grain detection measurements are
based on their surface charge. Here are some of the main types of

dust detection 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’s 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: Griin et al., 2001

through a target, and their detection range is between 10713 and 10~
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 first time in this method. These charges are separated
and collected thanks to an electric field maintained between the target
sheets and an array of sensors (Berg and Richardson, 1969). 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; Griin et al., 2001). The ions and free electrons thus
produced are separated using an electric field, 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 flown on since the beginning of the space age. Among
them are Helios, Ulysses, Galileo, and LADEE (Lunar Atmosphere
and Dust Environment Explorer) (Griin et al., 1985, 1993; Srama et
al., 2004; Horanyi 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 significant role in determining
the precision of dust grain properties obtained from electrical signals.
The detection area of these instruments is generally ~ 0.01Tm?. In terms
of dust grain mass, the detection range is between 10~ '? and 10~
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 first 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 field fluctuations,
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 transients 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 first 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



22

DUST IN THE SOLAR SYSTEM

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
the target, but the targets themselves have changed. Rather than a
specially designed dust detector, it is the body of the spacecraft. The
potential 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 Vimpact influences 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
Vimpact is large enough, Vimpact > 10 kms~!, 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 influenced 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
Qi) =~ amPVY, 9

given by McDonnell, 1978. The parameters «, 3, and y 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] ~ O.7mV3'5, (10)

where mlkg] and V[(kms™']. 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
influence charge yield at Vimpact ~ 10kms~! and may only affect it
within a factor of 2-5 at Vimpact = 50kms . Itis commonly assumed

that v ~ 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 8V ~ Q/Cs is produced by the recollection of total charge
Q from the cloud by the spacecraft’s surface of capacitance Cs.. Elec-
tric field 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 significantly 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 with a large number of electric waveforms that are direct
characteristic of dust impacts. As a result of a large amount of avail-
able data, more sophisticated physical mechanisms have been sug-
gested. Zaslavsky, 2015 proposed a description of the response of a
spacecraft to the collection of electric charges generated after the hy-
pervelocity impact of a dust grain. He attributed voltage signals to
electron collection, but was unable to explain the observed rise time of
signals. Meyer-Vernet et al., 2017 demonstrated that the electrostatic in-
fluence of positive ions in the vicinity of the spacecraft needs to be con-
sidered and that the positive charge timescale controls the pulse rise
time. An analysis of spacecraft charging processes in various plasma
environments 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., 2015 identified three mechanisms for a 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., 2021 developed 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 first time, takes
into account all the effects of charge collection by the spacecraft and
electrostatic influence 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). The main results of
this work and a large part of the text were transposed from the paper

in the following Chapter 3.
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MODEL FOR DUST IMPACT VOLTAGE SIGNALS,
APPLICATION TO S/WAVES DATA

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 fitting 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
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measured by antennas. We will first introduce the evolution of physi-
cal models and then present our model that takes impact — ionization

— charge collection and electrostatic — influence effects into account.

Gurnett et al.,, 1983 assumed that a significant fraction o of the
impact charge electrons is collected by the antennas with positive
equilibrium potentials. The voltage measured by the antenna is then
V =Q/C,, assuming C, is the capacitance of the antenna. In this case,
the charge collected on the antenna is Q = &Qjmpact- 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 an order of magnitude
much lower than the observed values. The author explains these phe-
nomena by introducing the shot noise due to grain impacts. Namely,
they proposed that the detected shot noise is the consequence of dust
grains impacting the spacecraft and/or antennas with a 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., 1983 showed
that dust impacts can also be detected as wide-band noise in the an-
tenna signals” power spectrum. Later, Gurnett et al., 1987 examined
the collection of the impact charge by the spacecraft in the dipole con-
figuration, 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 = yQimpact/Csc, Where Cg. is the spacecraft capacitance, and
v is the electronics coefficient. Oberc, 1996 expanded on these ideas

and include sensing of the charge separation electric field as potential
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mechanisms that can lead to the generation of voltage signals. Accord-
ing to him, the antennas detect the electric field 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 field of the cloud. Moreover, Oberc, 1996 noted
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 fields. A floating 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 find the description of the different approaches for antenna signal

generation processes.
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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-
firming 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 influence 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 influence 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 influence effect to
become negligible and for the drop in the potential due to electron
collection to become apparent. Another consequence of the influence
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., 2019 summarized 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 .
d
T? = _Iout + Iin = _Idust(t) - Iph + Isw + .. (12)

Here I4yst is the impact ionization charge leaving the volume V.
One takes for 14,5t whatever "dynamical” model, including electrons
and ions motions with their different time scales (described in Section
2.1 of Article A). Finally, I4,s: 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 expla-
nation can be found in Article A, Section 2. The following paragraphs

will guide you through the ideas that led us to the final equation.

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 Qc1oua and potential
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@cloud, and the spacecraft (indices sc), the linearity of the problem

translates into the existence of a matrix A such that

Pcloud /\cloud /\cloud,sc choud
= - (13)
Psc /\sc,cloud /\sc Qsc
Here A is the inverse of the capacitance matrix, A = C~', 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 influences 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

1
Aee~Cl e ——
s¢ S€ 7 4mepRse (14)

where Cj is the spacecraft capacitance in a vacuum and Ry 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 Ag¢ cloua 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 cloud-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, Agc cloud, by

1
Csc

/\sc,cloud(r) = F(r), (15)

where F(r) is a decreasing function (with a typical length scale, Apn,
the screening length of the photoelectron sheath), with limiting values
of 1 for r — 0 and 0 for r — oo. Evidently, there are many options

available, though we decide to choose

F(r) = exp(—7/Apn). (16)
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With our model for electrostatic influence, 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 d d
((l;tsc = Asc gfc + a (/\sc,cloudchoud) . (17)

The first 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 influence.

The solution of Eq. (17) can be obtained by linearizing the expres-
sion for the currents around the equilibrium value, Qs eq, of the po-
tential, as was done in Zaslavsky, 2015. The potential perturbation,
dPsc = Psc — Psc,eq, is then found to evolve according to the first-

order linear differential equation

d 1 1 d
aéq)sc + Tné@sc = Cisc <Icollected + at [F(T(t))choud(t)]> , (18)

where 7. is the linear relaxation time of the spacecraft potential

Cschh

TSC - 7
eNeVeSsc

(19)

with T, the photoelectron sheath temperature expressed in elec-
tronvolts, n. the local plasma electron density, ve = \/kTe/Z—T[Tne the
electron mean velocity divided by 4, with k the Boltzmann’s constant,
e the electron charge and m. the electron mass, respectively. T, the
local plasma electron temperature and Ss. 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 — —o0, is
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1T _ t d
dpsc(t) = Cie b/ e J (Icollected(t/) + at’ [F(r(t/))choud(t/)])
sc —o0
et'/Tsedt’,
(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 fulfilled, 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 is adapted to a fitting of massive spacecraft data sets.
Several assumptions were implemented in order to accomplish our
goal. We implemented the simple assumption that the ions are stream-
ing out of the spacecraft surface with a constant velocity, v, and that
the motion of the electrons occurs fast enough that it can be consid-
ered 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
Apnh 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 influence reads

d

15 Fr01Qatona(e) = (S 4 L Qugua ) e V™, (2

where T4 = Apn /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 Tpy:

1

d
7choud + 7choud = _Icollected(t) - Iescaped(t)r (22)
dt Tph

where I¢scaped is the current of charges escaping away from the space-

craft.

The assumption that the escape and collection of the electrons are
instantaneous (the "massless electron assumption") translates into the

following expressions for the currents

Icollected(t) = _(1 - €)Q6(t)/ Iescaped(t) = —€Q5(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),

t
choud(t) = e_t/TphJ (_Icollected(t/) - Iesca‘ped(t/)) et /Tphdt/
—o0

= Qe Y/ ThH(1),
(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

€Q —t/T Q 1 —t/T —t/7T
— | = sc . _ % sc __ i H t).
Poselt) = o T (© e t/) [y

(25)

where Ty = TqTph/(Ta + Tpn) is the characteristic rise time of the pulse.

It is on the order of the smaller of the ion characteristic time scale, T4,
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Figure 7: Simulation of the signal shape through proposed models for the
effect on the spacecraft potential of a transient dust impact. The
curve is obtained from the simple model, assuming the electron
collection (escape) to be instantaneous, Te ~ 0 (Eq. 25). The ratio
between escaped charge and total charge is € = 0.1, and timescales
parameters are tsc = 100us and Tion = 30us. The zoomed-in por-
tion of the plot (top right) provides an insight into the pre-shoot
signal shape.

Image Credit: Rackovic Babic et al., 2022

and the time, Tpp, 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 profile, illustrated in Figure 7, is comparable
to that of the dust signal. 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 reliability.
STEREO (Solar TErrestrial RElation Observatory) is a NASA mission
that was launched in 2006. The primary objective of the mission is
to study coronal mass ejections. STEREO is composed of two twin

spacecraft orbiting the Sun at approximately 1 AU, one following the
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Earth (STEREO B) and one leading (STEREO A). Data from S/WAVES
radio receivers have proven to be very valuable for studying dust
(Meyer-Vernet et al., 2009; Zaslavsky et al., 2012). The S/WAVES ra-
dio instrument is constituted by three orthogonal 6 m long antennas
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 significance for our data analysis. As part of our work, we use TDS
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 series
captured by the instrument with a sampling time resolution of a few
us (Zaslavsky et al., 2012). The TDS Events data set will be used in
this Section. 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 snap-
shots with a time resolution of 4 or 8 ms (which constitute the vast
majority of the signals) are used. They correspond to snapshot dura-
tions of 65 ms and 130 ms. Signals with a high amplitude are auto-
matically selected for telemetry out of a continuously recorded wave-

form. Analysing the electrical waveforms of the TDS Events one can
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Figure 8: 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

reveal that they contain 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 illustrate some of the types of signals present in the
data: plasma waves oscillating at the local plasma frequency (Lang-
muir waves), plasma waves around the local cyclotron frequency, and
low-frequency density fluctuation. The impact of energetic particles
such as protons and electrons from the Solar System or coming from
galactic origin can also produce an electric field signal. All these sig-
nals 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 8 shows a signal of characteristic shape recognized
as a dust impact signal (Zaslavsky et al., 2012). This signal is charac-
terized by an abrupt increase in voltage followed by a rapid relaxation
to equilibrium potential. There are two distinct types of these signals:

a strong peak detected by one monopole or a similarly shaped signal
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appearing simultaneously 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 examine TDS events
recorded from 2007 to 2018 for STEREO A and from 2007 to 2015 for
STEREO B. As already mentioned, the data set contains snapshots of a
wide variety of phenomena. Therefore, we needed to find a way to au-
tomatically identify only very sharp and impulsive events, recognized

as dust events, in between all those other varieties of occurrences.

We intended to collect a large number of data for our work. In order
to detect dust signals on all monopoles simultaneously, the first step
was to find a way to perform automatic detection. It is necessary to
define the range of signal amplitudes generated under the influence
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 the signal from two monopoles, one can
see that the majority of dust events are located inside the ellipse (Fig-
ure 9). If we add a third antenna signal, we can presume that the dust
events simultaneously recorded 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 correspond-

ing amplitude. Insofar as we limit the signal to just two points at an
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Figure 9: Maximum signal amplitude recorded on X and Y monopoles in
the period from 2008 October 1 to 2008 December 31. Red stars
represent only the dust signal.

Image Credit: Rackovic Babic et al., 2022

intersection 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 20072018 to 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 10, these events can



3.2 STEREO/WAVES TIME DOMAIN SAMPLER DATA

— Ex

.=z a) *|=t b)

- Ez

SVimV]
SVmV)

L 0 —

T T T - T T u T T T T v
63 [} 65 (3] 67 68 69 63 [} 65 66 67 =] (-
Time[ms] Time[ms]

50 — Ex — Ex
C —v 7 d) —2
13 —_Ez — Ez

SVmV]

SVmv]
H
B

=20

-100 =30

-125 | 401 ) ] ) ) ' )
65 3 67 8 69 70 n &2 63 & &5 66 67 68
Time[ms] Time{ms]

Figure 10: Main categories of dust impact signal obtained by S/WAVES/TDS:
(a) All three monopoles obtained the same typical signal shape
(see Figure 8), (b) Typical signal shape with prominent precursor
(< -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 10 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. The further analysis does not take into account events represented
on panels ¢) 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 116544 events, 76086 on STEREO A
and 40458 on STEREO B. In order to check the validity of the proposed
theoretical model presented in Article A, a statistical analysis based

on the events in the database was conducted. Due to the fact that
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Figure 11: Effect of calibration; the blue line represents raw data, and the red

line is the signal after calibration.

each impact creates a pulse on each of the three monopoles, there are

349632 individual pulses.

One more step was needed before we could declare the data base
complete and prepared for its final purpose, which would be to val-
idate our model. Based on the typical dust shape shown in Figure 8,
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 artificially caused by the instru-
ment. It has been known that the electronic response to a sharp pulse
can produce an artificial overshoot. In the case of the S/WAVES signal,
a low-pass filter is used to prevent aliasing by matching the sampling
channel. According to Bougeret et al., 2008, anti-aliasing low-pass fil-
ters are set up at the entrance of each sampling channel. Depending
on the time resolution of the sample, low-pass filters can be either 108
kHz or 54 kHz (Bougeret et al., 2008). If the implementation of such
filters caused this effect, we expected to resolve it by deconvolving the

signal with an inverse low-pass filter. The inverse low-pass filter was,
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naturally, chosen in accordance with the sampling channel currently
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
filters 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 11 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 artificial, or at least not completely, but rather due to
the charges of the monopoles themselves (Zaslavsky, 2015). Still, this
effect is difficult to quantify reliably since the correction by the filter
can be quite sensitive to the phase calibration of the filters. 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 fitting 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 fitted 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 significantly longer than the ion characteristic time scale
(i.e., Tsc > Ti). We removed any event that does not meet this condi-

tion; consequently, from the initial 349632 events, we kept about 70%
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Figure 12: Histogram of the parameter T5.. 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 Tsc are inside the green section. The dashed vertical
line represents the most probable obtained value for the parame-
ter, Tsc ~ 190 ps. The median value of the distribution is 270 ps.

Image Credit:Rackovic Babic et al., 2022

of the events. There are several interesting results that we obtained
from this simple model, which was developed to fit 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 fitting. In summary, through the four free fitting parame-

ters S/WAVES signals will be statistically analyzed in the following.
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3.3.1 Linear relaxation timescale

Figure 12 shows a histogram of the parameter T, which describes the
discharge time scale of the spacecraft through the exchange of charges
with the solar wind and the photoelectron emission from the space-
craft. The histogram contains all the values for the Ts. 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 T5. 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 T, ~ 10 eV
(Issautier et al., 2005). Spacecraft parameters are, as an order of magni-
tude, Csc ~ 200 pF, Ssc ~ 10 m?, and the photoelectron temperature
is typically Tyn ~ 3 eV. On the basis of these parameters, one can esti-
mate the relaxation time for STEREO, 15, ~ 100 — 430 us. These limits
are represented by the green-shaded area in Fig. 12. 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 us and 270 us, respectively. This quite unambiguously
shows that, consistent with the standard interpretation, the decay time
of the pulses can be identified 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.
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Histogram of the parameter T;. The yellow section includes all the
obtained values below 100 us (the threshold for the T5.). More
than 80% of the obtained T; is inside the yellow section. The ver-
tical dashed line represents the most probable obtained value for
the parameter, T; ~ 18 ps.

Image Credit:Rackovic Babic et al., 2022
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3.3.2 lon characteristic timescale

Figure 13 presents a histogram of the ion dynamics timescale parame-
ters, ;. The vast majority of the obtained values for parameter T; are
smaller than 100 us. As noted in Section 2.2 in Article A, this charac-
teristic ion timescale, Tj, is the smallest of the quantities A, /v and the
time for the cloud’s ions to collect enough ambient photoelectrons to
be shielded by them, as estimated by Meyer-Vernet et al., 2017. Using
Egs. (11) and (4) of that paper, the latter can be simplified into

Ton ~ (3Q/27T,n0) '/ V273, (26)

where I, is the spacecraft photoelectron current at zero potential.
Assuming I,n0 ~ 20 pA/ m? (which yields A,y =~ 0.9 m), we deduce
from the most commonly observed value Tty = 18 us (Fig. 13) with
the average charge Q ~ 40 pC, the cloud’s propagation and expansion
speed to be v ~ 13 km.s™*. This result depends weakly on the badly
known photoelectron current and is consistent with our estimate that
Ty ~ Tpp since the most commonly observed value of T; is much
smaller than Ay /v (Apn/v = 102 s according to Meyer-Vernet et al.,

2017).

These values can be compared with a 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~!. 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.
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Figure 14: Total charge calculated from Qegtimate = CscOVmax/I" as a function
of the total charge, Q, obtained from fitting 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

3.3.3 Electron collection

The value of total charge, Q, is derived from the parameter A =
I'Q/Csc, which is obtained through the fitting. It should be noted that
the value of A obtained on each monopole differs a bit (probably be-
cause of the influence effect on the monopoles, which is neglected in
this thesis). However, since the total amount of charge released during
an impact must be the same for all monopoles, we defined the total
charge as the mean of the values obtained by fitting each monopole
separately. For both STEREO spacecraft we used values for the space-
craft capacitance of Cs. = 200 pF, and for the antenna-spacecraft cou-

pling I' ~ 0.5 (Bale et al., 2008). As can be seen in the Figure 14, values
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of Q lie within the range 8 - 120 pC.

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¢ ~ 1.7 x 1072 m V[‘L';_S,q.
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™%; the obtained mass range is then 20 — 340 x 1017 kg,
which corresponds to the size interval 2 — 5 um (we assume a mass
density p = 2.5 g.cm 3 ). On the other hand, it has appeared that the
fluxes 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 3 meteoroids.
The velocity of these particles at 1 AU depends quite importantly on
their origin and composition, through the value of the 3 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 8o km.s~ ' (Wilck and Mann, 1996).
Using this value we obtain masses and sizes ranging from 0.4 to 6
x1071"kg, and from 0.07 to 0.17 um, respectively, which is compara-

ble to the masses and sizes of grains detected on the cited missions.

Figure 14 shows the total charge, Q, obtained through the fitting pro-
cedure, as a function of the charge Qestimate e€stimated with the ap-
proximation Qegtimate = CscOVmax/I" — the formula that has been used

for several space missions (e.g., Zaslavsky et al., 2012) when wave-
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form data are not available for each event. Figure 14 shows that this
rough estimate is very well correlated with the total charge, Q, de-
duced from fitting the waveform. The slope is 1.63 £ 0.01, with 0.8 the
factor of correlation. This high correlation justifies the use of the for-
mula A = I'Q/Cs. 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 o Q' /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 finally turn our attention to the electron escape current. Figure 15
shows value of the amount of charge escaping the spacecraft, eQ, 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 figure we choose only
events exhibiting a voltage precursor larger than 5 mV. Our database
contains about 20% of such events. Figure 16 shows the percentage of
events with precursor amplitude larger than the threshold concerning

the total charge amount Q.

Figure 15 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
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Figure 15: Escaping charge, €Q, as a function of the total charge released in
the cloud, Q. The points show the average of the values of eQ 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.
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Figure 16: 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.
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to a 95% confidence 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 (Figure 16 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, @s., will es-
cape. Assuming a Maxwellian distribution of temperature T (in eV),

this yields
e =0.5e Pse/ T, (27)

With € ~ 0.08 and @5 =5V, we obtain T = 2.7 eV. This result is close
to the value T = 2.5 eV found by Fletcher et al., 2015 and to all the pre-
vious estimates, which indicated that the impact electron temperature

is a few eV.

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-
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terest since it helps us to evaluate the escaping current from the ampli-
tude of the pre-shoot. Indeed, one must have I¢scape ~ €Q/Te, where
Te is the timescale associated with the electron dynamics. As discussed
previously, this time scale has been neglected (te ~ 0) in the present
study. This was justified 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 ps.
Therefore, this time resolution can be safely considered as a higher

limit on T, and one can evaluate

I 5 Q (28)

escape = 47 106"

The amplitude of the magnetic pulses must be on the order of
OB ~ uolescape/2mR, with R the average distance between the out-
flowing 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 B,y ~ 0.5 nT, taking for R a value typical of
the spacecraft size, ~ 1 m, should be I¢scape ~ 2TRscBobs/Ho ~ 3 mA.
Now assuming that the value of € stays constant ~ 0.08 even for large
values of Q, this current would correspond to a total impact charge
of Q ~ IescapeTe/€ ~ 100 nC. For impact speeds of 50 — 100 km.s™*
(relevant for Solar Orbiter and Parker Solar Probe; cf. Page et al., 2020),

this would give masses of m ~ 10714 kg or sizes of a few microns. This

is an interesting test for the hypothesis that the magnetic pulses are
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indeed produced by the current of escaping electrons.



VARIATION OF INTERSTELLAR DUST FLUX NEAR 1
AU

Two primary populations of dust are known to exist at 1 AU, interplan-
etary dust and interstellar dust. Using S/WAVES, fluxes 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 find similar results when
we analyzed the first measurements from the Solar Orbiter Radio and
Plasma Wave instrument (Article B). Our analyses indicate a flux of
Fg ~ 1—-6x 10°m 25" at 1 AU for the B - 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
flux of B -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 flux 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., Morfill and Griin, 1979, Griin 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 field configuration 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 flux would be necessary. This kind of monitoring

can be done with missions such as STEREO and Wind, which are both
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capable of detecting ISD flux. 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 flux 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, identified ISD grains
with a radius above 0.1 pm sweeping through the heliosphere (Griin et
al., 1993). Based on the Ulysses in-situ dust measurements, ISD grain
motion in the solar system corresponds to the flow of neutral inter-
stellar hydrogen and helium gas. Many studies demonstrated that gas
and dust travel at speeds of 26 kms ™! (Griin et al., 1994; Baguhl et al.,
1995; Witte, 2004). In addition, the upstream direction of the dust flow
lies at 259° ecliptic longitude and 8° latitude (Landgraf and Griin,
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 (Griin
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et al.,, 1997). Grains with diameters ranging from o0.05 pm to above 1

um were identified 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 field instrument
aboard the Wind spacecraft launched in 1994 and 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 flux at T 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 field detectors of
the Wind /WAVES instrument are composed of three orthogonal elec-
tric field dipole antennas, two in the spin plane (spin plane differs
from the ecliptic plane by < 1°) of the spacecraft and one along the
spin axis. The longer of the two spin plane antennas, defined as E,
is approximately 100 meters tip-to-tip, while the shorter, defined as
Ey, is ~ 15 meters. Spin axis dipole, referred to as E, is roughly 12
meters in length. Note that the length of the E4 antenna was reduced
to 27 m after the first 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 five total receivers, in the present work we use data
from Time Domain Sampler (TDS), which samples electric field data at

120 kHz, producing waveform capture of 2048 points (Bougeret et al.,
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1995). High-amplitude signals from the longer antenna trigger an on
board algorithm that should telemeter signals from E, and Ey dipole

to Earth.

Our study examines TDS events recorded from 1996 to 2020. As ex-
pected, the data set contains snapshots of various phenomena. There-
fore, we had to find 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 | Vinax | > 6 mV. To determine only sharp spike
events, we included only events satisfying | Vimax | /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 first 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 17 shows the modulation of the impact rates with time. The
presence of the ISD manifests itself in a 1-year modulation of the flux,
clearly visible from 2006 to 2012. However, we observed significant
annual variations in the impact rate over different phases of the so-
lar cycles (colours in the Figure 17). 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 17: 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 Section 4.3). Positive (negative) solar polarity
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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 ps (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 suffi-
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 2020
and STEREO B from 2007 to 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 define 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 18: In panel a) one can see the dust impact rate as a function of time
for STEREO A from 2007 to 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 Section 4.3). Positive (negative) solar polarity minima

are indicated by +, — signs.
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Figure 18 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 Section 2.2). 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. Morfill
and Griin, 1979 first 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 field (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 fluxes are much
higher than ion fluxes, 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/r?, 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 (3 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 field. The IMF is mod-
eled following the Parker model (Parker, 1958), and the polarity of the
solar magnetic field is approximated by the dipole field of the Sun,
which switches polarity twice every 22 years. At the heliocentric dis-
tance r and latitude 0, where B, is the magnetic field at the source’s

location 1, the IMF components are:

Br =By X (T6/7) "2, Bo = —Bo X wcos(®) x r2r~ V1, Bg =0, (29)

which correspond to, the radial, azimuthal, and the normal compo-
nent, respectively. Here, B, is the magnetic field at the source’s loca-
tion r,, w represents the angular rotational speed of the Sun and is
equal to 2.7 x 10~ radian/s, and V,, 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 field
perpendicular to the equatorial plane of the Sun. Figure 19 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 um and 0.35 um (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 19: For several particle sizes and different distances from the Sun, the
Lorentz force is compared with "effective gravitation".

Image Credit: Landgraf, 1998

~ 1 (Fig. 19). The Lorentz force takes over when gravity and radiation
pressure cancel each other. Therefore, solar activity plays a significant

role in the trajectory of ISD particles.

The magnetic field configuration of the Sun evolves with the 22
years cycle. Near the maximum phase of the solar activity, the mag-
netic field pattern becomes so complex that the field structure is re-
arranged with a reversed magnetic field-orientation, every 11 years.
The solar cycle consists of four phases: minimum, ascending, maxi-
mum, and declining phases, respectively. Figure 20 illustrates the four
phases of solar cycles 21-24. 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., 2017 for details).
Considering that Wind was launched in 1994, this study will focuses
on solar cycles 23 and 24, more than 20 years. STEREO covers the solar

cycle 24. Each phase is assigned a different color (Fig. 17 and Fig. 18).
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Figure 20: Phases of solar cycles 21 — 24 denoted by color. Monthly and 13 —
month running mean sunspot numbers are denoted by thin blue
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tive) solar polarity minima.
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The solar cycle 23 begins with a defocusing magnetic field phase. The
maximum phase is between 2000-2003, and the magnetic field flipped
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 field flips. After

that, the Sun’s magnetic field is in the defocusing phase.

We are interested in the variations of the ISD flux during each of
these phases. It is possible to obtain the ISD flux features not just dur-
ing focusing and defocusing magnetic field 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 briefly 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~'. Re-
garding the fitting parameters «, (3, and v; it is often found that p ~ 1,
so a simplifying linear relation between Q and m is often assumed
(Auer, 2001), the value of vy is in the range of 24, with y = 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, Cs, is expected
to produce a pulse with a maximum amplitude of 6V ~ Q/Csc. In
monopole mode, the signal recorded is V(t) = I'@ant(t) — @sc(t)),
where @gnt is the monopole antenna potential, @s. spacecraft po-
tential, and I the gain factor of the antennas due to their capacitive
coupling with the base. Based on the assumption that ¢ qn¢ 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:

CSCV a
Q(m, V) o =290, (30)
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Moreover, Figure 14 shows the total charge, Q, obtained by the fitting
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 figure, this rough estimate correlates well with the total
charge, Q, derived from fitting 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 x 1.2m x 1.3m, which is about
200pF (Zaslavsky et al., 2012), with factor I' ~ 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 3—meteoroids, with
radial velocities of the order of 50 — 80 kms~', and interstellar dust
particles, with velocities of the order of ~ 26 kms™'. For B-particles
signal correspond to grains in the mass range 8 x 10718 —3 x 10~ 1"kg,
or equivalently to radius sizes 90nm x 0.14pum. For interstellar dust
particles, the mass range is 5 x 1077 - 5 x 10~ "°kg, or for radius
0.17 — 0.36um. 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~!, meaning that they have a mass of 5 x 1071¢ —
5 x 10*15kg. As the cumulative mass flux decreases with mass, this
component should be smaller than the one associated to 3-meteoroids

and can be easily separated from the interstellar one using longitudi-

67



68

VARIATION OF INTERSTELLAR DUST FLUX NEAR 1 AU

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.,
2014 suggested 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) Vpeax ~ I'Q/(4meoLant), assum-
ing only one arm of the dipole sees the whole unscreened charge Q,
on an antenna arm of physical length Lyn¢ in m. Therefore, in dipole
mode, the charge in the cloud can be linked to the peak voltage as

follows:

47t€01—antvpeak—dipole

Q(m,V) ~ [ , (31)
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where Lont >~ 7.5m and I' ~ 0.4 for the Wind E dipole (Meyer-Vernet
et al., 2014). It is expected that a reduction in the length of E, antenna
significantly affects the produced signal, since antenna length plays a

significant role in dipole mode.
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DATA

The number of dust hits per second on the spacecraft is roughly
Ns > S X F(Mmin, Mmax), (32)

where S is the cross-sectional surface of the spacecraft, and F(mmin, Mmax)
the flux density of particles having a mass between mpin and mmax. In
this case, mass intervals are defined by the voltage intervals (as men-
—1

tioned in Section 4.4), and the flux in the m™2s7 ' is

F(mmin, Mmax) = Naay/(24 x 3600 x S), (33)

where N,y is the number of dust detections per day. Figures 17 and 18
show the dust impact rate as a function of time for Wind and STEREO
A and B, respectively. These figures show that, in addition to the more-
or-less constant flux, there is an additional flux 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 flux depends on impact velocity,
it can be expressed as F = N X Viypact where N is the dust number
density and Vimpact the relative velocity of the spacecraft with respect
to the dust. The impact speed is Vimpact = Visp — Vsc, where Vi
is the speed of the probe (~ 30kms™ "), and Visp is the speed of the

grain. For impacts caused by (3-meteorites (with quasi-radial velocity),
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Figure 21: An illustration of the velocities of the interstellar dust Visp, B -
meteorites Vg, and spacecraft V.. The spacecraft is assumed to
be in a perfectly circular orbit. The observed ISD flux 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 flow. Conversely, when the probe
orbital velocity is parallel to the ISD velocity, the relative velocity

is lowest, and the flux of measurable ISD should decrease.

the impact velocity is approximately ,/VZ. + Vé 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 21).

Based on the composition of velocities (Figure 21), the total flux of
dust grains measured by spacecraft at a given longitude, represents
the sum of the flux of -meteorites and that of interstellar dust (Za-

slavsky et al., 2012). Hence, expected impact rate is equal to:
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Vsc

R =TFgS H(Vrs )2+

Vv Vv
FispSi/1+ (o2)2 =2 sin (6 —01sp), (34)
Visp Visp

where 01sp is the ISD upstream direction. In this expression, the
first 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, 0, and the
ISD arrival ecliptic longitude, 61sp. This equation was used to fit flux
from both STEREO probes and produced satisfactory results (see Bel-

heouane et al., 2012; Zaslavsky et al., 2012).

Since ISD flows from the same direction as interstellar neutral gas,
one can determine the longitude and latitude of the ISD flow. Ecliptic
longitude is O1sp ~ 259 +20°, and latitude is @1sp ~ 8 £ 10° , with
a velocity of ~ 26kms~! (Griin et al., 1993). With latitude @isp taken

into account, Eq.34 becomes:

R = FgS, /1 +(Yseyay
\

V V .
FISDS\/1+( 5€ 12 _25€ cos @rsp sin (8 —61sp). (35)

Visp Visp

Fitting the fluxes from both missions (Wind and STEREO) was per-
formed using equation 35. We obtained the best fit by using the fol-
lowing values for the fixed parameters: Vg = 80kms~! for the radial
velocity of the B - meteoroids population, Visp = 30kms™—' for the
interstellar dust velocity, and @1sp = 8° for the ecliptic latitude of the
ISD flow. The cross-sectional surface, S, for the Wind probe is 4.3 m2,

and for STEREO satellites is 2v/2 m?.
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Figure 22: The averaged flux measured over five 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 fitting model as described in the text.
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Satellite Fg Fisp B1sD
Wind 3.87 x107° 4.07 x 107° 254 deg
m2s~! m2s~!
STEREOA | 423x10°5 | 648x10°5 255 deg
m2s~! m—2s~!
STEREO B 242 x 107> 342 x107° 259 deg
m2s~! m2s~!

Table 2: Obtained values for (3 - meteoroids flux, ISD flux, and ecliptic longi-

tude of ISD flow, for period 2007-2011 on all three probes.

Since we assume that the phase of the solar magnetic field is related
to the ISD flux, we used dust data from all three spacecraft from 2007-
2011 in the first step. During this period, the solar cycle reaches its
minimum, and the solar dipole is directed southward. We fitted the
flux averaged over five years using equation 35 and the above men-
tioned parameters. Figure 22 shows the average measured flux during
this period (each panel corresponds to one spacecraft), and the blue
line corresponds to the fitting 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., 2012 and Belheouane et al., 2012 for both STEREO
satellites. Within a similar timeframe, 2007-2010, Zaslavsky et al., 2012
obtained Fg ~ 6 x 107> m~2s7!, Figp ~ 8 x 107> m 25~ !, 01sp ~
258 deg; and in the same period Belheouane et al., 2012 estimated
Fg ~ 43 x 107> m2s~ !, Fisp ~ 65 x 107> m2s7 1, 015p ~ 260
deg. In terms of Wind, Malaspina et al., 2014 estimated flux of (2.7 +
1.4) x 107> m~2s~! between 2006 and 2009. Furthermore, these mea-
surements are in good agreement with those obtained by the Ulysses
spacecraft (Kriiger 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 fitting

model contains a number of approximations, the estimated values for

73



74

VARIATION OF INTERSTELLAR DUST FLUX NEAR 1 AU

Wind 2016-2020

0.00010 A

0.00009 A

0.00008 +
0.00007 H +
0.00006 + —+ e +-
0.00005 + 1 |
0.00004 +

0.00003

0 50 l(l)O 1.‘;0 Z(I)O 250 3(|)0 35;0
Longutude

Flux [m~2s71]

STEREO A 2016-2020

0.00012 A
0.00011 4

0.00010 A

= L e

Flux [m~2s~1]

0.00008

P

0.00006

0.00005 A T T T T T T T
0 50 100 150 200 250 300 350
Longutude

Figure 23: The averaged flux measured over five 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 fitting model as described in the text.

O1sp 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 - 2020 which 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 Fg Fisp B1sD
Wind 418 x 107> 8§x107° 263 deg
m—2s1 m—2s—1
STEREOA | 3.38x10°5 9.7 %1076 244 deg
m2s~! m—2s~!

Table 3: Obtained values for 3 - meteoroids flux, ISD flux, and ecliptic longi-
tude of ISD flow, for period 2016-2020 for Wind and STEREO A.

been available from STEREO B). Figure 23 shows the average mea-
sured flux during this period; The upper panel represents the Wind
satellite, and the lower panel represents STEREO A. The blue line
corresponds to the fitting model results. Table 3 summarizes the val-
ues obtained with the fitting model for both spacecraft during this
period. Note that period from 1996 to 2000 had similar solar condi-
tions (solar minimum and defocusing phase), for which Wind data are
also available. We found the following results using the same method:

Fp~523x107° m2s !, Fisp ~1.9x 107> m~2s~ .

Comparison of the obtained values for Fisp from Table 2 and Table
3 and Fisp obtained from Wind data for the period 1996-2000 shows
a clear difference. ISD flux component is obviously higher during the
solar minimum when the solar dipole points southward. The same
titting procedure can be used for the estimation of ISD flux for each
year. The Figure 24 shows the annual values of the obtained Fisp,
with each panel representing a different spacecraft. With the values
presented this way, we can visualize the flux variations in each phase
of the solar cycle. The expectance of the highest flux value occur dur-
ing the solar minimum in the period 2007-2011, when solar magnetic
field 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 24: The annual values of the obtained Fisp for the WIND, STEREO
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values for corresponding years. STEREO A data for 2015 are 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 flux 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 first time a con-
tinuous measurement of the ISD flux over two solar cycles. Although
correlation does not always imply causation, the drop in the ISD flux
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 significant amount of ISD flux. 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
fluxes at 1 AU. Both observed defocusing solar minima phases, in
1996—2000 and in 2016-2020, show a low ISD flux. 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 flip from defocusing to fo-
cusing phase occurred in 2003, and that a significant 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
flip will occur in 2025, it is natural to expect a change in ISD flux not

before 2028.
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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 first 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 first time an analytical formula
describing the voltage pulse as a consequence of the combined effects
of charge collection by the spacecraft and electrostatic influence 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 first step was
to design a proper database. An auto-detection algorithm was created
for data from the 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 exam-
ple of Solar Orbiter - Radio and Plasma Waves Instrument, Kvammen
et al., 2022 presented 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.
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Perhaps it would be interesting to apply the machine learning classi-
fication 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, a fraction of escaping charge, €, rise timescale, T;, and re-
laxation timescale, Tsc) by fitting our model to the waveform data
using a least-square Levenberg-Marquardt technique. As a result, we
were able to obtain the first in situ measurements of parameters such
as the electron escape current and an 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 since m; > m.. 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 first 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 first

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 flux
over two solar cycles (23 and 24). Lorentz force has long been thought
to repel or focus interstellar grains based on the magnetic field con-
figuration of the solar wind, and therefore on the phase of the solar
cycle (Morfill and Griin, 1979, Griin 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 flow. First con-
tinuous measurement of ISD flux over two solar cycles was achieved
in this study. Even though we used a simple equation for fitting ob-
tained flux, 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 — 2011 at solar minimum
with a solar dipole pointing southward, all three spacecraft recorded
a significant amount of ISD flux. On the other hand, both observed de-
focusing solar minimum phases, in 1996—2000 and in 2016—2020, ISD

flux is significantly 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 flip from defocusing to fo-
cusing phase occurred in 2003, and that a significant 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
flip will occur near 2025, it is natural to expect a change of the ISD

flux around 2028.



Part1

PUBLICATIONS






AN ANALYTICAL MODEL FOR DUST IMPACT
VOLTAGE SIGNALS AND ITS APPLICATION TO
STEREO/WAVES DATA

85



A&A 659, A15 (2022)
https://doi.org/10.1051/0004-6361/202142508
© K. Rackovic Babic et al. 2022

tronomy
Astrophysics

An analytical model for dust impact voltage signals and its
application to STEREO/WAVES data

K. Rackovic Babic!2®, A. Zaslavsky1 , K. Issautier'®, N. Meyer—Vernetl, and D. Onic?

I LESIA, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, Université de Paris, Paris, France
e-mail: kristina.rackovic@obspnm. fr
2 Department of Astronomy, Faculty of Mathematics, University of Belgrade, Belgrade, Serbia

Received 21 October 2021 / Accepted 6 December 2021

ABSTRACT

Context. Dust impacts have been observed using radio and wave instruments onboard spacecraft since the 1980s. Voltage waveforms
show typical impulsive signals generated by dust grains.

Aims. We aim at developing models of how signals are generated to be able to link observed electric signals to the physical properties
of the impacting dust. To validate the model, we use the Time Domain Sampler (TDS) subsystem of the STEREO/WAVES instrument
which generates high-cadence time series of voltage pulses for each monopole.

Methods. We propose a new model that takes impact-ionization-charge collection and electrostatic-influence effects into account. It
is an analytical expression for the pulse and allows us to measure the of amount of the total ion charge, Q, the fraction of escaping
charge, €, the rise timescale, 7;, and the relaxation timescale, 7. The model is simple and convenient for massive data fitting. To check
our model’s accuracy, we collected all the dust events detected by STEREO/WAVES/TDS simultaneously on all three monopoles at
1AU since the beginning of the STEREO mission in 2007.

Results. Our study confirms that the rise time largely exceeds the spacecraft’s short timescale of electron collection. Our estimated
rise time value allows us to determine the propagation speed of the ion cloud, which is the first time that this information has been
derived from space data. Our model also makes it possible to determine properties associated with the electron dynamics, in particular
the order of magnitude of the electron escape current. The obtained value gives us an estimate of the cloud’s electron temperature —
a result that, as far as we know, has never been obtained before except in laboratory experiments. Furthermore, a strong correlation
between the total cloud charge and the escaping charge allows us to estimate the escaping current from the amplitude of the precursor,
a result that could be interesting for the study of the pulses recently observed in the magnetic waveforms of Solar Orbiter or Parker
Solar Probe, for which the electric waveform is saturated.

Key words. solar wind — Sun: heliosphere — methods: analytical — methods: data analysis — meteorites, meteors, meteoroids —

interplanetary medium

1. Introduction

Dust grains are a common constituent of the Solar System. The
origin of dust has been attributed to comets, asteroids, the inter-
stellar medium, etc. (Mann et al. 2014; Griin & Dikarev 2009).
Through in situ detection we can gain insight into individual
properties such as the mass, charge, and composition of the
dust particles. In addition to dust detectors on some spacecraft
(Srama et al. 2004; Gruen et al. 1992), plasma wave and radio
wave instruments are often used to detect dust. Hence the impor-
tance of developing models of how signals are generated to be
able to link the electric signals observed to the physical proper-
ties of the dust impact.

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. Voltage pulses of
the same type were detected in multiple missions and identified
as dust impacts (Gurnett et al. 1983, 1997; Meyer-Vernet et al.
1986; Oberc et al. 1990; Tsurutani et al. 2003; Kurth et al. 2006;
Vaverka et al. 2019; Ye et al. 2019). From the 1980s until the
present day, several physical mechanisms have been proposed
to explain how dust particles produce electrical signals. The
first proposed models (Aubier et al. 1983; Oberc 1996) 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 geometry, the impact cloud geometry,
and whether the measurements are in monopole or dipole mode.
According to these and subsequent proposed models, voltage
pulses can be explained by free electric charges resulting from
impact ionization after hypervelocity dust particles hit a space-
craft. Impact ionization produces a plasma cloud made of dust
and spacecraft cover material ejected from the impacted sur-
face. 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. Thus, it is likely
that the spacecraft attracts electrons from the impact-produced
cloud while repelling positive ions. The recollection of particles
of total charge Q by the spacecraft surface of capacitance, Ci,
is expected to produce a pulse with a maximum amplitude of
6VSC ~ Q/ Csc~

Recent advances in the performance of radio detectors
have allowed us to gain an improved understanding of the
mechanisms that generate voltage pulses. Missions such as
Wind (Bougeret et al. 1995), Cassini (Gurnett et al. 2004), or
STEREO (Bougeret et al. 2008) have provided us with access
to a large number of electric waveforms that are characteris-
tic for dust impacts. As a result of the large amount of avail-
able data, more sophisticated physical mechanisms have been
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suggested. Zaslavsky (2015) proposed 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 collection, but was unable
to explain the observed rise time of signals. Meyer-Vernet et al.
(2017) demonstrated that the influence 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 analy-
sis 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 lab-
oratory. Collette et al. (2015) identified three mechanisms for
signal generation: induced charging, antenna charging, and
spacecraft charging. According to the O’Sheaetal. (2017)
numerical analysis, the antennas can only collect charge from
impacts that occur in close proximity to the antenna base.
Recently, Shen et al. (2021) developed a detailed electrostatic
model for a generation of antenna signals, applicable to wave-
forms measured in the laboratory using a dust accelerator, but
neglected the plasma effect.

This article focuses on analyzing the charge collection and
induction mechanism, examining it from a theoretical perspec-
tive, and applying it to the radio STEREO/WAVES (S/WAVES
hereafter) database. In Sect. 2 we present a theoretical model
for analyzing the radio instrument response to floating poten-
tial perturbations induced by impact-produced electron collec-
tion, taking the voltage induced on the spacecraft by the neigh-
boring cloud’s ions into account. Section 3 presents results
obtained using radio S/WAVES data on the STEREO space-
craft to validate the model and deduce properties of the impact
plasma. A summary and discussion of the results are presented in
Sect. 4.

2. Modeling of the voltage pulse
2.1. General discussion

In this section we present the theoretical model on which we base
our derivation of the dust physical parameters — more precisely
of the impact cloud’s properties — through statistical analysis of
the STEREO data in the next section. This model is an extension
of the work of Zaslavsky (2015), which proposed a description,
in the linear approximation, of the response of a spacecraft (or
an antenna) to the collection of electric charges generated after
the hypervelocity impact of a dust grain. This work proved its
capability to reproduce most of STEREQ’s dust impacts shapes,
confirming electron collection as the main mechanism through
which voltage signals are produced. However, it was unable
to explain the observed rise time of the signals — of the order
of some tens of microseconds 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 influence 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 electro-
static influence 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 timescale but by the positive charge
timescale, that is, the time needed for the positive charges to
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be screened by the photoelectrons or the ambient plasma or to
move far enough from the spacecraft for the influence effect
to become negligible and for the drop in the potential due to
electron collection to become apparent. Another consequence
of the influence effect, which was noted in the same paper, is
the possible occurrence, on very short timescales, of a precur-
sor in the voltage pulse associated with the electron dynamics.
Indeed, a fraction of the electrons escaping away from the space-
craft will leave some ion charge unscreened, 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 timescale typical of the electron
dynamics.

These processes were summarized by Mann et al. (2019),
although not quantitatively, on the basis of a description through
“escaping currents”. This description was implicitly based on the
description of the variation in the charge, Qg, in a control vol-
ume bounded by a surface, S, enclosing the spacecraft,

d - -
%z_#g]'dsz_out"'lin-

One assumes that the control surface is close enough to the
spacecraft surface, such that the spacecraft potential is to a good
approximation proportional to the charge Qg. The variation in
the spacecraft potential can then be associated with the action
of different currents, [j, and Iy, through the surface, S. Now
one also assumes the control surface to be large enough for all
the charge generated by impact ionization just after the dust hit
to be initially enclosed by it: then, there is no variation in the
charge inside the surface and therefore no variation in poten-
tial in the first moments after the impact. At that point, some
electrons may escape out of the control surface: associated with
this escape will be a negative outward current and then a pos-
itive voltage pulse (the “electron precursor”) in the spacecraft
potential times series. In a second time, ions crossing the control
surface will then produce a positive outward current and, there-
fore, a negative drop in the spacecraft potential. Finally, on the
longest timescale, currents from the solar wind and photoelec-
tron emission from the spacecraft will lead to the relaxation of
the voltage pulse. These correspond to the three stages of the
voltage pulse as described by Mann et al. (2019) (T2, T3 and T4
in that paper). This approach is mathematically relevant, and has
the advantage of simplicity and pragmatism. On the other hand,
it is not fully satisfactory since it leaves the processes occur-
ring inside the control surface undescribed. For instance, it is
clear that it is not the crossing of a mathematically abstract —
and loosely defined — control surface by electrons or ions that
is responsible for the spacecraft potential changes. The changes
are physically produced by the collection of, and by the influ-
ence from, charges inside the control surface. Another drawback
of this approach is that the currents associated with the cloud
dynamics appear as ad hoc functions, which are difficult to link
to the specific spacecraft geometrical properties.

This motivates our study. In the following, we focus on the
case of the positively charged STEREO spacecraft, although
the model can of course easily be extended to all spacecraft’s
charging states and processes. We provide a model that accounts
for the collection of negative charges and the exchange of
charges with the surrounding solar wind plasma, as was done
in Zaslavsky (2015). Here we add to the picture the effect of the
electrostatic influence from the positive ion cloud and therefore
recover the “slow rise time” and voltage precursor effects, that
were absent from that work.

ey
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2.2. Electrostatic influence from a point charge

The electrostatic potentials of a system of conductors insulated
from one another is a problem that, although not explicitly solv-
able for arbitrary geometries, has the advantage that the charge
carried by each of the conductive elements is linear. Consider-
ing our system to be composed of only the dust plasma cloud,
of charge Q.jouqa and potential ¢.joud, and the spacecraft (indices
sc), the linearity of the problem translates into the existence of a

matrix A such that

Pcloud — Acloud Acloud,sc choud (2)

Psc Asc,cloucl Asc Qsc '
Here, A is here the inverse of the capacitance matrix, also known
as the elastance matrix, of the conductors system. Of course,
additional lines and columns can be added in order to account for
the electrostatic effects of the dust on other systems (antennas,
solar panels, booms, etc.) and of these elements on each other,
but in this paper we focus only on the simplest case of the inter-
action of a dust impact cloud and the spacecraft, neglecting all
other capacitive couplings and therefore limiting ourselves to a
2 x 2 matrix. This choice is made here for simplicity, but a model
that includes the coupling to the antennas should be the purpose
of a forthcoming study. This would be of particular importance
in providing a model for the signals observed in dipole mode on
Wind and other spacecraft (Solar Orbiter, Parker Solar Probe),
which are known to be produced by electrostatic influence on a
particular arm of a dipole (Meyer-Vernet et al. 2014).

Since the size of the spacecraft is very large with respect to
the size of the dust impact cloud that influences it (so its self-
capacitance is much larger), we can neglect the change in self-
capacitance of the spacecraft due to the presence of the cloud in
its vicinity and write that

Asc = C_l ~ !

SC

drepRy.’ 3
where Cy is the spacecraft capacitance in a vacuum and Ry its
size. This parameter is then a good approximation independent
of the position of the dust cloud with respect to the spacecraft.

In order to roughly evaluate A coud, ONE could assume the
dust cloud to be a point charge and the spacecraft to be a con-
ducting sphere of radius Ry, both separated by a distance r. The
electrostatic calculation in a vacuum (see e.g., Jackson 1962), as
noted by Meyer-Vernet et al. (2017), then gives

1 Ry
4megRsc Re + 7

Ase cloud(r) = (€]
This evaluation neglects lots of effects, 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. Therefore, we chose to model the mutual elastance,
Asc,cloud» by

Asc,cloud(r) = LF(”L (5)
CSC

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

Aph, the screening length of the photoelectron sheath), with lim-

iting values of 1 for r — 0 and 0 for r — co. Naturally, one may

choose

F(r) = exp(=r/pn), (6)

but other empirical choices are possible — for instance, F(r) o«
exp(—7/Apn)/(r + Ryc), to recover the vacuum expression given

by Eq. (4) for small values of r. The function F has to be cho-
sen empirically anyway since it depends on many indeterminate
factors, including the geometry of the spacecraft, the geometry
of the dust impact cloud, and the structure of the photoelectron
sheath.

2.83. Equations for the potential perturbation

Now that we have our model for the electrostatic influence, we
can study the effect on the spacecraft potential of a transient as a
dust impact. For this we use Eq. (2) to write the derivative of the
spacecraft potential,

desc dQs.
— = Aic
dr ode

d
+ - A@ccou cloud/ - 7
dt(A,ldQld) (7

The first term of the right-hand side accounts for the time varia-
tion of the spacecraft charge. This variation is due to various cur-
rents coming from the dust impact cloud, the solar wind plasma
and the spacecraft itself through the photoelectric effect (or, very
marginally in the case of STEREO, secondary emission). It cor-
responds to the variation in charges in a control volume that is
precisely enclosed by the spacecraft’s surface. It reads (neglect-
ing secondary emission)

dQSC
dt

= ph(@psc) + Isw(‘psc) + Leoltected (), (8)

where I, is the photoelectron current and Iy, is the solar
wind electron current on the spacecraft surface, which can
both be expressed explicitly as a function of ¢, (and of
the local plasma parameters) within the orbit-limited approx-
imation (Laframboise & Parker 1973). The I.gjecteda(?) is the
current due to collected charges from the impact cloud. This
equation (that is, Eq. (7) with only the first term of the right-
hand side) corresponds exactly to what was solved in the paper
by Zaslavsky (2015). It captures the effects related to the changes
in the charge carried by the spacecraft: its charging through col-
lection of charges from the impact cloud and its relaxation to
equilibrium through charge exchanges with the solar wind. The
second term of the right-hand side of Eq. (7) was omitted from
that paper, but it is very important: it contains the description of
the effects of electrostatic influence.

The solution of Eq. (7) can be obtained by linearizing the
expression for the currents around the equilibrium value, @gceq,
of the potential, as was done in Zaslavsky (2015). The potential
perturbation, 6@s. = @sc—@sceqs 18 then found to evolve according
to the first-order linear differential equation

d 1
_690sc + _590sc =

d
dt Te (Icollected + a‘ [F(r(t))choud(t)] , (9)

1
CSC
where 7, is the linear relaxation time of the spacecraft
potential

b
eneveS o

(10)

Tse =

with T, the photoelectron sheath temperature expressed in elec-
tronvolts, n. the local plasma electron density, ve = VkT/2rm,
the electron mean velocity divided by 4, T the local plasma elec-
tron temperature and S the spacecraft conductive surface in
contact with the surrounding plasma. The k, e and m, are Boltz-
mann’s constant, the electron charge, and the electron mass,
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respectively. The solution of Eq. (9), assuming the spacecraft is
in equilibrium with the surrounding plasma when ¢ — —oo, is

1 ! d
Ope(t) = C_e—I/Tsc f (Icollected(t,) + @ [F(r(t’))choud(t/)])

e'lmedr’.
11

This expression can be used in a quite general manner to model
the shape of the pulse — as long as the linear assumption is ful-
filled, which is the case for the very large majority of the impacts
recorded. One can see that the time profile of the voltage per-
turbation is linked to the time profile of the collected current,
Leolected, DUt also to the trajectory, r(¢), of the dust cloud around
the spacecraft, to the shape of the function F, describing the
spacecraft and sheath properties, and to the time profile Qcioua(?),
which is related to the electron dynamics in the cloud and in the
sheath.

2.4. A simple model: Streaming ions and massless electrons

In order to obtain a simple model, that relies on a few parameters
and is adapted to robust fitting of the large amount of data pro-
vided by radio instruments such as S/WAVES, one needs models
to be as simple as possible for the source terms in the right-hand
side of Eq. (11). We derive in this section the potential pertur-
bation time profile under 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 considered as instantaneous. This assumption is relevant
if the electron dynamical timescale is smaller than the sampling
time of the instrument, which is the case, as will be seen in the
data analysis section, for the waveforms recorded by S/WAVES.
We also consider the possibility that the photoelectrons 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. (6) with a cutoff length A, on the order of the photo-
electron sheath Debye length. Since we consider ions streaming
freely out of the spacecraft, the spacecraft-ion cloud distance is
given by r(f) = vt, with v a constant.

Therefore, the term accounting for electrostatic influence
reads

dchoud
_— 12
” (12)

g (F(r(1)Qcloud(®) = + chloud) e_l/Td,
dr Td

where 74 = App/v is the ion cloud dynamics timescale, character-
istic 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 the neutralization of the cloud by the
photoelectrons on a typical timescale 7pp:

d 1
anloud + T_choud = - collected(t) - Iescaped(t)a
ph

(13)
where Iegcaped 18 the current of charges escaping away from the
spacecraft.

The assumption that the escape and collection of the elec-
trons is instantaneous (the “massless electron assumption”)
translates into the following expressions for the currents

Leotiectea(?) = —(1 — €)Q6(1), Iescaped(t) = —€Q0(1),
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(14)

pulse amplitude normalized to —Q/Csc

0 100 200 300 400 500
time [us]

Fig. 1. Simulation of the signal shape through proposed models for the
effect on the spacecraft potential of a transient dust impact. The curve is
obtained from the simple model, assuming the electron collect (escape)
to be instantaneous, 7. =~ 0 (Eq. (16)). The ratio between escaped charge
and total charge is € = 0.1, and timescales parameters are 7. = 100 us
and Tjo, = 30ps. The zoomed-in portion of the plot (top right) provides
an insight into the pre-shoot signal shape.

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 6(¢) is Dirac’s delta function. It is
then clear that one must have, from the Eq. (13),

t

choud(t) = e_t/Tph f (_Icollecled(t’) - Iescaped(t’)) e /Tphdt/

= Qe™/™H (1), (15)
where H(t) is Heaviside’s step function.

All the source terms appearing in the right-hand side of
Eq. (11) have now been given by an explicit expression, and it is
straightforward to compute the integral. The potential perturba-
tion obtained is

= eQ —t/Tsc Q 1 /T —t/7;
Opsc(1) = C_sce - am (e 4 ) H(). (16)
where 7; = T4Tpn/(tq + Tpn) is the characteristic rise time of

the pulse. It is on the order of the smaller of the ion char-
acteristic timescale, 74, and the time for the cloud to collect
enough ambient photoelectrons to be able to shield its charge,
0O (Meyer-Vernet et al. 2017).

The shape of this time profile is illustrated in Fig. 1. In the
case where the ion timescale, 7;, is small compared to the relax-
ation time, T, this can easily be simplified again, but we keep
the effect of the finite value of 7;/7, since, as we shall see, in
the data this ratio is on the order of ~1/3.

2.5. More complicated model: Taking additional effects into
account

The previous section presents a simple model, which, as will
be seen in the next section, is sufficient for modeling and under-
standing the broad majority of the events recorded by S/WAVES.
But the expression (11) for d¢s.(¢) also makes it possible to
account for a variety of other effects, by introducing more refined
functions for the collection (escape) currents, the mutual elas-
tance, or the ion cloud trajectory. In this section we briefly
explore some possible refinements.

First, one could account for the finite dynamic time, 7., of the
electrons. This can be done by using for Icofiected and Legcapea func-
tions that introduce a characteristic timescale. The most natural
choice is probably a Gaussian function with variance 72. In gen-
eral, it will then be necessary to perform a numerical integration
of the Egs. (11) and (15). If it is necessary to reach an even finer
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level of modeling for the electron dynamics, one could also take
different timescales for the collection and escape of the electrons
into account. Of course, such a fine modeling given the time res-
olution of the electric waveform sampler on board spacecraft,
would probably not make much sense in the context of space
measurements.

Another refinement could also be obtained by accounting for
more complex trajectories, r(¢), of the ion cloud. Here again,
the computation for an arbitrary trajectory requires numerical
integration. In any case, and as will be seen in the next section,
since the screening timescale, 7y, is smaller than the dynamics
timescale, T;, the precise dynamics of the ion cloud should not
strongly affect the shape of the pulse.

Finally, a finer description of the pulses could also be reached
through a better modeling of the spacecraft coupling to the cloud.
Such a model should include a precise electrostatic descrip-
tion of the spacecraft through a carefully computed elastance
matrix that includes all the conductive elements and in particular
the antennas, the potential of which was considered as constant
in our simplified study. The computation of such an elastance
matrix was recently performed by Shen et al. (2021) and com-
pared to the results of laboratory experiments of dust impacts on
a model spacecraft.

A full model may also include a description of the cloud
internal dynamics and expansion and of the trajectory vector,
r(t), of the cloud center of mass in the vicinity of the spacecraft.
Solving for such a complicated model would require complex
numerical simulations. But as we shall see in the next section,
the present model enables us to reproduce most of the observed
voltage pulses and provides a support for interpreting the more
complex ones.

3. S/WAVES Time Domain Sampler data

In the present study, we analyze dust grain impacts from the
two STEREO satellites, A and B, which were launched in
2006 and are orbiting at 1 AU. The S/WAVES radio instru-
ment is constituted by three orthogonal 6 m long antennas con-
nected to a sensitive radio receiver. The instrument can per-
form observations in the frequency range 2.5kHz to 17 MHz
(Bale et al. 2008; Bougeret et al. 2008). The Time Domain Sam-
pler (TDS) is a subsystem of the S/WAVES instrument that
generates high-cadence time series of voltage pulses for each
monopole. Bougeret et al. (2008) provided comprehensive infor-
mation on TDS and how signals are collected, filtered, and dig-
itized. In this article, we use the data provided by TDS to study
the voltage variations occurring when a dust grain impacts the
spacecraft.

3.1. Presentation of S/WAVES TDS data

Two TDS data sets are available: (1) the TDSmax data give the
maximum amplitude or peak signal detected on the antennas
each minute; and (2) the TDS Events data set provides complete
voltage time series captured by the instrument with a sampling
rate of a few ps (Zaslavsky et al. 2012). We used the TDS Events
data set. Measurements can be conducted in several modes with
different time resolution and total event duration. For this 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 65ms and 130 ms. Signals with a high
amplitude are automatically selected for telemetry out of a con-
tinuously recorded waveform. A low-pass filter is used with
the S/WAVES signal to prevent aliasing by matching the sam-
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Fig. 2. Different examples of electrical signals obtained by
S/WAVES/TDS: (a) Langmuir waves, (b) plasma wave around the local
cyclotron frequency, (c) low-frequency density fluctuation, and (d) dust
event.

pling channel. Depending on the time resolution of the sample,
low-pass filters can be either 108 kHz or 54 kHz (Bougeret et al.
2008).

An analysis of the electrical waveforms of the TDS Events
reveals that they contain a variety of signals with distinctly dif-
ferent shapes. The observed signals include variations in elec-
tric potential due to inhomogeneities of local plasma density.
Panels a—c of Fig. 2 illustrate the types of waves present in the
data: plasma waves oscillating at the local plasma frequency
(Langmuir waves), plasma waves around the local cyclotron
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Fig. 3. Maximum signal amplitude recorded on X and Y monopoles
in the period from 2008 October 1 to 2008 December 31. Red stars
represent only the dust signal.

frequency, and low-frequency density fluctuation. The impact of
energetic particles such as protons and electrons from the Solar
System or coming from galactic origin can also produce an elec-
tric field 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). Panel d of Fig. 2
shows a signal of characteristic shape recognized as a dust
impact signal (Zaslavsky et al. 2012). This signal is character-
ized by an abrupt increase in voltage followed by a rapid relax-
ation to equilibrium potential. There are two distinct types of
these signals: a strong peak detected by one monopole or a simi-
larly shaped signal appearing simultaneously on all three anten-
nas. Our study is focused on signals almost simultaneously gen-
erated on all three antennas.

3.2. Survey of TDS dust data

The TDS waveform sampler on-board both STEREO satellites
has observed a large number of voltage pulses interpreted as
dust impact signatures since the launch of the mission. Our study
examines TDS events recorded from 2007 to 2018 for STEREO
A and from 2007 to 2015 for STEREO B.

As illustrated by Fig. 2, the data set contains snapshots of a
wide variety of phenomena. Therefore, we need to find a way
to automatically identify only very sharp and impulsive events,
recognized as dust events, in between all those other varieties
of occurrences. To do so, we set the threshold at an amplitude
greater than 15mV to identify shapes clearly and lower than
175 mV to eliminate events that saturate the receiver. Also, since
we wanted the amplitude to be roughly the same on all three
antennas, our third criterion is defining a cone that will only
involve simultaneously occurring. Figure 3 shows the distribu-
tion of the observed maximum amplitudes over three months
on the monopole pair X and Y (the distribution is the same for
the other monopole pairs). Accordingly, if we consider measure-
ments of each of the three monopoles, dust events would likely
be concentrated within the cone of a particular aperture. In par-
allel 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 intersection 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 observa-
tions over which several dozen measurements of dust impacts
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were made; it was found to be effective in detecting dust-related
events. Then we applied it 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 2007-2018 to
create a single database. The resulting database contains 116544
events, 76086 on STEREO A and 40458 on STEREO B. In order
to check the validity of the simple theoretical model presented in
Sect. 2, a statistical analysis 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 are 349632 individual
pulses.

3.3. Analysis of individual impacts

Using the simple model from Sect. 2, we fitted each electric
pulse observed by the S/WAVES instrument on board STEREO
A and B, selected as discussed in Sect. 3.2. Several parameters
that characterize the response of the spacecraft and the collection
dynamics of particles are derived and discussed. To fit the signal
detected at each monopole, we used the function

¢(0) = A(L/(1 = Ty /T)) (T = !10) — BT, (17)

with a Levenberg-Marquardt least-squares minimization
method. This function is the same as the theoretical Eq. (16),
with the free parameters of our fitting routine being: 7> = Ty
is the spacecraft relaxation timescale, which is the time it takes
for the spacecraft to return to equilibrium; 7 = 7; is the ion
characteristic timescale, A = I'Q/Cj. is the total charge, and
B = eI'Q/C represents the escaped charge. Figure 4 shows
voltage pulses recorded by TDS as well as the Levenberg-
Marquardt fit to TDS data with the function 6V(f) = —Tg
from Eq. (17), with I ~ 0.5 the antennas’ gain due to capacitive
coupling with the base (Baleetal. 2008). These examples
demonstrate a good match between the data and the model,
except for the negative voltage overshoot occurring after the
main pulse.

As discussed in the previous subsection, anti-aliasing low-
pass filters are set up at the entrance of each sampling channel.
It is known that the effect of such filters on a sharp impulsive
signal will produce an artificial distortion of the signal, such as
these overshoots. In order to correct this effect, we deconvolved
the signal using the inverse low-pass filter. The inverse low-
pass filter was chosen in accordance with the sampling channel
currently being used, which is typically 108 kHz or 54 kHz in
the case of S/WAVES (Bougeret et al. 2008). Some overshoots
remain even after the correction, while others completely dis-
appear. It is therefore likely that the remaining overshoots are
not artificial, but rather due to the charges of the monopoles
themselves (Zaslavsky 2015). Still, this effect is difficult to reli-
ably quantify since the correction by the filter can be quite sen-
sitive to the phase calibration of the filters. In this study, we
chose not to take the variation in the antenna’s potential into
account.

As a summary, we fitted all data from our data base with the
Levenberg-Marquardt least-squares minimization method using
Eq. (17). As discussed in Sect. 2, we expect that the time
required for the spacecraft to return to equilibrium is signifi-
cantly longer than the ion characteristic timescale (i.e., Ty > T;).
We removed any event that does not meet this condition; conse-
quently, from the initial 349632 events, we kept about 70% of the
events.
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Fig. 4. Signals of dust impact recorded by STEREO A in 2008. Black dots represent TDS data. The red line represents the fitting results made
with a Levenberg-Marquardt method from Eq. (17) and function 6V (¢) = —T'6¢py. -
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Fig. 5. Histogram of the parameter 7. The green section on the his-
togram indicates the extreme values of the parameter calculated from
Eq. (10) (see text for details). Around 80% of the obtained values for 7.
are inside the green section. The dashed vertical line represents the most
probable obtained value for the parameter, 7. ~ 190 us. The median
value of the distribution is 270 us.

3.4. Statistical analysis of S/WAVES signals, presentation
and discussion

3.4.1. Linear relaxation timescale

Figure 5 shows a histogram of the parameter 7., which describes
the discharge timescale of the spacecraft through exchange of
charges with the solar wind and the photoelectron emission from
the spacecraft. The histogram contains all the values for the 7
parameter that were obtained for each monopole.

The linear relaxation time of a spacecraft is given by Eq. (10)
in Sect. 2.3. One can see that 7, depends on the geometry of
the spacecraft (through its surfaces), as well as on the local
plasma and photoelectron parameters. It can be evaluated as fol-
lows: STEREO satellites orbit at 1 AU, where, typically, n, =
[1-10]cm™ and T. ~ 10eV (Issautier et al. 2005). Spacecraft
parameters are, as an order of magnitude, Cy. ~ 200 pF, S ~ 10
m?, and the photoelectron temperature is typically Ton = 3eV.
On the basis of these parameters, one can estimate the relaxation
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Fig. 6. Histogram of the parameter 7;. The yellow section includes all
the obtained values below 100 us (the threshold for the 7). More than
80% of the obtained 7; is inside the yellow section. The vertical dashed
line represents the most probable obtained value for the parameter, 7; ~
18 us.

time for STEREO, 7, ~ 100 — 430 us. These limits are repre-
sented by the green-shaded area in Fig. 5. 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 us and 270 us, respectively. This quite
unambiguously shows that, consistent with the standard inter-
pretation, the decay time of the pulses can be identified with the
relaxation time of the spacecraft through the exchange of charges
with the surrounding plasma after the spacecraft body has col-
lected a certain amount of charge.

3.4.2. lon characteristic timescale

Figure 6 presents a histogram of the ion dynamics timescale
parameters, 7;. The vast majority of the obtained values for
parameter 7; are smaller than 100 us. As noted in Sect. 2.2, this
characteristic ion timescale, 7;, is the smallest of the quanti-
ties App/v and the time for the cloud’s ions to collect enough
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Fig. 7. Total charge calculated from Qegimae = Csc0Vimax /I as a function

of the total charge, O, obtained from fitting parameter A (Eq. (17)).

The binwidth is 5 pC. The error bars show the standard deviation of the
distribution of Q in each bin.

ambient photoelectrons to be shielded by them, as estimated by
Meyer-Vernet et al. (2017). Using Egs. (11) and (4) of that paper,
the latter can be simplified into

Ton = (30/2hno) ” PP, (18)
where I, is the spacecraft photoelectron current at zero poten-
tial. Assuming Ipno = 20 uA/m2 (which yields A, = 0.9 m),
we deduce from the most commonly observed value 7; = 18 us
(Fig. 6) with the average charge Q =~ 40 pC, the cloud’s prop-
agation and expansion speed to be v ~ 13kms~!. This result
depends weakly on the badly known photoelectron current and
is consistent with our estimate that 7; ~ 7, since the most com-
monly observed value of 7; is much smaller than A, /v.

These values can be compared with reasonable agreement
to measurements 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 > 10kms~!. According to their results,
plasma detection occurred most often 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.

3.4.3. Electron collection

The value of total charge, Q, is derived from the parameter
A = T'Q/Cq., which is obtained through the fitting. It should
be noted that the value of A obtained on each monopole differs a
bit (probably because of the influence effect on the monopoles,
which is neglected in this work). However, since the total amount
of charge released during an impact must be the same for all
monopoles, we defined the total charge as the mean of the
values obtained by fitting each monopole separately. For both
STEREO spacecraft we used values for the spacecraft capaci-
tance of Cs. = 200 pF, and for the antenna-spacecraft coupling
I' ~ 0.5 (Bale et al. 2008). As can be seen in the figure, values of
Q lie within the range 8-120 pC.

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 hyperveloc-
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ity impact experiments on materials relevant to STEREO satel-
lites (Collette et al. 2014). In the case of impacts on the thermal
coating that covers most of the spacecraft, the result obtained
is Q) = 1.7 x 107 myg V37 . Based on this relationship,
we can, by assuming a typical velocity for the impacts, trans-
late the charge scale into a mass scale. For particles orbiting at
Keplerian speeds, we can assume a typical impact velocity of
30km.s~!; the obtained mass range is then 20 — 340 x 10~'" kg,
which corresponds to the size interval 2 — 5pum (we assume
a mass density p = 2.5g.cm™ ). On the other hand, it has
appeared that the fluxes observed on several spacecraft, includ-
ing 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 population of dust particles
produced close to the Sun and pushed away along hyperbolic
orbits by the radiation pressure, the 8 meteoroids. The velocity
of these particles at 1 AU depends quite importantly on their ori-
gin and composition, through the value of the 8 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
magnitude of the velocity at 1 AU is 80 km.s™' (Wilck & Mann
1996). Using this value we obtain masses and sizes ranging from
0.4 to 6x 1077 kg, and from 0.07 to 0.17 um, respectively, which
is comparable to the masses and sizes of grains detected on the
cited missions.

Figure 7 shows the total charge, O, obtained through the fit-
ting procedure, as a function of the charge Qegimae €Stimated
with the approximation Qegtimate = CscOVmax /I — the formula that
has been used for several space missions (e.g., Zaslavsky et al.
2012) when waveform data are not available for each event.
Figure 7 shows that this rough estimate is very well correlated
with the total charge, Q, deduced from fitting the waveform. The
slope is 1.63 + 0.01, with 0.8 the factor of correlation. This high
correlation justifies the use of the formula A = I'Q/C,. when no
precise waveform data are available. However, this study shows
that this formula underestimates the charge by around 30% (at
1AU).

This underestimation has had some consequences on the esti-
mation of particle size, in previous studies (e.g., Zaslavsky et al.
2012). Since we have seen that size is linked to Q by s o« Q'/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.

3.4.4. Electron escape

We finally turn our attention to the electron escape current.
Figure 8 shows value of the amount of charge escaping the
spacecraft, €eQ, as a function of the estimated total cloud charge,
Q. The standard deviation shown as error bars gives an estimate
of the width of the distribution of escaped charge in each bin.
For this figure we choose only events exhibiting a voltage pre-
cursor larger than 5SmV. Our database contains about 20% of
such events. Figure 9 shows the percentage of events with pre-
cursor amplitude larger than the threshold concerning the total
charge amount Q.

Figure 8 shows that both are almost linearly correlated (at
least up to 70 pC), implying that the fraction of escaping charge,
€, is almost a constant. The slope of the curve, obtained by linear
regression, provides a value of € = 0.085 + 0.004, where the
uncertainty correspond to a 95% confidence 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
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Fig. 9. Histogram of the occurrence of events with precursor amplitude
larger than 5 mV with respect to the total charge amount. The error bars
show the standard deviation of the distribution. The binwidth is 12 pC.

charge in the cloud, around 8% of this charge escapes the space-
craft. 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 elec-
trons as follows. Roughly half of such electrons are expected
to move toward the spacecraft initially and recollected, provided
the spacecraft potential is positive. Among the other half (those
initially moving outward), only those with an energy (in eV)
exceeding the spacecraft potential, ¢, will escape. Assuming
a Maxwellian distribution of temperature T (in eV), this yields
€ =05/, (19)
With € =~ 0.08 and ¢5. = 5V, we obtain T = 2.7 eV. This result
is close to the value 7 = 2.5 eV found by Fletcher et al. (2015)
and to all the previous estimates, which indicated that the impact
electron temperature is a few eV.

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. Dudot de Wit, M. Kretzschmar, priv. comm.). Such signals
are likely produced by the current generated by electrons escap-
ing from the spacecraft. In this context, our measurement takes
on a supplementary interest since it help us to evaluate the escap-
ing current from the amplitude of the pre-shoot. Indeed, one
must have legeape ~ €Q/7., Where 7. is the timescale associ-
ated with the electron dynamics. As discussed previously, this

timescale has been neglected (7. ~ 0) in the present study. This
was justified 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 us. Therefore, this time resolution can be safely considered as
a higher limit on 7., and one can evaluate

€0

Lescape 2 Ix10-6"

(20

The amplitude of the magnetic pulses must be on the order
of 6B ~ polescape/2nR, with R the average distance between
the outflowing electrons and the magnetic probe. We can then
expect the amplitude of the magnetic pulse to be linearly related
to the amplitude of the voltage precursor. Checking the linearity
of this relation on a statistically relevant set of observed mag-
netic 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 pro-
duce magnetic pulses. For instance, an escaping current that pro-
duces a magnetic pulse of amplitude B,s ~ 0.5 nT, taking for R
a value typical of the spacecraft size, ~1 m, should be lescape ~
2R Bobs/tto ~ 3 mA. Now assuming that the value of € stays
constant ~0.08 even for large values of Q, this current would
correspond to a total impact charge of O ~ IescapeTe/€ ~ 100
nC. For impact speeds of 50 — 100km.s™! (relevant for Solar
Orbiter and Parker Solar Probe; cf. Page et al. 2020), this would
give masses of m ~ 107'% 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.

4. Conclusions

1. In this study we present a theoretical model for the genera-
tion of voltage pulses by the collision of dust grains onto a
spacecraft. Our work, in the continuation of previous stud-
ies (Zaslavsky 2015; Meyer-Vernet et al. 2017), provides for
the first time an analytical formula describing the voltage
pulse as a consequence of the combined effects of charge
collection by the spacecraft and electrostatic influence from
charges in its vicinity. We validate our model using data from
the S/WAVES instrument at 1 AU.

2. We used 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,
7;, and relaxation timescale, 74 ) by fitting our model to the
waveform data using a least-square Levenberg-Marquardt
technique. This enabled us to obtain the first in situ mea-
surements of parameters such as the electron escape cur-
rent and the temperature of the electrons in the impact cloud
(T ~2.5¢eV).

3. Our study is consistent with the idea that the pulse’s rise time
largely exceeds the spacecraft’s short timescale of electron
recollection. When the electrons are recollected, the positive
ions are still very close to the spacecraft since m; > m,.
Hence, they produce a voltage of the opposite sign to that
produced by the electron recollection. 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. As far
as we know, this is the first time that information about the
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velocity of ion clouds was calculated from data, and we com-
pared the results with the values obtained in numerical sim-
ulations and laboratory instruments. Calculations based on
numerical simulations (Fletcher et al. 2015) and laboratory
experiments (Lee et al. 2012) match our results.

4. We found that the amount of charge escaping the spacecraft
and the estimated total cloud charge are almost linearly cor-
related. Recently detected impulsive magnetic signals asso-
ciated with saturating signals on the monopoles of Parker
Solar Probe and Solar Orbiter are likely related to the elec-
trons 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.

5. 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 Orbiter,
this effect should produce very different voltages on different
antennas and therefore enable dust detection in dipole mode,
as first suggested by Meyer-Vernet et al. (2014).
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ABSTRACT

Context. Impacts of dust grains on spacecraft are known to produce typical impulsive signals in the voltage waveform recorded at the
terminals of electric antennas. Such signals (as may be expected) are routinely detected by the Time Domain Sampler (TDS) system
of the Radio and Plasma Waves (RPW) instrument on board Solar Orbiter.

Aims. We investigate the capabilities of RPW in terms of interplanetary dust studies and present the first analysis of dust impacts
recorded by this instrument. Our purpose is to characterize the dust population observed in terms of size, flux, and velocity.
Methods. We briefly discuss previously developed models of voltage pulse generation after a dust impact onto a spacecraft and present
the relevant technical parameters for Solar Orbiter RPW as a dust detector. Then we present the statistical analysis of the dust impacts
recorded by RPW/TDS from April 20, 2020 to February 27, 2021 between 0.5 AU and 1 AU.

Results. The study of the dust impact rate along Solar Orbiter’s orbit shows that the dust population studied presents a radial velocity
component directed outward from the Sun. Its order of magnitude can be roughly estimated as v, 4,5 =~ 50 km s~!, which is consistent
with the flux of impactors being dominated by S-meteoroids. We estimate the cumulative flux of these grains at 1 AU to be roughly
Fg ~ 8 x 10 m2s™! for particles of a radius r > 100 nm. The power law index & of the cumulative mass flux of the impactors is
evaluated by two differents methods, namely: direct observations of voltage pulses and indirect effect on the impact rate dependency
on the impact speed. Both methods give the following result: ¢ =~ 0.3-0.4.

Conclusions. Solar Orbiter RPW proves to be a suitable instrument for interplanetary dust studies, and the dust detection algorithm
implemented in the TDS subsystem an efficient tool for fluxes estimation. These first results are promising for the continuation of the
mission, in particular, for the in situ study of the inner Solar System dust cloud outside of the ecliptic plane, which Solar Orbiter will
be the first spacecraft to explore.

Key words. instrumentation: detectors — methods: data analysis — meteorites, meteors, meteoroids — interplanetary medium

1. Introduction and planetary radio astronomy experiment (Aubier et al. 1983)

both observed broadband signals that were interpreted as hav-
In recent decades, radio and plasma wave instruments have ing been produced by dust impacts during the crossing of
demonstrated the ability to probe dust in different space environ- ~ Saturn’s E ring by Voyager 1 and G ring by Voyager 2. The
ments. Voyager’s plasma wave instrument (Gurnett et al. 1983) plasma wave instrument, operating in dipole mode with a roughly
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symmetrical configuration, observed smaller amplitude signals
that the radio experiment, operated in monopole mode. The tech-
nique was used again along Voyager 2 orbit, with dust measure-
ments at Uranus (Meyer-Vernet et al. 1986; Gurnett et al. 1987)
and Neptune (Gurnett et al. 1991; Pedersen et al. 1991). Voyager
measurements at the outer planets of the Solar System were fol-
lowed up by others in space environments with an expected high
dust flux, such as cometary trails with, for instance, VEGA 2’s
plasma wave instrument at Halley’s comet (Oberc 1990).

From around the start of the year 2000, radio analyz-
ers on board missions such as Wind (Bougeret et al. 1995),
Cassini (Gurnett et al. 2004), or STEREO (Bougeret et al. 2008)
recorded a large number of electric waveforms characteristic of
dust impacts. The improvement in the technical performance
of these radio detectors compared to the previous generation
(the higher sampling frequency of the waveform analyzers in
particular), along with the large number of examples avail-
able for study, has led to a better understanding of the mech-
anisms involved in the voltage pulse generation after a dust
impact. Several recent studies have detailed the work of model-
ing and made comparisons to available data, such as works by
Zaslavsky (2015) on STEREO, Meyer-Vernet et al. (2017), or
Ye et al. (2019) on Cassini and Vaverka et al. (2019) on MMS.
The paper by Mann et al. (2019) provides a complete summary
of the works performed on various spacecraft, along with a
prospect for the Parker Solar Probe and Solar Orbiter missions as
well as a review of the voltage pulse mechanism in our present
state of understanding. The paper by Lhotka et al. (2020) also
presents a detailed analysis of spacecraft charging processes in
various plasma environments and an application to dust impacts
on MMS.

To summarize these models, voltage pulses result from the
production of free electric charges by impact ionization after a
grain of solid matter hits the spacecraft. These charges modify
the spacecraft potential (and, depending on the impact location,
the antennas) by way of two main effects: one being the pertur-
bation of the electric current equilibrium between the spacecraft
and the surrounding plasma due to the collection by the space-
craft of some of these free electric charges; the second being the
perturbation of the spacecraft or the antenna potential by elec-
trostatic influence from these free charges, that occurs when the
impact plasma cloud is not neutral overall (which happens after
some of the charges have been collected or have escaped from
the vicinity of the spacecraft).

Over the years and thanks to these refinements in pulse
modeling, radio analyzers have thus proven capable of pro-
viding robust estimates of dust fluxes in various mass ranges,
varying from the nanometer to the micron. Examples of
the successful use of this technique to derive dust fluxes
include the detection of nanometer-sized dust with STEREO/
WAVES (Meyer-Vernet et al.  2009b) and Cassini/RPWS
(Meyer-Vernet et al. 2009a), measurements of the interstel-
lar dust flux and direction at 1 AU by STEREO/WAVES
(Zaslavsky et al. 2012) and Wind/WAVES (Malaspina et al.
2014), or measurements of the micron to ten microns sized dust
density in the vicinity of Saturn by Cassini/RPWS (Ye et al.
2014, 2018).

The present paper, continuing on from these works, is
devoted to the study of the dust impact data recorded by the
Radio and Plasma Waves instrument and to the derivation of the
interplanetary dust fluxes along Solar Orbiter’s orbit. This is of
particular importance since in situ measurements of interplane-
tary dust in the inner heliosphere, which are necessary to con-
strain and validate dust production models, are limited. Notably
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there are only few data on the dust collision fragments that form
in the inner solar system and then are ejected outward. Flux esti-
mates for these dust grains, denoted as S-meteoroids, were made
based on Helios observations (Zook & Berg 1975) and based on
Ulysses observations (Wehry & Mann 1999). The dust collision
evolution inside 1 AU were studied with model calculations hav-
ing only few observational constrains (Mann et al. 2004).

Recently, the Parker Solar Probe (PSP) has been operat-
ing the FIELDS instrument (Bale et al. 2016), which provides
observations of dust impacts. The PSP dust observations have
been presented in a number of recent works (Page et al. 2020;
Szalay et al. 2020; Malaspina et al. 2020). These observations
provide a number of interesting results on dust fluxes in the close
vicinity of the Sun. In the context of this paper, recent works
on the second orbit of PSP with dust measurements between
ca. 0.16 and 0.6 AU are of interest. Szalay et al. (2020) showed
that the observations during the second solar encounter could
be explained through particles that form as collision fragments
near the Sun and then are ejected by the radiation pressure force.
Mann & Czechowski (2021) showed that the same fluxes could
be explained with a model that combines the collisional produc-
tion of dust particles and their dynamics influenced by gravity,
radiation pressure, and Lorentz force; the latter was found to
have only a small effect on the particles that were observed with
PSP during the second orbit.

In this paper, we first present and discuss the waveform data
recorded by the instrument and the specificities of Solar Orbiter
as a dust detector in Sect. 2. Then, in Sect. 3, we focus on the
statistical study of the time repartition and of the voltage ampli-
tudes of the hits recorded. Finally, in a last section, we build on
this statistical study to determine the flux of the dust population
observed we and compare our results to those obtained by other
missions as well as to the theoretical predictions in the field.

2. Dust measurements with RPW

The RPW instrument on board Solar Orbiter (see a complete
description in Maksimovic et al. (2020) is designed to mea-
sure and analyze the electric field fluctuations from near-DC to
16 MHz and magnetic fluctuations from several Hz to 0.5 MHz.
In this article we are mainly interested by the electric wave-
forms provided by the time domain sampler (TDS) subsystem
of RPW. In particular, TDS provides digitized snapshots of the
voltage measured between the terminals of two of the spacecraft
electric antennas (dipole mode) or between one the spacecraft
electric antennas and the spacecraft ground (monopole mode).
The waveforms used in this article were sampled at a rate of
262.1kHz, after being processed by an analog high-pass filter
with a cutoff around 100 Hz.

Figure 1 shows examples of impulsive signals recorded by
TDS that we interpret as having been due to dust impacts. The
examples shown here were selected from the so-called triggered
snapshots that were flagged by the on-board detection algorithm
as probable dust impacts (see Sect. 3.1 for the description of the
algorithm).

The left column shows events recorded in SE1 mode (for
which TDS samples three monopoles: V1, V2, and V3), whereas
the right column shows events recorded in XLD1 mode (two
channels measure dipole voltages V1-V3 and V2-V1, and the
third channel is linked to the monopole V2). Each channel (CH1,
CH2, and CH3) represents voltage difference measured between
individual antennas (V1, V2, and V3) for dipoles or between
one antenna and the spacecraft body (SC) for monopoles. It
should be noted that presented data are not corrected for transfer
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Fig. 1. Six examples of TDS snapshots showing impulsive signals interpreted as due to dust impacts onto the spacecraft. Signals recorded on the
three different channels are represented in different colors. The left column shows signals recorded in monopole mode (SE1 mode), whereas the
right column shows signals recorded in dipole in the two first channels and monopole in the third one (XLD1 mode).

function (the existence of “overshoots” in these data is probably
artificial). Examples shown on the lower panels of left column
are typical of signals detected at the terminal of a monopole
antenna by electron collection, similar to the one detected by
STEREO/WAVES, for instance.

2.1. Voltage pulses and their link to mass and velocity of
impacting dust grains

Before discussing these images, we recall the mechanism
through which voltage pulses are thought to be produced. First,
a dust grain impacts the spacecraft body and expels from it some
material, part of which is ionized. The amount of free electric
charge Q > 0 in the (overall neutral) cloud of expelled mate-
rial is a function of the mass m of the impacting grain and of

the relative velocity, v, of the impactor with respect to the tar-
get. The measurement of Q after an impact in a dedicated col-
lector, together with an independent measurement of v in order
to deduce the mass, m, of the impactor, is the general operat-
ing principle of dust impact ionization detectors (Auer 2001).
Experiments show that the function Q(m, v) follows the general
scaling:

O(m,v) ~ Amv?, (D

where m is expressed in kg and v in kms™'. Since the param-
eters A and « quite strongly depends on the impacted material
(Collette et al. 2014), it is of course preferable for the charge
yield of the collector material as a function of m and v to be
measured on ground. In the absence, for the moment, of such
measurements for Solar Orbiter’s surface material, we have to

1
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use approximate values for A and a. Dietzel et al. (1973) as well
as McBride & McDonnell (1999) suggest the use of A ~ 1 and
a ~ 3.5, which is a rather high charge yield (we discuss this point
when evaluating the size of the impactors in the last section of
this article).

In the absence of a dedicated and well calibrated collector,
but in the presence of electric antennas operated in monopole
mode, we can still quite reliably deduce the amount of charge, O,
released during an impact thanks to the different dynamics of the
electrons and the heavier positive charges in the expelled cloud
of ionized matter. The dynamics of the light electrons quickly
decouple from the one of the heavier positively charged matter
(Pantellini et al. 2012). The electrons are quickly collected by
(or repelled away from) the spacecraft, letting positive charges
remain unscreened in the vicinity of the spacecraft. For a posi-
tively charged spacecraft, it can be shown that the combination
of the effect of quick electron collection and ions getting repelled
away from the spacecraft will produce a maximal change in the
spacecraft ground potential equal, to a good approximation, to
0pse = —Q/Cy (here Cy. is the spacecraft’s body capacitance).

In monopole mode, the signal recorded is V(r) =
I (@ant(?) — @5 (2)), where @, is the monopole antenna poten-
tial and I a transfer function accounting for the (mostly capaci-
tive) coupling between the antenna and the spacecraft body: I' =
Cant/(Cant + Cray); in this formula, Cyy is the antenna’s capaci-
tance and Clay accounts for the capacitive coupling through the
preamplifier, the mechanical base of antenna, and various wires.
If we assumes that ¢, is roughly constant during the process,
then the charge, Q, produced by impact ionization is quite sim-
ply linked to the peak of the voltage pulse measured in monopole
mode by:

Q0m, v) = % o)

Therefore, the use of formulas (1) and (2) makes it possible to
link the properties of the impacting grain to those of the mea-
sured voltage signal.

We can see, in light of these explanations, why monopole
measurements are favorable to dust detection. The main change
induced by the impact occurs in the spacecraft ground potential,
while antennas potentials stay roughly constant. Dipole mea-
surements, which measure the variation of an antenna’s poten-
tial relative to another antenna, are therefore quite insensitive to
this process. Still, signals are quite frequently observed in dipole
mode, as can be seen on the right panels of Fig. 1.

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 two others. An example of such a signal recorded
on monopole mode can be seen on the top left panel of Fig. 1,
with a peak amplitude on monopole V3 that is much larger than
on V1 and V2. One interpretation for these signals is that the
impact location may be close to a particular antenna, the poten-
tial of which would in turn undergo a much stronger variation
under electrostatic influence from the positively charged cloud
than the other monopoles. The derivation of the charge Q from
dipole measurements is therefore more complicated, since the
amplitude of the voltage pulse not only depends on Q but also
on the position of the impact with respect to the monopoles. An
order of magnitude of such a signal is (Meyer-Vernet et al. 2014)
Vpeak ~ I'Q/(4megLayy), assuming only one arm of the dipole sees
the whole unscreened charge Q, so that the charge in the cloud
can be linked to the peak voltage in dipole mode by:

4megLant Vpeak.dipole

Q(m’ V) ~ T 5

(©))
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where L, is the length of an antenna. Importantly, it should be
noted that unlike the signal observed in monopole mode (for the
at least two monopoles showing similar peak voltages), which is
quite accurately linked to the released charge Q by Eq. (2) —in
Eq. (3), only a rough order of magnitude is provided, since the
voltage produced will, in fact, be very dependent on the loca-
tion of the impact. An impact occurring at equidistance from
two arms of the dipole, for instance, would produce a very small
signal in dipole mode, even for an important release of charge;
whereas an impact cloud expanding in the close vicinity of a par-
ticular dipole arm could produce a signal quite stronger than the
estimation above.

On the right column of Fig. 1 (XLD1 mode), we show a few
examples of events where the signal is mainly registered by a
single antenna — hence, not mainly produced by the variation
of the spacecraft potential, but rather by electrostatic influence
on a particular antenna. The impact must be close to antenna
V2 on cases shown on top and bottom right panels (which show
identical pulses in channels CH2 and CH3) and to antenna V1
in the middle right panel (inverted pulses in channels CHI and
CH2).

2.2. Parameters for Solar Orbiter as a dust detector

Now that the main principles through which we interpret voltage
pulses after a dust impact have been established, we describe in
this part their application to the specific case of Solar Orbiter.

Solar Orbiter orbits the Sun along a series of roughly ellipti-
cal orbits, with a minimum perihelion of 0.28 AU and a max-
imum inclination with respect to the ecliptic above 30°. A
description of the mission and its science objectives can be found
in Miiller et al. (2020).

The electric sensors of RPW are three stacer monopoles of
a length, L = 6.5m, and radius, a = 0.015m, mounted on 1
m rigid booms to separate them from the spacecraft body, elec-
trically biased in order to reduce variations of their potential
with respect to the plasma at low frequencies (Maksimovic et al.
2020). They are in the same plane and make angles of roughly
120° with each other. The disposition of the antennas with
respect to the spacecraft body is shown on Fig. 2. We note, in
relation to the previous discussion on the generation of electric
pulses after a dust impact, that the three monopoles are mounted
on opposite sides of the spacecraft quite far away from each
other (similarly to the case of spacecraft like WIND, MMS or
Parker Solar Probe, but unlike the cases of Voyager, Cassini or
STEREO), which implies that the effect of electrostatic influence
can be very different from an antenna to the others and explains
why signals are frequently observed in dipole mode.

The capacitance associated with each monopole base has
been measured on ground, with the values found as follows:
Cp = 76.3 £ 4 pF for the monopole V1, C;,, = 78.9 + 3pF for
V2, and C, = 76.2 + 2.7pF for V3. The stray capacitance is
to a good approximation the sum of this base capacitance and
of the preamplifier capacitance C,mp, which, when both pream-
plifiers are ON, is Cymp = 29 pF. Since the base capacitances
are equal within measurement uncertainties, we shall use for
the three monopoles the same value of the stray capacitance,
Citray = 77 +29 =~ 108 pF.

Assuming the monopoles are in a vacuum and considering
the spacecraft as an infinite ground plane, we find the capaci-
tance of a monopole Cyy = 2n6L/(InL/a — 1) ~ 71 pF. The
presence of solar wind’s plasma, however, at the frequencies we
are interested in (i.e., smaller than the local plasma frequency),
decrease the capacitance to values Cyy ~ 2meL/(InLp/a),
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Fig. 2. Geometrical configuration of RPW’s electric sensors (labelled
ANTT1, 2, and 3), heat shield and deployed solar panels with respect to
the spacecraft body.

where Lp is the local Debye length (Meyer-Vernet & Perche
1989). With the Debye length varying in a range ~3—10 m along
the spacecraft’s orbit, we obtain Cyye ~ 55—70 pF (the capaci-
tance increasing when going closer to the Sun). Using these val-
ues, the attenuation factor can be evaluated as I' = Cpp/(Cane +
Citray) = 0.34-0.39.

The isopotential surface of the spacecraft’s body has been
evaluated from the Solar Orbiter numerical model. This value
can be estimated from 25.11 m?, taking into account only the sur-
face of the five satellite walls plus the heat shield, up to 31.43 m?
when we consider the envelope including the overall spacecraft.
The backside of the solar panels (6 panels of 2.1 m x 1.2m) are
isopotential to the spacecraft body (unlike their frontside). The
additional surface is then S pneis = 15.12m? (taking only one
side into account). Therefore, we can evaluate the area of the
interface between the plasma and the isopotential parts of the
spacecraft to be S = Spody + S panets = 43.4+£3.2 m?2. The capac-
itance of a conductor of such a complex shape is difficult to
estimate. An analytical order of magnitude estimation is given
by the vacuum capacitance of the sphere of equivalent surface
Cse ~ € V4nSs ~ 210pF. A more refined modeling can be
obtained through numerical simulations of the spacecraft charg-
ing. Such simulations have been recently performed for Solar
Orbiter at ESA, and provided us with a value of the free space
capacitance equal to Cy. ~ 355pF (G. Déprez, priv. comm.).
This is the value we adopt in this paper, although it is probably
a bit of an underestimation since it does not take into account
plasma sheath effects.

The surface, S, discussed above would approximately cor-
respond to the dust collecting area if the dust population veloc-
ity distribution was isotropic in the frame of the spacecraft.
As we see in the following, it is probably not the case for the
majority of the dust observed by Solar Orbiter, the velocity of
which is mostly directed toward the heat shield. Therefore, the

dust-collecting area to consider is strongly reduced compared
to S, and it is rather of the order of the heat shield’s surface
Scol = 2.5m x 3.1m =~ 8 m?. We do not include the solar pan-
els in the collecting surfaces, since their front side is electrically
isolated from the rest of the spacecraft. Of course, an impact to a
solar panel can produce a charge that could be collected by other
conductive parts of the spacecraft. We neglect this effect in this
study and recognize that our estimate of S is a low estimate of
the actual collecting area.

Finally, we briefly discuss the relaxation time of perturba-
tions of Solar Orbiter’s floating potential as follows. Linear the-
ory gives Toe = CoTpn/le, where I = encve.S /4 is the electron
current onto the spacecraft isopotential surface (e is the electron
charge, n. the local electron density and v, = V8kT./(nm,) is
the average electron velocity, with 7, the local electron temper-
ature, and m, the electron mass). Ty, ~ 3 Vis the temperature of
the photoelectrons ejected from the spacecraft body expressed
in electric potential unit. The assumption underlying this
formula is that photoelectron current from the spacecraft is dom-
inating over solar wind’s electron current, the spacecraft poten-
tial being as a consequence positive (assumption justified pretty
much all along Solar Orbiter’s trajectory, setting apart short peri-
ods in the shadow of Venus). Assuming a typical variation of
electron parameters in the solar wind (see e.g., Issautier et al.
1998; Stverak et al. 2015) one obtains for the relaxation time
Tse ~ 60us at 1 AU and ~15 ps at 0.5 AU. These numbers are
significant in that the estimation of the peak amplitude of the
pulses observed in monopole mode Vipeax ~ —Q/Cy is strictly
valid only in the case were the rise time of the pulse 7y (con-
trolled by the positive charges dynamics in the vicinity of the
spacecraft) is not large compared to the relaxation time 7y of
spacecraft electric potential perturbations. In the opposite case,
where 7, is small compared to 7y, the amplitude of the signal
is reduced by a factor of the order of 74 /7ise < 1 (Zaslavsky
2015). This effect will not be taken into account in this article.
A more precise study of the waveforms — which requires a very
careful calibration — will be the subject of forthcoming studies
and, among other things, will make it possible to quantify this
effect.

3. Statistical analysis of dust impacts

3.1. Impact rate and estimation of the impactors radial
velocity

In this section, we present the results of the analysis of the
impacts voltage pulses recorded along Solar Orbiter’s orbit from
April 20, 2020 to February 27, 2021. For this purpose, we mainly
use the data provided by the on-board analysis of TDS samples
through an algorithm that flags a snapshot as being produced by
a dust impact if it contains a signal that is sufficiently impulsive.
This dust detection algorithm has been working with constant
settings from April 20, 2020, hence the date at which we start
our analysis.

The detection algorithm, described in detail by Soucek et al.
(2021), works as follows: the instrument takes one waveform
snapshot of 16384 samples every second. Each snapshot exceed-
ing a minimum amplitude threshold is processed by the TDS on-
board software to calculate the maximum and median amplitude
and calculate the Fourier spectrum from the snapshot. From this
spectrum, the software determines the frequency corresponding
to the largest spectral peak and the FWHM (full width at half
maximum) bandwidth of this peak. The algorithm then classifies
the observed snapshots based on comparing the ratio R between
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the maximum and median absolute value in the snapshot and the
spectral bandwidth to predefined thresholds. Specifically, snap-
shots with large R and large spectral bandwidth are identified
as dust impacts. In this way, the algorithm allows us to identify
even relatively small amplitude dust spikes.

The outcome of this detection is then used to select the “best”
wave and dust snapshots to be transmitted to the ground and also
to build statistical data products. The key data product used here
is the number of detected dust impacts in a 16 second interval
which is transmitted in short statistical data packet every 16 sec-
onds. Due to the fact that the detection algorithm only examines
one snapshot of 62 ms every second, the reported dust counts
are much lower than the actual number of dust impacts, but the
number of detected dust impacts can be considered directly pro-
portional to the actual number of dust impacts.

Since some impulsive signals may be erroneously taken
for dust (e.g., solitary waves, Vaverka et al. 2018, and various
spacecraft generated effects), the dataset has been cleaned by
removing all periods of fast sampling at 524 kHz, all measure-
ments influenced by active sweeps performed by the BIAS sub-
system of RPW and several days (in particular during com-
missioning), where TDS was configured to non-standard oper-
ation modes. We also removed the Venus flyby interval on
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been computed. Lower panel: distance from the
spacecraft to the Sun in astronomical units, as a
function of time since April 1, 2020.

300

December 27, 2020 when TDS detected numerous solitary
waves and counted them as dust impacts.

We considered this TDS dust data product on a timescale of
1h, and computed the impact rate for each hour by dividing the
number of snapshots flagged as dust by the total number of snap-
shots recorded during this hour multiplied by the duration of one
snapshot (Af = 62 ms): impact rate R = Nimpact/ (NVsnapshots A?).

Figure 3 shows the evolution of the impact rates with time.
The upper panel shows the raw (i.e., not corrected for the duty
cycle) cumulative impact number, showing that the total number
of impacts detected by the algorithm during the period of our
study is 2758. We can also notice several small data gaps cor-
responding to periods during which the instrument is switched
off.

The middle panel shows the impact rate as a function of time,
showing an increase in the flux with decreasing distance to the
Sun, which is a general behavior that is in agreement with remote
and in situ measurements from Helios (Leinert et al. 1981) or
Parker Solar Probe (Szalay et al. 2020; Page et al. 2020).

Figure 4 illustrates the evolution of the impact rate with dis-
tance from the Sun. On the left panel of this figure, the impact
rates measured when the spacecraft is going toward the Sun
(spacecraft radial velocity v, < 0) are separated from the ones
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Fig. 4. Estimation of the impactors radial velocity from the impact rates. Left panel: impact rate as a function of radial distance. The black points
show fluxes recorded when the spacecraft is moving toward the Sun, the red points when moving outward from the Sun. Each point is computed
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on the computation of the mean. Middle panel: radial component of the dust velocity, V,4us, computed from Eq. (4). Error bars are computed by
propagating errors on the impact rates shown on the left panel. Right panel: histogram of the obtained values of V. gu.

measured when the spacecraft is going outward (v, > 0). It can
be seen that the impact rate is in average slightly larger when
Vrse < O than when v,i > 0. This is consistent with the dust
population measured having a mean velocity directed outward
from the Sun.

One can use this difference in the impact rates to obtain a
first estimation of the radial velocity v, 4y Of the dust population:
assuming that the velocity and fluxes are function of the distance
to the Sun only (neglecting all time variability) and neglecting —
for an order of magnitude estimation — the effect of tangential
velocities, it can easily be shown that

Rin + Rout |V |
rscl| s
Rin - Rout

where v, is the radial velocity of the spacecraft, R;, the impact
rate when the spacecraft is going toward the Sun, and R, when
going outward. The middle panel of Fig. 4 shows the result of
applying formula (4) with the impact rates Ry, and Ry, shown on
the left panel. The error bars are very large but the mean value
obtained is reasonably constant with radial distance. The right
panel shows a histogram of the values of v, g4us Obtained, with a
peak value at v, g, = 30km s~! and an averaged value around
50kms~!. The large error bars, the variations of the measured
fluxes, and the use of a simple model let us only hope for an
order of magnitude estimation of course, but this value is con-
sistent with expectations for small particles on hyperbolic orbits
and with the results from the numerical simulations of particles
dynamics discussed in the last section of this paper.

Let us note that this estimate of a SO0km s~ radial velocity
of the impactor — a velocity comparable to the spacecraft orbital
speed — implies that the impacts do not actually occur only on
the heat shield (as was assumed in the previous section), but also
on the sides of the spacecraft. The effective collecting area must
then vary along the spacecraft trajectory. This effect, that may
produce errors of the order of 10-20% on the fluxes estimations,
will not be accounted for in the present paper. We will, as dis-
cussed in the previous section, keep in mind that the value of
the collecting area S, = 8 m? used in this work is somehow
underestimated. It should still provide a quite robust order of
magnitude.

Figure 5 shows the distribution of the number of impacts
recorded during time intervals of 6 hours, for three different

“

Vrdust ~

values of the impact rate. The three intervals on which these
number of occurrence distributions have been computed are
highlighted in yellow on Fig. 3. They correspond to distances
to the Sun ~0.7 AU (left panel, mean impact rate ~140day"),
~1AU (middle panel, mean impact rate ~50day~!), and
~0.5 AU (right panel, mean impact rate ~350 day~'). The com-
parison with Poisson distribution, over-plotted in red, shows a
very good agreement consistent with the data being due to inde-
pendent events at roughly constant rates, as expected for inter-
planetary dust impacts.

3.2. Peak voltages distribution and power-law index of the
impactor’s cumulative mass flux

In order to further characterize the population of dust grains
impacting Solar Orbiter, we look at the distribution of voltages
measured in monopole mode. To this purpose we look at the
snapshots dataset, which does not include all of the dust impacts
detected by the onboard algorithm on which the results of the
previous section are based. We assume that the subset of trig-
gered snapshots is a random sample from the ensemble of all
the recorded dust impact signals and, therefore, that both share
the same statistical properties — or since this can’t be exactly
true, we assume that selection bias are small and do not impact
importantly the voltage amplitude statistics.

Measurements in monopole mode, as discussed in Sect. 2,
are required in order to properly (as unambiguously as possi-
ble) link the peak amplitude of the pulse to the charge generated
by impact ionization. Unfortunately, they are, for monopoles
V1 and V3, only active during a small fraction of the mis-
sion time, that is, mainly during two periods: from May 30
to June 8 (185 dust snapshots telemetered) and from July 27
to August 13 (103 dust snapshots). Matters are different for
monopole V2, which is quite routinely operated with 934 dust
snapshots telemetered from April 1 to November 1 of 2020.
Therefore, the particular focus is set on monopole V2 in the
following.

Figure 6 shows the normalized distributions of peak volt-
age associated with dust impacts for different monopoles and
different time periods. We can see that the peak voltage distri-
bution has a power-law behavior. The left panel shows distribu-
tions computed on the whole period between April 1 - Nov. 31,
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Fig. 5. Distribution of number of impacts per time intervals of 6 hours, for three different periods of time corresponding to different mean impact
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with different colors corresponding to peak voltages at the termi-
nals of different monopoles. We can see that voltage distributions
are similar on all monopoles — which is to be expected since in
average all monopoles should react in the same manner to dust
impacts. The results of least-square fitting these histograms with
power laws is presented in Table 1, where it can be seen that
power-law exponents are, within the uncertainties, equal from a
monopole to another, around —4/3.

The middle panel of Fig. 6 compares the peak amplitude
recorded on monopole V2 at different distances from the Sun.
The limited number of impacts on which such a comparison can
be made imply quite important uncertainties on the slopes of the
distribution. The two last lines of Table 1 show the results of
linear fitting for these distributions, showing a slope that is a
bit steeper at the perihelion than at the aphelion. This difference
being within the uncertainties, it is hard to draw a conclusion
based on this result and it is sensible to wait for more statistics
to see whether this trend is confirmed.

The right panel of Fig. 6 shows the distributions of all
impacts recorded on monopole V2 on the whole time of our volt-
age amplitude analysis, namely, from April 1 to November 31,
2020, along with the corresponding power-law least-square fit,
with index —1.34 + 0.07.

From these observations it seems reasonable to approximate
the rate of observation of signals having peak voltages between
Vpeak and Vpeak + deeak bydR =g (Vpeak)dvpeak’ with

Vpeak -
Vo ’

8(Vpeak) = g(Vo)( &)
where a =~ 1.34 and Vj an arbitrary voltage in the range where
the power-law behavior applies.

An interesting result, of course, would be to deduce from
these data information about the mass distribution of the impact-
ing dust particles. We have seen in Sect. 2.1 that the released
charge, Q, and, hence, the peak voltage, Vpea, is linked to the
mass, but also to the velocity of the impacting particle, and we
do not have an independent measurement of the latter for each of
the impacts. Therefore, we can only make inferences on the mass
distribution by assuming the existence of a relationship, v(m),
between the mass of the particle and its velocity with respect
to the spacecraft. If such a relationship exists, then the func-
tion Vpea(m, v) becomes a function of m only and — under the
assumption that two different values of m cannot produce a peak
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voltage of the same amplitude; that is, the function Viea(m) is
bijective on the observed mass interval — the mass distribution of
the impactors f(m) can be directly linked to the measured distri-
bution g(Vpeak) by:

fim) = g(vpeak)

deeak
. 6
F (6)

For a first-order estimation, one could assume that the impact
velocity is independent of the mass on the given mass range.
Then, according to Egs. (1) and (2):

Vpeak = C—Amv”‘ )

sC
is a linear function of m, and the mass distribution trivially has
the same power-law shape than the distribution of voltage peaks.
The cumulative mass flux of particles of mass larger than m onto

the spacecraft (defined as F(m) = f’: . f(m”)dm’) would then be
given by:

-0
F(m) = F(my) (mﬂo) , ®)

where 6 = a — 1 ~ 0.34 and F(my) is the cumulative flux of par-
ticles of mass larger than mo (which may depend on the distance
to the Sun).

Let us note that this estimation of the power-law index ¢
of the cumulative mass flux in the observed mass range must
likely be an underestimation, since (if the velocity is an increas-
ing function of m, which is probably the case in the observed
mass range, see next section), f(m) will decrease with a steeper
slope than g(Vpeak). This can easily be seen from Eq. (6), taking,
for instance, Vpeak o m!'*¢ with £ > 0. We would then obtain for
f(m) a power law index a + (a — 1)&, which is always larger than
a (if a > 1 which is the case here). Therefore, even without any
precise knowledge of the function v(m), but under the assump-
tion that this is an increasing function of m in the observed mass
interval, it is possible to derive from these observations of peak
voltages a lower bound for the power law index of the cumula-
tive mass flux 6 > 0.34.

To conclude this section, we note that a more detailed deriva-
tion of the mass distribution of the particles could be obtained
from these measurements by computing the function v(m) from
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Table 1. Power law indices of the peak voltage distributions.

Monopole Time interval Number of events  Power-law index
V1 (SE1 mode) Apr. 1-Nov. 31 328 -1.34+£0.14
V2 (SE1 mode) Apr. 1-Nov. 31 328 -1.34+£0.14
V2 (XLD1 mode) Apr. 1-Nov. 31 934 -1.37+£0.10
V3 (SE1 mode) Apr. 1-Nov. 31 328 -1.36 £0.11
V2 (SE1 mode) May 30-Jun. 8 (Perihelion) 185 -1.37+0.19
V2 (XLD1 mode) Sep. 17-Nov. 2 (Aphelion) 161 -1.20+0.17
V2 (SE1 and XLD1 modes) Apr. 1-Nov. 31 1262 —1.34 +£0.07

Notes. The uncertainties show 95% confidence interval on the linear regression coefficient.

numerical simulations, with proper assumptions for the initial
conditions and dust 8 parameter. Since this function may depend
on the distance from the Sun (which may explain the possible
change of the power law index of the voltage distributions from
perihelion to aphelion), this study may also require some time to
accumulate more statistics and be able to construct not too noisy
distributions of voltages at different distances from the Sun. Such
a work is beyond the scope of these first results, but it offers an
interesting perspective for a future study.

4. Estimation of the g-meteoroids flux and
comparison to models and results from other
missions

We now compare the observed impact rates to a dust flux model
that bases on a number of assumptions. The existence of dust
in the inner Solar System can be inferred from the brightness of
the Zodiacal light and the F-corona which show that dust in the
approximate 1-100 micrometer size range forms a cloud with
overall cylindrical symmetry about an axis through the center of
the Sun, perpendicular to the ecliptic (cf. Mann et al. 2014). The
size distribution at 1 AU is estimated from a number of different
in situ observations and described in the interplanetary dust flux
model (Gruen et al. 1985). The majority of dust grains form by
fragmentation from comets, asteroids and their fragment grains.

The larger grains are in bound orbit about the sun; as a result
of the Poynting-Robertson effect, they lose orbital energy and
angular momentum and fall into the Sun after time scales of the
order of 10° years. However, the majority of the Zodiacal dust
is within shorter time fragmented by collision with other dust
grains, the smaller fragments leave the inner Solar System and
collision production from larger grains is needed to replenish
the dust cloud (Mann et al. 2004). The dust with sizes that are
smaller than roughly a micrometer experiences a larger radiation
pressure force which is directed outward. If the radiation pres-
sure to gravity ratio, often denoted as § is sufficiently high, the
dust can be ejected outward. Those grains in hyperbolic orbits
are often denoted as S-meteoroids, while those in in bound orbits
are given as a-meteoroids (Zook & Berg 1975). Assuming that
the larger dust grain that is fragmented moves in a circular orbit,
its fragment attains a hyperbolic orbit if the radiation pressure to
gravity ratio 8 exceeds 0.5. Based on light scattering models for
different assumed dust compositions (Wilck & Mann 1996), this
is the case for dust with sizes less than few 100 nm.

4.1. Mass of the impactors

The mass of the impactors can be estimated from the voltage
observed, using Eq. (7) and spacecraft parameters from Sect. 2.2.
For this, it is necessary to have an estimation of the velocity of
the impactors and of the charge yield of the impacted material.
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Fig. 7. Model for velocity and voltage peaks as a function of the impactor’s mass or size. Left panel: relative velocity with respect to Solar Orbiter
as a function of particle mass. The solid line shows the average along the spacecraft trajectory, the upper dashed line shows the impact velocity
at the perihelion and the lower dashed line the impact velocity at the aphelion. Right panel: expected peak voltage as a function of the mass of
the impactor, calculated using values of impact velocities shown on the left panel. The solid line shows the peak voltage for the averaged velocity
(solid line from left panel) and dashed lines for the perihelion and aphelion impact velocities. The black curves assume a high charge yield and the
red curves a lower charge yield. The points show the values of the velocity/peak voltage obtained from four numerical simulations, corresponding
to size ranges 40—75 nm, 75—100 nm, 100—140 nm, and 140—-200 nm. The points are placed at the middle of the mass interval for each of the four
simulated size ranges. The horizontal green line shows the detection threshold ~5 mV.

For the particle velocity, we could have used the order of mag-
nitude obtained from the observations of impact rates in direc-
tion forward and backward with respect to the Sun. However,
as pointed out in Sect. 3.1 this is only a rough estimation
and is associated with large uncertainties. Therefore, we chose
to rely in this section on estimations of dust particles veloci-
ties from numerical simulations of dust dynamics in the inter-
planetary medium. The simulation we use takes into account
gravitational and radiation pressure forces, but not the electro-
magnetic force (which should not be dominant for particles of
sizes 240nm). We chose the values of 8 based on the assump-
tion that the majority of Zodiacal dust originate from comets and
asteroids and remain in the interplanetary medium for long time.
We used the B value for the asteroidal dust; those for the old
cometary dust in the interplanetary medium are almost identical
(see Wilck & Mann 1996) and assuming them would not change
the results of our calculations.

The charge yield of the impacted material is another
unknown of our study, which certainly plays an important role
in determining the mass of the impactors. Figure 7 shows
the impact velocities from the numerical simulations and the
expected peak voltage for two examples of charge yield. The
dark area on the right panel shows the region of expected volt-
age peaks as a function of the mass of the impactor for param-
eters A = 0.7 and a@ = 3.5 from McBride & McDonnell (1999).
The red area is obtained for parameters A = 2.5 x 107> and
a = 4.5, a quite lower charge yield, corresponding to materials
like germanium-coated Kapton or solar cells and MLI (multi-
layer thermal insulation) from STEREQO’s spacecraft, the charge
yield of which were measured on the ground and displayed in
Table 1 of Collette et al. (2014).

Figure 7 shows that particles in the size range 40—75 nm,
regardless of the charge yield parameters used, are too small
and not fast enough to produce measurable signals. Grains with
sizes 75—100nm (upper end) are expected to produce signals
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above the detection threshold in the high-charge yield case, but
not in the low-charge yield one; grains with sizes >100nm,
finally, should produce measurable signals regardless of the pre-
cise charge yield. An estimation of the mass of the smallest
particles detected (we consider a threshold voltage of SmV)
from this figure gives m ~ 0.8 x 10~'7 kg (high charge yield)
and m =~ 1.3 x 107" kg (low charge yield), corresponding to
sizes of (assuming, as in the whole of this paper, a mass density
p = 2.5g.cm™ and grains of spherical shapes for size-mass con-
versions) r =~ 92nm and r =~ 108 nm, respectively; we can quite
confidently affirm that the smallest grains detected have sizes
around 100 nm.

The curves for different charge yields diverge when masses
are increased, and for signals of amplitude, such as 30 mV, we
have sizes r ~ 120 nm (high yield) and r ~ 168 nm (low yield),
indicating a larger mismatch, of course, and showing the neces-
sity of ground measurement if we want to reach a better mass
calibration on the whole voltage interval. That said, the power-
law decrease in the peak voltage distribution shown in the previ-
ous section implies that the fluxes are dominated by impact from
small grains, so that the determination of the mass of impactors
producing high amplitudes peaks is less critical for our study.

This discussion of particles masses is based on the measure-
ment of the voltage pulses in monopole mode, which, as was
discussed previously, are the most reliable when it comes to esti-
mating the charge released by impact ionization, and therefore
the dust particles masses. However, the dust detection algorithm
from which fluxes are computed works on a TDS channel that
is operated in dipole mode most of the time — when the instru-
ment is on XLD1 mode. The discussion above, and the curve pre-
sented in Fig. 7, remains relevant to this case as long as the signal
produced is proportional to the charge released Q. According to
the estimation given by Eq. (3) this should be the case for dipole
measurements when considering a large enough number of hits.
Assuming Vgipole = I'Q/4m€y Ly, the smallest mass measured in
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dipole would be a factor 4meyLay/Cse ~ 3 larger (and therefore
the sizes a factor ~1.4 larger). But the precise factor is compli-
cated to evaluate, and could be closer to 1, on average, since
observations of waveforms shows that differences in peak volt-
age from a monopole to another is often of the order of magni-
tude of the peak voltage itself. This provides a clear motivation
for developing a quantitative theoretical modeling of the genera-
tion of signals generation in dipole mode, at least on a statistical
basis.

4.2. Flux of B-meteoroids, comparison to predictions and
measurements from other spacecraft

Figure 8 presents the impact rates averaged over two days
(already presented on Fig. 3), together with impact rates com-
puted for three models of the beta-meteoroid flux. The green line
is the simplest model, with the impact rate given by:

) ®

ro\2 Vimpact
R=FiaSer(phg) o
1 AU® col 1 AU Vg

where S, = 8 m? is the collection area (taken equal to the heat
shield surface; cf. Sect. 2.2), Vimpact = Hv,g - vsc|| is the relative
speed between the spacecraft and the S-meteoroids, the veloc-
ity of which is taken radial and constant, vg = 50 km s7L. Also,
Fg1au is the flux of particles in the detection range, which is to
a good approximation equal to the cumulative flux of particles
larger than ~100 nm. The 1/72 scaling of the S-meteoroids flux
is a consequence of mass conservation (and of their production
rate by fragmentation of larger particles being negligible at the
distances from the Sun at which the spacecraft orbits). A fit of
the data with Eq. (9) gives the following value for the cumulative
flux: Fiay = 8 %X 10 m™2s7!.

This simple model provides, as can be seen on the figure, a
fairly good agreement with the data, although it seems to sys-
tematically underestimate the high impact rate values around the
perihelion. A reason for that can be seen from the left panel of
Fig. 7: the mass of an impactor producing a given peak voltage
will be smaller at the perihelion than at the aphelion (because the
spacecraft’s velocity with in the Sun’s frame is larger at the per-
ihelion that at the aphelion). Since smaller particles have higher

350 Jecting area is assumed to be equal to the heat

shield’s surface, S .o = 8 m?.

fluxes, an increase in the rate of measurable signals is expected
close to the Sun as compared to the previous simple model.

This effect of decrease in the dust particles mass measured
when approaching the Sun can be quantified by assuming a
cumulative mass flux varying in power law with an exponent 9,
as written in the previous section, in Eq. (8). The impact rate is
then found to be:

Vimpact

— ad
r ) Vimpact
1 AU Vg ( Vimpact(1 AU) ) ’

R= FIAUSco]( (10)

where Fjay is (as previously) the cumulative flux of par-
ticles above the detection threshold at 1 AU and the factor
(Vimpact/ Vimpact (1 AU))® accounts for the variation of the mass
of the detected impactors with the impact velocity.

We can fit Eq. (10) to the data in order to obtain the prod-
uct ad. The resulting curve is shown in red on Fig. 8. It shows a
better agreement with data than the previous model and fits the
high impact rates observed at the perihelion quite well. The value
obtained is @d = 1.3, which, considering values of @ = 3.5-4.5,
provides an estimation of the power-law index of the cumulative
mass distribution of the impactors 6 = 0.29-0.37. This value —
obtained from a dataset with no voltage measurements but only
impact counts per unit time — is similar to the one derived in
the previous section by fitting peak voltage distributions, indi-
cating that the estimation of 6 in RPW’s detection range seems
quite robust. Finally, we note that assuming the measurement of
o from voltage distributions to be reliable enough, we could use
this estimation of a¢ to independently estimate the power-law
index « of the charge yield for Solar Orbiter material. We would
then obtain @ ~ 1.3/0.34 ~ 3.9.

The black curve on Fig. 8, finally, shows the prediction of
impacts onto the spacecraft from a model of production of small
dust grains by collisional fragmentation. This model assumes
that the parent bodies move in Keplerian orbits within the cir-
cumsolar dust disk. Their mass distribution is a modified ver-
sion of the interplanetary dust flux model (Gruen et al. 1985).
The size distribution of the collision fragments are described
based on models by Tielens et al. (1994) and Jones et al. (1996).
It describes the fragmentation and partial vaporization of a tar-
get and projectile composed of a certain dust material. The
vaporized and fragmented mass of the target are proportional
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to the projectile mass and to the velocity — and material-
dependent coefficients. The mass distribution of fragments is
of the form m=07%, with the largest fragment mass specified
as some (collision-velocity dependent) fraction of the target
mass. A brief description of the collision model is given in
Mann & Czechowski (2005), while the derivation of dust fluxes
is described in Mann & Czechowski (2021). They are obtained
from the dust trajectories under the influence of gravity and radi-
ation pressure (since the Lorentz force does not have a strong
influence for the considered dust sizes). The same trajectories
were used to produce Fig. 7 of this article. The black curve
shows the prediction from this model of the number of parti-
cles comprised between 100 nm and 200 nm impacting a surface
S ol = 8 m? per day. The curve obtained from the model consid-
ers a constant minimal size of detected dust at 100 nm all along
the trajectory. It does not include the effect of variation of mini-
mal mass detected discussed previously. It fits (without the need
to vary any free parameter) the high impact rates at perihelion,
but quite overestimates the low fluxes period. This would tend to
indicate that the size of the particles detected is closer to 100 nm
at the perihelion and probably a bit larger at aphelion.

Some effects that can play a role on the derivation of the
particle flux from the observed impact rates have not been taken
into account in this first study. They include a better model for
the collection surface and its possible variation with distance to
the Sun (the direction of the dust velocity in the spacecraft frame
varying along the trajectory), although given the mostly cubic
shape of the spacecraft, this effect is not expected to be very
important. A possible difference in charge yield for an impact on
the heat shield surface and one of the other five spacecraft walls
could also be of some importance.

The result that we obtained for the S-meteoroid flux is sim-
ilar to (although slightly higher than) the one derived using
STEREO/WAVES by Zaslavsky et al. (2012), of Fg ~ 1-6 X
10> m=2s~! at 1 AU; it is also similar to the measurement with
Solar Probe Plus FIELD instrument Fg ~ 3-7 X 10> m™2s™!
interpolated at 1 AU (Szalay et al. 2020) and to the theoretical
expectations, as shown in this paper.

In conclusion, we note that if the presented data can
be described well with a flux of S-meteoroids, it is found
to be lacking, in comparison to the observations from
STEREO (Zaslavsky et al. 2012; Belheouane et al. 2012) or
Wind (Malaspina et al. 2014), an observed flux of interstellar
dust. The latter studies indeed showed a noticeable component of
the impact rate modulated along the solar apex direction, which
is not observed with Solar Orbiter RPW. This lack of an appar-
ent interstellar dust component in the data is puzzling. It could
be explained by a deflection of the interstellar dust grains in the
solar magnetic field and the consequent depletion of their flux
inside 1 AU, which is expected for grains of small size (Mann
2010). This is a point which deserves further study.

5. Conclusions

The analysis of the first data from Solar Orbiter Radio and
Plasma Wave instrument shows this instrument to be a quite reli-
able dust detector for dust grains in the size range >100 nm. The
fluxes of particles derived are consistent with previous obser-
vations in this size range and with theoretical prediction from
models of dust production by collisional fragmentation.

The analysis of the difference in impact rates when the space-
craft’s velocity vector is directed sunward or anti-sunward is
shown to be capable of providing a direct measurement on the
order of magnitude of dust grains radial velocities, V.qust ~
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50kms~!, which is consistent with theoretical predictions in the
observed size range.

The analysis of voltage distribution in monopole mode,
along with the analysis of the impact rates taking into account
a variation of the mass of the smallest grains detected as a func-
tion of the impact velocity provide two independent methods for
estimating the power law index ¢ of the cumulative mass flux of
particles in our detection range. These two methods consistently
provide a result of 6 ~ 1/3.

These first results are very promising overall. Still, a great
deal of work remains to be done, in particular: a modeling of
the signal generation mechanism in monopole mode that would
include the effect of variation of the floating potential relaxation
time with the local plasma parameters, as well as models of
signal generation in dipole mode. Such works, together with a
more precise modeling of grain’s velocity and additional statis-
tics, could make it possible to derive more information on the
dust cumulative mass flux from the peak voltage distributions.

Solar Orbiter will reach perihelion close to 0.3 AU in spring
2022. The impact rate is expected to be about three times (with-
out taking the mass detection threshold effect) larger at this
point than at the perihelion studied in this article. Solar Orbiter’s
orbit will also reach increasingly higher latitudes in the years to
come and will provide the first in situ exploration of the inner
Solar System dust cloud out of the ecliptic. These perspectives
are very promising and these first results show that RPW will
have the capabilities to provide a scientific return from these
opportunities.
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Abstract. This article present results from automatic detection of dust impact signals observed by the Solar Orbiter — Radio
and Plasma Waves instrument.

A sharp and characteristic electric field signal is observed by the Radio and Plasma Waves instrument when a dust particle
impact the spacecraft at high velocity. In this way, ~5-20 dust impacts are daily detected as the Solar Orbiter travels through
the interstellar medium. The dust distribution in the inner solar system is largely uncharted and statistical studies of the detected
dust impacts will enhance our understanding of the role of dust in the solar system.

It is however challenging to automatically detect and separate dust signals from the plural of other signal shapes for two main
reasons. Firstly, since the spacecraft charging causes variable shapes of the impact signals and secondly because electromag-
netic waves (such as solitary waves) may induce resembling electric field signals.

In this article, we propose a novel machine learning-based framework for detection of dust impacts. We consider two different
supervised machine learning approaches: the support vector machine classifier and the convolutional neural network classifier.
Furthermore, we compare the performance of the machine learning classifiers to the currently used on-board classification
algorithm and analyze one and a half year of Radio and Plasma Waves instrument data.

Overall, we conclude that classification of dust impact signals is a suitable task for supervised machine learning techniques. In
particular, the convolutional neural network achieves a 96% =+ 1% overall classification accuracy and 94% =+ 2% dust detec-
tion precision, a significant improvement to the currently used on-board classifier with 85% overall classification accuracy and
75% dust detection precision. In addition, both the support vector machine and the convolutional neural network detects more
dust particles (on average) than the on-board classification algorithm, with 14% + 1% and 16% =+ 7% detection enhancement
respectively.

The proposed convolutional neural network classifier (or similar tools) should therefore be considered for post-processing of

the electric field signals observed by the Solar Orbiter.
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1 Introduction
1.1 The Dust Population in the Inner Solar System

The interplanetary dust population in the inner solar system (< 1 AU) is formed by collisional fragmentation of asteroids,
comets and meteoroids. The meteoroids and the larger dust particles are in bound orbits around the Sun and their lifetime is
limited by collisions, while the smaller particles that form through collisional fragmentation are repelled from the Sun by the
radiation pressure force. The sources and sinks of the interplanetary dust particles are well-measured at the orbit of Earth, while

there are few observations inside 1 AU.

Model calculations show that the number density of dust within 1 AU is diminished by collisional destruction (Ishimoto,
2000). However, there are a number of uncertainties that enter the model calculations since the dust collision rates depend
both on the dust number density distribution and on the relative velocities between the dust particles. These parameters are
generally unknown inside the orbit of the Earth and the estimated sizes of the fragmented dust particles are currently based
on empirical relations, inferred from laboratory measurements of accelerated dust particles (Mann and Czechowski, 2005).
Furthermore, there is an additional dust population with interstellar origin that stream through the solar system. The interstellar
dust distribution is largely unknown and thus complicates the analysis of the stellar dust population. Remote observations of
the zodiacal light and the Fraunhofer corona (F-corona) provide some information of the dust population dust within 1 AU, but
mainly of the larger (> pm) dust particles (Mann et al., 2004). For all these reasons, in-situ measurements are needed in order

to better understand the role of dust in the inner solar system.
1.2 Exploration of the Inner Solar System

At present, the inner solar system is explored by the Parker Solar Probe (Szalay et al., 2020), launched August 12, 2018, and the
Solar Orbiter (Miiller et al., 2020), launched February 10, 2020. While systematic studies of the dust flux near 1 AU are con-
ducted with the Solar Terrestrial Relations Observatory (STEREO) (Zaslavsky et al., 2012) and Wind (Malaspina et al., 2014).
The first analyses show that a large fraction of the observed dust particles are repelled from the Sun, i.e. the dust particles
are in unbound orbits (Zaslavsky et al., 2021; Szalay et al., 2020; Malaspina et al., 2020). Mann and Czechowski (2021) used
model calculations to explain the impact rates observed by the Parker Solar Probe with dust particles in unbound orbits with
sizes larger than ~100 nm. Mann and Czechowski (2021) modeled the dust production by collisional fragmentation near the
Sun and the dust trajectories were calculated with included radiation pressure and Lorentz force terms. Mann and Czechowski
(2021) showed that the observed impacts largely agrees with the model calculations for dust > 100 nm and the differences are
possibly due to the influence of smaller particles, of local and temporal variations and of other dust components, such as dust

in bound orbits and interstellar dust.

In this work, we analyze data acquired by the Solar Orbiter. The spacecraft orbits the Sun in an elliptic orbit with a period

of approximately 6 months. At perihelion, the Solar Orbiter reaches a minimum solar distance of 0.28 AU, just within the
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perihelion of the Mercury orbit. The expected mission duration is 7 years, with a possible 3 year extension. The Solar Orbiter
will thus provide long-term, in-situ observations of the environment in the inner solar system with multiple instruments. One
of these instruments is the Radio and Plasma Waves instrument, allowing observations of the cosmic dust flux with typical

diameters ranging from ~100 nm to ~500 nm (Zaslavsky et al., 2021).
1.3 Radio and Plasma Waves Instruments for Dust Detection

Radio and plasma waves instruments (i.e. antennas) have been used for studying dust in the solar system since the Voyager
mission (Gurnett et al., 1983; Aubier et al., 1983). A dust impact is observed by the spacecraft antennas as a sharp and charac-

teristic electric field signal, produced by the impact ionization process.

The impact ionization process occur when dust particles hit a target in space with impact speeds on the order of ~km/s or
larger, impact speeds which are typical for space missions in the interplanetary medium. The kinetic energy of the impact is
transferred into deformation, shattering, melting and vaporization of the dust projectile— and target material, producing a cloud
of free electrons and ions on the spacecraft surface. Laboratory measurements (Collette et al., 2014) and model calculations
(Hornung et al., 2000) indicate that the free-charge yield depends on multiple parameters, where the most important are the
dust impact velocity, the dust mass and the material of both the dust projectile and the target (the spacecraft surface) (Mann
et al., 2019). The forming cloud of charged particles is partly expanding into the ambient solar wind and is partly recollected

by the spacecraft. This induces the characteristic electric field signal, hereafter called a dust impact signal/waveform.

Radio and plasma waves instruments allow for the the entire spacecraft body to serve as a dust detector, providing a large
collection area in comparison to dedicated dust instruments. Thus, radio and plasma waves instrument can provide dust distri-
bution estimates based on thousands of dust impacts each year, statistical products that are difficult to acquire by dedicated dust
instruments. Still, the radio and plasma waves instruments have lower sensitivities than dedicated dust detectors (Zaslavsky,
2015) and the shape of the dust impact waveform is highly dependent on the potential difference between the spacecraft and the
ambient plasma (Vaverka et al., 2017). This complicates the analysis of the dust distribution in the solar system since statistical

studies rely on automatic dust impact detection software with high accuracy.
1.4 Machine Learning Classification of Time Series Data

In this article, we present a machine learning-based framework as a novel method for detecting dust impact signals in radio
and plasma waves instrument data. Machine learning methods, in particular neural networks in the recent decade, have been
extensively used for challenging time series classification problems, such as: speech recognition (Trosten et al., 2019), heart

rate monitoring (Wickstrgm et al., 2022) and human activity classification (Villar et al., 2016).

A neural network has previously been used for selecting the signals of interest observed by the WAVES instrument on board

the Wind spacecraft (Bougeret et al., 1995). While an unsupervised method (self-organizing maps) was used for identifying and
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categorizing plasma waves in the magnetic field data observed by the MMS; spacecraft (Vech and Malaspina, 2021). Still, no
machine learning tools have been developed for classifying dust impacts in radio and plasma waves instrument data, although
the characteristic signal produced by the impact ionization process is distinctive and could therefore be suitable for machine

learning detection.
1.5 Motivation and Article Structure

The main purpose of this work was to develop a dedicated dust detection tool that can be used to automatically process the
large amount of data acquired by the Radio and Plasma Waves instrument on board the Solar Orbiter. The aim was to develop a
classifier with a high overall classification accuracy on a balanced data set that would make statistical studies more reliable and
easier to conduct. For this project, we defined high accuracy to be (= 95%) after some initial testing. We considered (= 95%)
accuracy to be satisfactory for statistical studies and a significant improvement to the currently used classification system. In
order to achieve this objective we used supervised machine learning techniques to develop the dust classifiers, trained and

tested on a set of 3000 manually labeled observations.

The remaining of this article is structured as follows. Section 2 explains the Solar Orbiter — Radio and Plasma Waves
observations and the on-board algorithm that is currently used for dust impact detection. Section 3 describes the procedure
that was used for developing the machine learning classifiers; from the downloaded data to the training— and testing of the
classifiers. Section 4 investigate the performance of the classifiers and includes the resulting dust impact rates, calculated by
analyzing one and a half year of automatically classified Solar Orbiter data. Finally, Section 5 presents the overall conclusions

of this project.

2 Observations and Data Acquisition
2.1 The Radio and Plasma Waves (RPW) Instrument and the Time Domain Sampler (TDS) Receiver

This work focuses on electric field signals (i.e. waveforms) observed by the Radio and Plasma Waves (RPW) instrument on-
board the Solar Orbiter (Maksimovic et al., 2020). The RPW instrument consist of 3 antennas operating synchronously and the

measured electric potential is recorded by the Time Domain Sampler (TDS) receiver unit (Soucek et al., 2021).

The TDS receiver is designed to capture plasma waves (such as ion-acoustic and Langmuir waves) in the frequency range
200 Hz — 100 kHz, in addition to the dust impact signals (Soucek et al., 2021). The antenna voltages are converted to elec-
tric field values using the antenna effective lengths, but are otherwise uncalibrated. We consider only signals sampled with a

sampling rate of 262.1 kHz in snapshots of 16384 time steps, acquired when the TDS receiver was operating in the XLLD1 mode.
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The XLD1 mode is the most commonly used observational mode of the RPW-TDS system (Soucek et al., 2021). XLD1
is a hybrid mode, where channel 3 (CHj3) is operating in monopole mode while channel 1 (CH;) and channel 2 (CHs) are

operating in dipole mode:

_(Vi—Vsc\ - V3—Vso ) ¢
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where V; — Vg¢ denotes the potential difference between antenna 4 and the spacecraft body along the antenna boom with unit
vector L; and effective length L;. For this work however, the 3 RPW antenna signals are all converted to monopole electric

field signals (E, Eo, E3) by the following conversion:
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2.2 The Triggered Snapshot WaveForms (TSWF) data product and the TDS Classifier

For this project, we use the Triggered Snapshot WaveForms (TSWF) data product, processed with software version 2.1.1 and
acquired over a one and a half year period, spanning between June 15, 2020, to December 16, 2021. The TSWF data product
consists of signal packets (63 ms snapshots) that are downlinked only if the classification algorithm on-board the Solar Orbiter
is triggered. The accuracy of the on-board classification algorithm is therefore important in order to optimize the data transfer

and provide reliable data products for statistical analysis.

The input to the on-board classification algorithm, hereafter named the TDS classifier or the TDS classification algorithm,
is the 63 ms signal packet, while the output is categorized into one out of three labels: dust, wave or other. The TDS classifier

assigns the label based on 3 extracted features.
1. The snapshot peak amplitude
2. The ratio of the peak amplitude to the median of the signal
3. The bandwidth of the main spectral peak identified in the Fourier spectrum

The signal label is then determined by comparing the extracted feature values against configurable thresholds. For more detailed

descriptions of the TDS classifier, see Maksimovic et al. (2020) and Soucek et al. (2021). Figure 1 presents a few examples of



recorded snapshots with included labels, as classified by the TDS classification algorithm.
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Figure 1. Waveforms recorded by the TDS receiver and measured by one of the RPW antennas. The signal label, classified by the TDS
classification algorithm, is included for each snapshot in the subplot titles. The top row presents dust waveforms: a) is a clean dust impact
waveform, b) shows a dust impact that saturates the receiver unit (or reaches the non-linearity limit), c) presents a weak dust impact signal
that is strongly affected by noise. The middle row presents ambiguous waveforms: d) might be a dust impact, but information is limited by
the signal framing, e) is likely a dust impact, but the signal shape resembles solitary waves and is strongly affected by noise, f) might be a dust
impact, but noise and possible electromagnetic waves makes the signal difficult to interpret. The bottom row presents waveforms without
dust: g) shows Langmuir waves, characterized by the high-frequency E-field oscillations with a lower-frequency amplitude modulation,
h) presents solitary waves, which sometimes resemble dust impact waveforms, i) shows a signal dominated by noise, without any clear
features. Note that the full (63 ms) snapshots are zoomed to 15 ms intervals around the interesting features and that the signal amplitudes are

normalized to £1 and centered around zero for illustrative purposes.
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Figure 1 illustrates that it is challenging to detect and separate dust signals from the plural of other signal shapes. In particular,
the dust waveform in Sub-figure c) is classified as other, while the Langmuir wave and solitary wave snapshots in Sub-figures

g) and h) are erroneously classified as dust by the TDS classification algorithm.

3 Machine Learning-Based Framework for Automatic Dust Impact Detection

The goal of the machine learning classifier is to take a monopole RPW snapshot as an input and automatically output if the
signal contains a dust impact or not. For this purpose, we use a supervised classifier. A supervised classifier relies on manually
labeled data to learn (i.e. train) the function that maps the input observation (the electric field signal) to the output label. For this
work, we focus on detecting dust impact signals, we therefore use a binary label: dust or no dust. Additional labels, such as:
ion-acoustic waves, Langmuir waves and solitary waves, could however be implemented in a similar machine learning-based

framework.
3.1 Data Pre-Processing for Machine Learning Classification

In order to construct a balanced data set, we selected ~ 1500 waveforms classified as dust and ~ 1500 waveforms classified
as wave/other by the TDS classification algorithm. The signals were randomly drawn from the TDS data archive and acquired
between 15 June 2020 to 16 December 2021. The TDS signals were then pre-processed in order to standardize the input to
the classifier and speed up the training. Standardized data further reduces bias effects and makes the manual labeling of the
signals easier to conduct. For this work, a 4-step pre-processing procedure was used independently on each antenna signal, the

pre-processing procedure applied on a sample signal is illustrated in Figure 2.

1. Remove the signal offset The electric field offset is removed by subtracting the raw signal with the median of a heavily
filtered version of the raw data. A sliding median filter over 21 time steps was selected by visual inspection of the noise
characteristics. The removal of the electric field offset centers the signal around zero and reduces bias effects from offset

waveforms.

2. Filter the data The signal is filtered using a sliding median filter over 7 time steps in order to reduce the high-frequency
noise. The 7 time step filter was selected by inspecting the power spectrum of impact signals and by noticing that most
information above (fx = 35 kHz) is buried in noise, although the TDS sampling frequency is higher (f; = 262.1 kHz),

thus making a filter length (< f./fn ~ 7.5) appropriate without significant loss of information.

3. Compress the data The signal is re-sampled with a compression factor of 4 using linear 1-dimensional interpolation.
The compression is done to speed up the training of the classifier, resulting in a re-sampling from 16384 to 4096 time

steps.

4. Normalize the signal The data is normalized to be between -1 and 1 by dividing all data samples with the maximum
absolute value of the signal. The normalization makes the machine learning classifier more robust to variations in the

signal strength and eases the parameter optimization.
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Figure 2. A dust waveform observed by antenna 2 on September 8, 2021. The sub-figures illustrate the different stages of the pre-processing
procedure. a) The electric field offset is removed and the signal is centered around 0 mV /m. b) The signal is filtered by a median filter over
7 time steps to reduce the high-frequency noise. c) The signal is compressed by a factor of 4 to reduce the data size. d) The waveform is
normalized by the maximum absolute value of the signal in order to ease the parameter optimization of the machine learning classifier. Note
the waveform is zoomed to a 15 ms time period around the dust impact in order to better visualize the impact shape modification by the

pre-processing procedure.

3.2 Manual Waveform Labeling

Manually labeled data is used both to train the machine learning classifiers and to test the performance of the trained models.
Thus, great care is needed in order to construct a high-quality labeled data set, without significant contamination of corrupted

data files, biases and mislabeled signals.

We manually labeled the data into either dust or no dust. Each signal was displayed without indications of the previously
assigned label by the TDS classifier in order to reduce bias effects. Furthermore, a zoom function was used to investigate the
areas of interest and options were included both to correct labeling mistakes by the user and to indicate ambiguous signals that
do not clearly fit into any label (dust or no dust). Appendix A presents the Graphical User Interface (GUI) that was used to

label the 3000 observations.



190 It should be noted that 134 signals (i.e. 4.5%), out of 3000 manually labeled waveforms, were marked as ambiguous and did
not clearly fit into either the dust or no dust label, see Figure 1 for ambiguous examples. Furthermore, the manual waveform
labeling was done by one scientist, although with consultations with other experts. Thus, it is to be expected that different
scientists will disagree on a proportion (around 5%) of the the manual labels. The disagreement level could possibly be reduced

if several experts labeled the same data set and the labeling consensus was used as the effective waveform label.
195 3.3 Developing the Machine Learning Classifiers

The manually labeled data was split into a training set (containing 80% of the data) and a testing set (with the remaining 20%).
The training data is used to optimize the free parameters of the machine learning classifier with respect to the assigned labels,
while the testing data is used as an independent set to test the performance of the trained classifiers. The performance of a
machine learning classifier is quantified by comparing the outputs of the trained model to the labels of the testing data. Figure

200 3 illustrates the data flow; from the TDS data sets to the machine learning performance metrics.
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Figure 3. Data flow: from the TDS data sets to the machine learning performance metrics. The diagram illustrates the data flow by the
black arrows and the applied process by the arrow label. The cylinders indicate the signal waveforms and the cylinder color indicate the
associated label. The gray circles mark data transformation processes. The random draw of the TDS data and the pre-processing is explained
in Sub-section 3.1, while the manual labeling is described in Sub-section 3.2. The randomization and splitting of the manually labeled data
into a training and a testing set is described in Sub-section 3.3 and the training and testing of the machine learning classifiers is explained in

Sub-sections 3.4 and 3.5. Finally, the performance of the machine learning classifiers are compared and evaluated in Sub-section 4.1.

There are numerous machine learning techniques that are suitable for time series classification. In this work, we focus on

two well-known techniques: the Support Vector Machine (SVM) and the Convolutional Neural Network (CNN).
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3.4 The Support Vector Machine (SVM)

The support vector machine (Boser et al., 1992; Cortes and Vapnik, 1995) is a robust and versatile classification algorithm,
considered to be one of the most influential approaches in supervised learning (Goodfellow et al., 2016). SVMs learn the
decision hyperplane that maximizes the discriminative power between the observations categorized into two classes (in this
case: dust or no dust). However, SVMs are highly dependent on the representation of the data and often achieve sub-optimal
performance on high-dimensional data (when used directly). In this case, the observation from 3 antenna measurements, each
with 4096 time steps, is both high dimensional and noisy (each time step contain little information). It is therefore common to
extract important characteristics (i.e. features) from the data to provide the SVM with compactly represented information with

less noise and redundancies.

3.4.1 Feature Extraction

In order to develop a baseline machine learning classifier, comparable to the on-board TDS classification algorithm, a 2-
dimensional SVM classifier was considered. Thus, every observation with dimension (3x4096) is represented by a 2-dimensional
feature vector (1x2). After some initial testing, we selected two features that had a high discriminative power between the dust

and no dust observations.

1. The standard deviation The mean standard deviation is calculated over the 3 antenna channels, each with 4096 time
steps. The standard deviation is appropriate since normalized dust signals typically have a lower mean standard deviation

than normalized no dust signals.

2. The convolution ratio The log;, value of the convolution ratio (|conv|max/|conv|median) is calculated, where lconvl is
the absolute values of the convolution of the antenna signals with a normalized Gaussian of width 0.5 ms. |conv|max is
the maximum value of |conv|, while |conv|edian is the median. The convolution ratio was selected as a feature since
the dust signals typically have a larger convolution ratio than the no dust signals. The Gaussian width of 0.5 ms was

experimentally found to give high correlations with dust impact signals.
3.4.2 Training the Support Vector Machine

The 2 features (standard deviation and convolution ratio) were extracted from all observations in the training data. The decision
hyperplane, in this 2-dimensional case a decision line, is defined by a polynomial of degree 2 that is optimized by minimizing
the non-separable SVM cost function, see e.g. Theodoridis and Koutroumbas (2009) for details. The SVM classifier was trained
with a slack variable factor of 1 and equal weighting between the dust and no dust observations. Figure 4 illustrates the training

of the SVM classifier.

10
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Figure 4. a) The (1x2) feature vectors extracted from all (2400) observations in the training data, the associated labels are indicated in green
(dust) and red (no dust). b) The SVM decision line, the optimal second order polynomial, obtained by minimizing the non-separable SVM

cost function. The SVM decision line appears to be reasonable and most observations are separable.

3.4.3 Testing the Support Vector Machine

The performance of the trained SVM classifier is evaluated using the independent testing data, i.e. the remaining manually
labeled data (20 %) that was not used for training the classifier. Figure 5 presents the SVM classification performance on the

testing data.

Overall, the SVM classifier achieves a classification accuracy of 94% on the testing data using the 2-dimensional feature
vectors. Note that the inclusion of more extracted features could possibly enhance the SVM performance. Several additional
features could be considered, such as; the mean amplitude of the signal, the range between the signal maximum and minimum

values and the cross-correlation length (the time lag to the first zero crossing).
3.4.4 Explainability of the Support Vector Machine

Ideally, we want to develop a machine learning classifier that not only has a high accuracy, but also make decisions that are
understandable for a human expert (Holzinger et al., 2019). In other words, we want to be able to explain why the machine
learning classifier selected the predicted class for a given observation. In machine learning, this is often referred to as the

explainability of the trained classifier. Figure 5 presents the testing data in the 2—-D feature vector space, but this plot gives no
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Figure 5. a) The (1x2) feature vectors extracted from the testing data (600 observations with hidden labels). b) The testing data is classified
using the trained SVM decision line, where all observation within the polynomial line is classified as dust while all observations outside
are classified as no dust. ¢) The “true” labels (from the manual labeling) are revealed. It is clear that some observations are confused,
predominantly near the decision line. Still, the SVM classifier achieves an overall classification accuracy of 94%, calculated by comparing

the outputs from the SVM classification (Sub-figure b) to the “true” labels (Sub-figure c).

clear indications of how different signal shapes are distributed and which signatures are confused by the SVM classifier. In
order to better understand the decisions made by the SVM classifier, the signal examples in Figure 1 are studied in detail. The

analysis is presented in Figure 6.

It should be noted that the signal examples in Figure 6 are not representative for the general distribution of observations
in the 2-D feature vector space, since most observations are clustered in distinct dust and no dust regions, as can be seen
in Figure 5. Figure 6 focuses mostly signal examples that are challenging to classify. Still, Figure 6 indicates that the SVM
classifier provides mostly comprehensible outputs, but might have difficulties classifying signals with important signatures

located at the edge of the snapshot frame.
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Figure 6. The signal examples are presented in Sub-figures (a-i), the manual labels are indicated along the y-axis and the predicted label,
classified by the SVM decision line, are presented in the sub-plot titles. Sub-Figure j) presents the associated signal examples in the 2-D
feature vector space along with the SVM decision line. The dust signals are illustrated in green, the ambiguous signals are marked in yellow
and the no dust signals are indicated in red. The SVM classifier provides mostly explainable outputs. The clear dust signals (a-b) are located
well within the SVM decision line, the ambiguous signals (e-f) are located near the decision line while the no dust signals (g-i) are clearly
located outside. However, dust signal ¢) is erroneously located just outside the decision line, this can possibly be explained a weak signal-to-
noise ratio. In addition, signal d) is located well within the decision line, although this signal is labeled ambiguous-no dust due to the signal

framing, this indicates that the SVM might have difficulties classifying signatures located at the edge of the snapshot frame.
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3.5 The Convolutional Neural Network (CNN)

Convolutional Neural Networks are algorithms designed for processing grid-like data and have achieved premium performance
on a number of different tasks in the recent decade, such as image (He et al., 2016; Kvammen et al., 2020), video (Karpathy

et al., 2014), and time series (Wang et al., 2017; Wickstrgm et al., 2021) classification.
3.5.1 Feature Extraction

Unlike the SVM, the CNN do not require pre-defined feature extraction routines. Instead, the CNN extracts the features based
on a chain of convolution operations and automatically optimizes the convolution filters based on the training data and the

associated labels.

For this work, we employed the 3-layer fully convolutional network architecture presented in Wang et al. (2017) and sug-
gested for time series classification after extensive testing (Wickstrgm et al., 2022; Fawaz et al., 2020; Karim et al., 2019). The
Rectified Linear Unit (ReLU) function (Glorot et al., 2011) was used as the activation function and Batch Normalization (BN)
(Ioffe and Szegedy, 2015) was used at each convolutional layer in order to regularize the network and accelerate the training

process. Figure 7 presents the employed CNN architecture.

Input Layer 1 Layer 2 Layer 3 Output
° 0
o X o o S g @ e}
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22C [7] 22E [ z2=E 5% og
x
Pnodust

J/

Figure 7. The 3-layer fully convolutional network used for dust impact classification. The input to the network is the (3x4096) waveform.
The function that maps the input waveform to the output label: dust or no dust is defined by 3 convolutional layers, consisting of 128, 256
and 128 independent filters with kernel lengths of 8, 5 and 3 weights, respectively. Batch normalization (BN) is used at each convolutional
layer to regularize the the inputs and the Rectified Linear Unit (ReLU) function was used as the activation function. Finally, the output of the
convolutional layers (with dimension 128x4096) is averaged in the global pooling layer to a vector with dimension (128x1). The class score
is then determined in a Fully Connected (FC) network layer and the output label probabilities (P, Puoaust) are calculated using the softmax

function. The Figure is adopted from Wickstrgm et al. (2021).

3.5.2 Training the Convolutional Neural Network

The 3-layer fully convolutional network consists of 267010 free parameters (weights and biases) that need to be optimized
to solve the dust impact classification task. The free parameters are randomly initialized and thereafter optimized using the
ADAM gradient descent optimizer (Kingma and Ba, 2014). The CNN was trained for 225 epochs with a cross-entropy loss
function using the 2400 labeled observations in the training data. For more details on neural network training and optimization,

see for example (Montavon et al., 2012).
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3.5.3 Testing the Convolutional Neural Network

In order to visualize the features extracted by the CNN, we employ the t-distributed Stochastic Neighbor Embedding (t-SNE)
method (Van der Maaten and Hinton, 2008). The t-SNE method is used for visualizing high-dimension data by assigning each
observation a location in a 2-D space such that similar observations are modeled by nearby points while dissimilar observations
are modeled by distant points with high probability. The (128x1) testing feature vectors, extracted in the global pooling layer,

are presented in a 2-D t-SNE map in Figure 8, along with a visualization of the CNN classification performance.
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Figure 8. a) The testing data visualized by a dimension-reduced t-SNE map where similar feature vectors are modeled by nearby points while
dissimilar observations are modeled by distant points with high probability. b) The testing data classified by the trained CNN. c) The “true”
manual labels are presented. Only a few observations, predominantly in the transition region between the dust and no dust observations are

confused. An overall classification accuracy of 96% is calculated by comparing the labels predicted by the CNN to the manual labels.

Overall, the CNN obtains a high (= 95%) classification accuracy and might therefore be suitable for automatic processing

of electric field signals observed by the RPW instrument on board the Solar Orbiter.
3.5.4 Explainability of the Convolutional Neural Network

Neural networks have traditionally been regarded as black boxes (Shwartz-Ziv and Tishby, 2017; Alain and Bengio, 2016),
where the network carries out the desired task, but the network decisions are difficult to interpret. However, progress have
been made in recent years for making the neural network decisions more accessible and easier to interpret (i.e. explainable) for

human users (Samek et al., 2021). In this section, we analyze the CNN decisions by employing Class Activation Maps and the
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previously described t-SNE method.

Class Activation Maps (CAMs) (Zhou et al., 2016) highlights the regions of the data that are important for a considered
label (c) by analyzing the features extracted in the global pooling layer and the weights in the FC layer that are associated with
label (c), see e.g. (Wang et al., 2017) for a detailed description. The outcome of the CAM analysis is that we can visualize
the sections of the signal that are influential for the CNN classification decision. Figure 9 presents the CAM analysis of the
signal examples in Figure 1 along with an illustration of the signal features in a dimension-reduced t-SNE space. Note that the
t-SNE mapping in Figure 9 is different from the t-SNE mapping in Figure 8, since Figure 9 considers a different CNN where

the signal examples are excluded from the training data.

The CAM values in Figure 9 illustrate that the CNN make classification decisions that are comprehensible (in most cases).
It is however interesting to note that signal c), manually labeled as dust, is erroneously classified as no dust by the CNN, and
that this decision is largely based on the tail (the relaxation period) of the impact signal. It should however be noted that it is
more difficult to explain the no dust predictions than the dust predictions since the no dust CNN decisions are based on the lack
of a signature (dust impact), rather than on the presence of signature. In addition, signal d), manually labeled as ambiguous-
no dust, is classified as dust by the CNN, and this decision is based on a wide region of the signal with emphasis on the tail

of the (ambiguous) dust impact signal, this section might not have been highlighted as particularly important by a human expert.

In general however, the CNN achieves a high accuracy (>95%) and make decisions that are mostly in-line with human
interpretation. It is therefore reasonable to infer that the CNN will have a performance comparable to the agreement level
between human experts, where disagreement predominantly occurs for ambiguous and noisy signals, while clear dust and clear

no dust signals are classified correctly.
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Figure 9. The signal examples and the CAM analysis are presented in Sub-figures (a-i), the manual labels are indicated along the y-axis
and the predicted label, classified by the CNN, is presented in the sub-plot titles. Sub-figure j) presents the associated signal examples in
the t-SNE space along with the training data signals as transparent points. The dust signals are illustrated by the green dots, the ambiguous
signal examples are marked in yellow and the no dust signals are indicated in red. The CAM analysis show that the CNN emphasise the dust
impact sections similarly to human experts, where the highlighted green regions indicate positive CAM values. Also the no dust CAM values
(highlighted in red) are mostly understandable, although it is difficult to interpret the CNN decisions that are based on the lack of a signature
(dust impact), rather than on the presence of signature. The t-SNE map show that the clear dust signals (a-b) are distinctly located in a green
(dust) region whereas the clear no dust signal 1) is distinctly located in a red (rno dust) region. The remaining signals are located in more
mixed regions. It should however be noted that the observations are represented by a 128 dimensional feature vector in the CNN and that the
(2-D) t-SNE representation diminishes a lot of information, meaning that even the signals located in a mixed region of the t-SNE plot might

be separable in the 128 dimensional feature vector space.
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4 Results and Discussions
4.1 The Average Classification Performance Metrics

The average classification performance is obtained by training and testing the machine learning classifiers on 10 runs, each
run with different training and testing sets. The classifiers are initialized from scratch and the testing and training sets are
selected independently 10 times by randomization and splitting of the manually labeled data, as indicated by the gray circles
in Figure 3. The average class-wise performance of the on-board TDS classifier and the machine learning SVM and CNN
classifiers are summarized as confusion matrices in Figure 10. Overall, the CNN has the highest performance for both dust and
no dust classification. In addition, both the SVM and the CNN obtain stable performance with only small variations for each

run.
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Figure 10. a) The confusion matrix entries are described by the true (correctly classified) and false (erroneously classified) values, as
compared to the manual labels, positive indicate dust predictions and negative indicate no dust predictions. b) The TDS classifier confuses
dust and no dust observations, where a large proportion (> 0.20) of dust predictions are manually labeled as no dust. c) The SVM classifier
predicts both dust and no dust observations with a high (> 0.90) accuracy. d) The CNN classifier predicts a very large (> 0.95) proportion

of both dust and no dust observations correctly.

The classification performance is further evaluated by the accuracy, precision, recall and F1 score. The definitions for the
performance metrics are included in Appendix B. The average performance metrics, calculated over 10 runs, are summarized
in Table 1. Again, the CNN has the highest performance across all metrics. Furthermore, the CNN obtain a significant improve-

ment in the classification performance with a statistical significance at a level of 0.01, computed using a t-test. The t-test was
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computed in a pairwise manner between both the CNN and the SVM, and the CNN and the TDS. In all cases, the enhanced

performance of the CNN classifier was significant.

Table 1. The TDS, SVM and CNN classification performance metrics: accuracy, precision, recall and F1-score. The SVM and CNN scores
and error values are the mean and the standard deviation across 10 training runs. The bold numbers indicate statistically enhanced perfor-

mance with a significance level of 0.01, computed using a t-test.

Classifier Accuracy Precision Recall F1 Score

TDS 0.850 0.746 0.944 0.833
SVM 0.936 £0.012 0903 £0.027 0.941 £0.017 0.921 £0.015
CNN 0.964 £ 0.006 0.939 +0.020 0.972 + 0.008 0.955 + 0.008

The results from both the confusion matrices and the performance metrics strongly suggest that the SVM and CNN classifiers
provide binary classification results with a higher reliability than the TDS classifier. We therefore propose that the CNN
classifier (or similar tools) should be considered for post-processing of the TDS data product in statistical studies of dust
impacts observed by the Solar Orbiter RPW instrument. Finally, it should be noted that 134 signals (i.e. 4.5%), out of 3000
manually labeled waveforms, were marked as ambiguous, illustrated by the yellow cylinder Figure 3, and did not clearly fit into
either the dust or no dust label, see Figure 1 for label examples. It is therefore improbable to achieve a classification accuracy

exceeding ~98%, and an accuracy approaching ~99% should be considered suspicious and can be an indication of over-fitting.
4.2 The Dust Impact Rate

The trained classifiers can be used to automatically process large data sets. Figure 11 presents the TDS, SVM and CNN daily
impact rates, calculated by classifying all (~82 000) monopole triggered waveforms acquired over a one and a half year period,
spanning between June 15, 2020, to December 16, 2021. The impact rate function curve is obtained by fitting the dust flux
model from Zaslavsky et al. (2021) (Equation 10) with an included offset:

, 2y, v ad
R=F Sco impact impact C 7
1AU ! ( ]_AU) Vs Vimpact(lAU) " 7

Where Fjay is the unknown cumulative flux of particles above the detection threshold at 1 AU and S, = 8m? is the Solar
Orbiter collection area, as defined in Zaslavsky et al. (2021). Furthermore, r is the radial distance from the sun, Vjmpact is the
relative velocity between the spacecraft and the dust particles, assuming a constant radial and azimuthal velocity vector: vg =
[50 km/s, 0 km/s], and the product ad = 1.3, as suggested in Zaslavsky et al. (2021). The assumed constant radial velocity is a
good approximation for dust in hyperbolic orbits originating near the Sun that are deflected outward by the radiation pressure
force. Finally, we included a constant impact rate offset: C, in order to obtain an improved fit. The description of the dust flux

in Equation 7 is based on the assumption that the dust— and spacecraft orbits are in the same orbital plane.
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Figure 11. a) The daily dust impact rates according to the TDS classifier. The full vertical lines indicate times where the Solar Orbiter is at
aphelion while the dashed lines indicate times at perihelion. b) The median of the daily impact rates classified by 10 trained SVM classifiers.
¢) The median of the daily impact rates from the 10 CNN classifiers. The impact rate function curves are obtained by fitting the dust flux
model from Zaslavsky et al. (2021), Equation 7. d) The impact rate function cures are compared. The SVM and CNN dust impact rates are
very similar, whereas the TDS provide notably smaller impact rates at aphelion and higher impact rates at perihelion. The daily impact rates
are calculated from the daily dust impact number and the time dependent RPW duty cycle by assuming a constant impact probability for each
day. The accumulated dust impact count for the TDS classification algorithm and the the mean and standard deviation of the accumulated

dust impact count for the 10 CNN and SVM classifiers are presented in the sub-plot titles.
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Figure 11 shows that the machine learning classifiers detected significantly more dust particles than the TDS classifier. The
SVMs obtained a dust impact detection enhancement of 14% = 1% while the CNNs had a 16% =+ 7% increase. Both the SVM
and the CNN classifiers obtain impact rates that are notably higher around the aphelion and distinctly lower in the vicinity of

the perihelion, as compared to the dynamic range in the TDS dust impact rates.

Furthermore, Figure 11 illustrates that the fitted SVM and CNN impact rate function cures are in very good agreement. It
is promising that two entirely different machine learning approaches provide comparable impact rates after classifying a large
data set (consisting of ~82 000 observations) when trained— and tested on a limited data set consisting of 3000 observations.
This suggest that both the SVM and CNN classifiers have obtained stable performances and can be used to classify observations

outside the domain of the training and testing data.

5 Conclusions
5.1 Summary and Scientific Implications

We have presented a machine learning-based framework for fully automated detection of dust impacts observed by the Solar
Orbiter — Radio and Plasma Waves (RPW) instrument. Two different supervised machine learning approaches were consid-
ered: the Support Vector Machine (SVM) and the Convolutional Neural Network (CNN). The CNN classifier obtained the
highest performance across all evaluation metrics and achieved 96% =+ 1% overall classification accuracy and 94% =+ 2% dust
detection precision, a significant improvement to the currently used on-board TDS classification algorithm with 85% over-
all classification accuracy and 75% dust detection precision. We therefore conclude that the CNN classifier (or similar tools)
should be considered for post-processing of the TDS data product for statistical studies of dust impacts observed by the Solar

Orbiter.

The labeled data and the trained SVM and CNN classifiers are available online with included user instructions. The proposed
method and the presented classifiers can thus provide the stellar dust community with thoroughly tested and more reliable data
products than currently in use. It should also be noted that machine learning-based frameworks, similar to the SVM and CNN
classifiers proposed in this article, can be developed for automatic processing of data acquired by radio and plasma waves in-
struments on-board other spacecrafts, such as: the Solar Terrestrial Relations Observatory (STEREO) (Zaslavsky et al., 2012),
WIND (Malaspina et al., 2014), and the Parker Solar Probe (Szalay et al., 2020).

The SVM and CNN classifiers were used to process (~82 000) uncalibrated monopole electric field signals acquired over a
one and a half year period, spanning between June 15, 2020, to December 16, 2021. On average, the machine learning classifiers
detected more dust particles than the currently used TDS algorithm, the SVMs had a 14% + 1% detection enhancement and
the CNNs had a 16% =+ 7% increase. Furthermore, the SVM and CNN classifiers were in very good agreement and both

classifiers obtained a notably higher dust impact rate in the vicinity of aphelion and a distinctly lower impact rate at perihelion,
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as compared to the dynamic range of the TDS impact rates. This indicates a higher ambient dust distribution and/or a higher
radial dust velocity than previously observed. This result is significant since it implies the presence of other dust populations

in the data. Possible other populations are interstellar dust and interplanetary dust in bound orbits.
5.2 Outlook

The presented machine learning classifiers may be considered for on-board processing of the observed electric field signals.
However, the trained SVM and CNN classifiers presented in this article are trained on Triggered Snapshot WaveForms (TSWF)
data, and should not be used for processing ‘untriggered” signals without additional training and testing on ‘untriggered” data.
It should also be noted that the classifiers presented in this work are trained and tested on data labeled by one scientist,
although with consultations with other experts. Labeled data from several experts could provide machine learning classifiers
that are more in-line with the labeling consensus in the stellar dust community. Additional labeling can also be use to extended
the machine leaning classifiers to include automatic detection other characteristic signatures, such as: ion-acoustic, Langmuir

and solitary waves.

Code and data availability. The code used for this work, the trained classifiers and the training and testing data is available at: https://
github.com/AndreasKvammen/ML_dust_detection. The Triggered Snapshot WaveForms (TSWF) data files can be downloaded at: https:
/Irpw.lesia.obspm.fr/roc/data/pub/solo/rpw/data/L2/tds_wf_e/

Appendix A: Graphical User Interface for Manual Labeling

Figure A1 presents the Graphical User Interface (GUI) that was used to manually label all considered (3000) signals into either
dust or no dust. In addition, efforts were made to use a similar setup (with the same monitor and figure resolution) throughout

the manual labeling in order to reduce bias effects.

Appendix B: The Classification Performance Metrics

The classification performance metrics are calculated using the True Positive (TP), True Negative (TN), False Positive (FP)
and False Negative (FN) values, defined by comparing the predicted classes and the manually labeled classes, illustrated in

Figure 10.

The overall accuracy of the classifier is the proportion of observations that were correctly predicted by the classifier. The

accuracy is mathematically defined as:

TP+ TN
TP+TN+FP+FN

Accuracy = (B1)
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Figure Al. The manual labeling user interface showing a signal observed December 19, 2020. The left column displays the full snapshot
(from O to ~63 ms) at all antennas. An area of interest is selected by adjusting the red vertical lines. The right column displays the signal
within the area of interest. The signal can be labeled as dust by pressing the [d] key on the keyboard and no dust by pressing the [r] key.
The signal is indicated to be ambiguous if the waveform do not fit clearly into either of the two labels, note however that signals indicated
to be ambiguous were also labeled into either dust or no dust using the [a] and [w] keys. There is also an option to correct [c] the previously

labeled signal (in case of an error), repeat [t] the area of interest selection and quit [q] the manual labeling user interface.

Precision (in this case) is defined as the proportion of data points predicted by the classifier as dust, whose “true” label is

indeed dust. Precision is therefore calculated as:

TP
TP +TFP

Recall (in this case) is the proportion of observations manually labeled as dust, that were correctly predicted as dust by the

Precision = (B2)

classifier. Recall is defined as:

TP
Recall = m (B3)
The F1 score acts as a weighted average of precision and recall and is calculated as:
Precision - Recall
F1=2 B4
(Precision + Recall) (B4)
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1. AytopcTBo. [1o3BOSbaBaTe yMHOXaBah-e, ANCTPUOYLIMjY 1 jaBHO caonLUTaBawe gena,
N npepage, ako ce HaBede MMe ayTopa Ha HauvH oapeheH of cTpaHe ayTtopa wunu
AaBaoua numueHue, Yak u y komepumjanHe cepxe. OBO je HajcnobogHuja o CBUMX
nuueHuun.

2. AyTOpCcTBO — HeKoMepuujanHo. [1o3BorbaBaTe yMHOXaBake, ANCTPUOyLnjy 1 jaBHO
caonwTaBakwe Aena, U npepage, ako ce HaBede Mme ayTopa Ha HayduH ogpeheH of
CcTpaHe ayTopa unu gasaoua nuueHue. OBa nuueHua He O03BOSbaBa KoMmepuwujanHy
ynotpeby gena.

3. AyTtopcTBO — HekomepuujanHo — 0Oe3 npepapa. [lo3BorbaBaTte YMHOXaBahE,
anctpubyumjy 1M jaBHO caonwTaBake pfena, 6e3 npomeHa, npeobnvkoBawa Wunm
ynotpebe aena y CBOM feny, ako ce HaBede ume aytopa Ha HauvH ogpeheH oa cTpaHe
ayTopa unv gasaoua nuueHue. OBa nuueHUa He A03BOSbaBa KomepuumjanHy ynotpedy
aena. Y ogHOCy Ha CBe ocTare f1ueHLe, OBOM JTMLEHLOM Ce orpaHnyaBa Hajpehu obmum
npasa Kopuwhera gena.

4. AyTOpCTBO — HEKOMepLUMjanHo — AennuTy nog UCTUM ycrioBuma. [lo3BorbaBarte
YMHOXaBake, ANCTpmbyumjy 1 jaBHO caoniitaBakwe gena, U npepage, ako ce Hasede
MMe ayTopa Ha HauuH oapefeH oA cTpaHe ayTopa WM Aasaoua nvueHue U ako ce
npepaga Aauctpubyvpa nog WCTOM MMM CAMYHOM nuueHuom. OBa nuvueHua He
[03BOSbaBa koMepumjanHy ynotpeby gena v npepaga.

5. AyTtopcTtBO — 6e3 npepapga. [lo3BorbaBate YMHOXaBakwe, OUCTPUOYyLMjy 1 jaBHO
caonwTaBawe gerna, 6e3 npomeHa, NnpeobnmkoBarwa unu ynotpebe gena y cBom geny,
aKo ce HaBefe MMe ayTopa Ha HaunH ogpefeH og cTpaHe ayTopa unun gasaoua nuueHue.
OBa nuueHua go3BorbaBa KoMmepLuujanHy ynotpeoy gena.

6. AyTopcTBO — AenuTM noa MUCTUM ycnoBuma. [lo3BorbaBaTe YMHOXaBakoe,
AncTpmnbyumjy 1 jaBHO caonwiTaBake Aena, U npepage, ako ce HaBege MMme aytopa Ha
HaunH ogpeheH o CcTpaHe ayTopa WNM JaBaoua nuueHUue M ako ce npepaja
anctpubympa nog WCTOM WMNM  CrMYHOM  nvueHuom. OBa nuueHua [03BOSbaBa
KomMepuumjanHy ynotpeby gena u npepaga. CnvyHa je COPTBEPCKMM nuUeHLama,
OOHOCHO NULEeHLLamMa OTBOPEHOT KoAa.
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