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A B S T R A C T

Low-energy ions play important roles in the formation of the plasma
environment around a comet. Reliable ways of measuring these ions
are therefore of high importance to fully understand the processes and
dynamics of this environment. Unfortunately, low-energy ions are infa-
mously difficult to detect. A spacecraft interacts with the surrounding
environment, which leads to an accumulation of charge on the space-
craft surface. As a result, the surface acquires an electrostatic potential
with respect to the surrounding plasma, which can be either positive
or negative. Low-energy ions are then attracted to or repelled from the
charged surface before being detected by the instrument on board, re-
sulting in an energy shift and change of travel direction of the ions.

The Rosetta mission studied comet 67P/Churyumov-Gerasimenko
during the years 2014-2016, and provided the most detailed observa-
tions of a comet and its environment to date. The Ion Composition An-
alyzer of the Rosetta Plasma Consortium (RPC-ICA) measured positive
ions in the cometary environment with energies down to just a few eV.
The low-energy part of the data is, however, difficult to interpret due to
the distortions caused by the spacecraft potential.

In this thesis, the Spacecraft Plasma Interaction Software (SPIS) is
used to correct the low-energy ion measurements made by RPC-ICA for
the effects introduced by the spacecraft potential. The distortion of the
effective field of view is modelled for different ion energies and plasma
environments, and the results are used to correct the flow direction of
low-energy ions around the comet. The FOV distortion can be consid-
ered insignificant when the energy of the ions (in eV) is twice the value
of the spacecraft potential (in volts). The FOV distortion at lower ener-
gies is geometry dependent, and varies substantially between different
pixels of the instrument. The FOV distortion is furthermore dependent
on the Debye length of the surrounding plasma.

The knowledge obtained from the simulations is subsequently used
to study the flow direction of low-energy ions in and around the dia-
magnetic cavity, a region where the magnetic field is essentially zero
and low-energy ions are important for the dynamics. Evidence of count-
er-streaming ions are found, with ions flowing both radially away from
and back towards the nucleus. SPIS is also used to model the influ-
ence of the spacecraft potential on the energy spectrum of the ions, and
from this the bulk speed and temperature of the low-energy ions in
the diamagnetic cavity were determined to 5-10 km/s and 0.7-1.6 eV,
respectively. The bulk speed is significantly above the speed of the neu-
tral particles, indicating a weak coupling between ions and neutrals in
the diamagnetic cavity.
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S A M M A N FAT T N I N G

Lågenergi-joner spelar en viktig roll i de processer som skapar plas-
maomgivningen runt en komet. För att förstå dessa processer är det
därför viktigt att det finns tillförlitliga sätt att mäta dessa joner. Tyvärr
så är lågenergi-joner kända för att vara svåra att mäta. En rymdfarkost
påverkas av sin omgivning, vilket leder till att farkostens yta laddas upp
till en elektrisk potential. Potentialen kan vara antingen positiv eller
negativ relativt det omgivande plasmat. Detta innebär att lågenergi-
jonerna accelereras mot eller repelleras från farkostens yta innan de
detekteras av ett instrument ombord. Farkostpotentialen påverkar både
jonernas energi och rörelseriktning.

Rymdsonden Rosetta studerade komet 67P/Tjurjumov-Gerasimenko
från år 2014 till 2016, och gav oss de mest detaljerade mätningarna av
en komet och dess omgivning som hittills har gjorts. Jonmasspektro-
metern RPC-ICA (Rosetta Plasma Consortium - Ion Composition Ana-
lyzer) mätte positivt laddade joner runt kometen. RPC-ICA kunde mäta
joner med väldigt låga energier (ner till några få eV), men den delen av
datat är svårtolkat på grund av farkostpotentialen.

I den här avhandlingen utvecklar vi en ny metod för att korrigera
mätningarna av lågenergi-joner gjorda av RPC-ICA. Vi använder pro-
gramvaran SPIS (Spacecraft Plasma Interaction Software) för att simu-
lera hur RPC-ICAs synfält har påverkats av den uppladdade farkosten.
Påverkan på synfältet simuleras för olika farkostpotentialer och plas-
maomgivningar, och resultaten används sedan för att korrigera flödesrik-
tningen av lågenergi-joner runt kometen. Påverkan på RPC-ICAs syn-
fält är försumbar när jonernas energi (i eV) är mer än dubbelt så hög
som farkostpotentialen (i volt). Vid lägre jonenergier påverkas synfäl-
tet olika för olika pixlar av instrumentet, beroende på tittriktningen i
förhållande till farkostens geometri. Hur stor påverkan är beror också
på Debyelängden i det omgivande plasmat.

Det korrigerade datat används för att studera flödesriktningen av
lågenergi-joner i och runt den diamagnetiska kaviteten, ett område när-
mast kometkärnan där magnetfältsstyrkan är i princip noll. Lågenergi-
joner är mycket viktiga för dynamiken i det här området. I det korrig-
erade datat ser vi joner som flödar både radiellt utåt från kometkärnan,
och joner som flödar i motsatt riktning tillbaka mot kometen igen. I
modeller har man tidigare sett att sådana motströmmande joner skulle
kunna existera runt kometer, men det har inte tidigare observerats i
data. SPIS används också för att simulera farkostpotentialens inverkan
på jonernas energifördelning. Då kan drifthastigheten och temperaturen
på lågenergi-jonerna inne i den diamagnetiska kaviteten bestämmas.
Resultaten visar en drifthastighet på 5-10 km/s och en temperatur på
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0.7-1.6 eV. Drifthastigheten är betydligt högre än hastigheten på de neu-
trala partiklarna, vilket tyder på att jonerna och de neutrala partiklarna
inte är starkt kopplade till varandra via kollisioner.

vi



L I S T O F A P P E N D E D PA P E R S

paper i

Bergman, S., Stenberg Wieser, G., Wieser, M., Johansson, F. L., & Eriks-
son, A. (2020a). The influence of spacecraft charging on low-energy ion
measurements made by RPC-ICA on Rosetta. Journal of Geophysical Re-
search: Space Physics, 125(1). doi:10.1029/2019JA027478

paper ii

Bergman, S., Stenberg Wieser, G., Wieser, M., Johansson, F. L., & Eriks-
son, A. (2020b). The influence of varying spacecraft potentials and De-
bye lengths on in situ low-energy ion measurements. Journal of Geophys-
ical Research: Space Physics, 125(4). doi:10.1029/2020JA027870

paper iii

Bergman, S., Stenberg Wieser, G., Wieser, M., Johansson, F. L., Vigren,
E., Nilsson, H., Nemeth, Z., Eriksson, A. and Williamson, H. (2021a). Ion
bulk speeds and temperatures in the diamagnetic cavity of comet 67P
from RPC-ICA measurements. Monthly Notices of the Royal Astronomical
Society, 503, 2733-2745. doi:10.1093/mnras/stab584

paper iv

Bergman, S., Stenberg Wieser, G., Wieser, M., Nilsson, H., Vigren, E.,
Beth, A., Masunaga, K. and Eriksson, A. (2021b). Flow directions of
low-energy ions in and around the diamagnetic cavity of comet 67P.
Monthly Notices of the Royal Astronomical Society, 507, 4900-4913.
doi:10.1093/mnras/stab2470

vii

https://doi.org/10.1029/2019JA027478
https://doi.org/10.1029/2020JA027870
https://doi.org/10.1093/mnras/stab584
https://doi.org/10.1093/mnras/stab2470




L I S T O F R E L AT E D PA P E R S

Nilsson, H., Williamson, H., Bergman, S., Stenberg Wieser, G., Wieser,
M., Behar, E., Eriksson, A., Johansson, F. L., Richter, I. and Goetz, C.
(2020). Average cometary ion flow pattern in the vicinity of comet 67P
from moment data. Monthly Notices of the Royal Astronomical Society, 498,
5263-5272. doi:10.1093/mnras/staa2613

Johansson, F. L., Eriksson, A. I., Vigren, E., Bucciantini, L., Henri, P.,
Nilsson, H., Bergman, S., Edberg, N., Stenberg Wieser, G. and Odel-
stad, E. (2021). Plasma densities, flow, and Solar EUV flux at comet
67P: A cross-calibration approach. Astronomy & Astrophysics, 583, A34.
doi:10.1051/0004-6361/202039959

ix

https://doi.org/10.1093/mnras/staa2613
https://doi.org/10.1051/0004-6361/202039959




A C K N O W L E D G M E N T S

This thesis would not have been realized without the support and help
from many people. First of all, I would like to express my deepest grat-
itude to my main supervisor, Gabriella Stenberg Wieser, for all gener-
ous support and advice about how to navigate in the research world.
Thank you for always keeping your door (or zoom meeting) open for
scientific discussions, for reading and correcting first drafts of lengthy
articles, and for all discussions and advice on how to manage your
mental health during a stressful PhD. Your excellent supervision did
not only help me grow as a scientist, but also as a person.

I would also like to thank my co-supervisor, Martin Wieser, for all
long discussions about how to interpret the low-energy data from RPC-
ICA, for all advice on how to perform the SPIS simulations and inter-
pret the results, and for the enthusiasm and will to discuss whatever
problem at any time. The quality of this thesis has greatly improved
thanks to your skillful advice.

Many thanks to Stas Barabash and everyone else in the SSPT group
for letting me join such an excellent research environment. Especially
thanks to Hans Nilsson and everyone else in the ICA team for all fun
meetings and discussions on cometary science. Also thank you to all
other staff at IRF for your support and for making my stay at the insti-
tute unforgettable.

I also want to thank the colleagues at IRF in Uppsala, for all input on
the RPC-LAP spacecraft potential measurements and the discussions
about everything else, from cometary science to spacecraft charging
mechanisms. I want to especially thank Fredrik Johansson for teach-
ing me how to use SPIS and for always being available for emergency
help at times of SPIS struggles, and Anders Eriksson for providing per-
ceptive comments on all papers in this thesis.

A large part of this thesis work has been done using the SPIS software,
and I would like to direct a special thank you to the SPINE community
for developing this very useful tool.

To all the PhD students, postdocs and other young people at space
campus, thank you for all fun get-togethers, pingis games and every-
thing else that have filled my stay in Kiruna with so much joy. Espe-
cially thank you to Angèle and Philipp who started this journey at the
same time as me. Thank you for all the fun trips to different conferences
and courses, all the discussions, all support, and all the help with ev-
erything from interpreting calibration data from an ENA instrument to
exchanging car batteries.

Finally, my warmest and sincerest thank you to my family for their
unconditional and never-ending support. Moa, thank you for always

xi



being by my side and for constantly encouraging and believing in me,
through ups and downs. You’re making me a better person every day.
To my parents and sister, thank you for comforting me when I struggle
and for constantly supporting me. Without you I would not be where I
am today.

xii



C R E D I T S

Parts of this PhD thesis are based on the Licentiate thesis The Effect of
Spacecraft Charging on Low-Energy Ion Measurements Around Comet 67P/-
Churyumov-Gerasimenko (Bergman, 2020c), defended in February 2020.
All chapters have been updated considerably with new sections, and
some chapters are completely new.

The image of comet 67P on the cover is taken by the OSIRIS narrow-
angle camera on Rosetta, copyright: ESA/Rosetta/MPS for OSIRIS Team
MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA - CC BY-SA 4.0.

xiii





C O N T E N T S

1 introduction 1

2 comets and rosetta 5

2.1 Origin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Physical Properties of Comets . . . . . . . . . . . . . . . . . 6

2.2.1 Nucleus . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.2 Coma and outgassing . . . . . . . . . . . . . . . . . 6

2.2.3 Tails . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Pre-Rosetta missions to comets . . . . . . . . . . . . . . . . 7

2.4 Rosetta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.5 Comet 67P/Churyumov-Gerasimenko . . . . . . . . . . . 11

3 the plasma environment around comets 13

3.1 Ionization processes . . . . . . . . . . . . . . . . . . . . . . 13

3.2 Electric fields . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3 Collisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.4 Plasma populations . . . . . . . . . . . . . . . . . . . . . . . 17

3.4.1 Ions . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.4.2 Electrons . . . . . . . . . . . . . . . . . . . . . . . . 19

3.5 Interaction with the solar wind . . . . . . . . . . . . . . . . 20

3.5.1 Ion pick-up and mass loading . . . . . . . . . . . . 20

3.5.2 Regions and boundaries of the plasma environment 22

4 spacecraft charging 29

4.1 Theoretical model for a Maxwellian plasma . . . . . . . . 30

4.2 The spacecraft potential of Rosetta . . . . . . . . . . . . . . 31

4.3 Influence on low-energy plasma measurements . . . . . . 33

4.3.1 Effect on particle energies . . . . . . . . . . . . . . . 33

4.3.2 Effect on particle trajectories . . . . . . . . . . . . . 34

4.3.3 Previous work . . . . . . . . . . . . . . . . . . . . . 36

5 the ion composition analyzer 39

5.1 General working principle . . . . . . . . . . . . . . . . . . . 39

5.2 Nominal field of view . . . . . . . . . . . . . . . . . . . . . 41

5.3 High time resolution modes . . . . . . . . . . . . . . . . . . 43

5.4 Conversion from instrument response to physical units . . 43

5.5 RPC-ICA measurements at low ion energies . . . . . . . . 45

5.5.1 Correction of energy scale . . . . . . . . . . . . . . 45

5.5.2 Sensor temperature correction . . . . . . . . . . . . 45

5.5.3 The geometric factor at low energies . . . . . . . . 47

5.6 Sector sensitivity . . . . . . . . . . . . . . . . . . . . . . . . 49

6 the spacecraft plasma interaction software 53

6.1 Basic Simulation Principle . . . . . . . . . . . . . . . . . . . 53

6.2 Particle Tracing . . . . . . . . . . . . . . . . . . . . . . . . . 55

6.2.1 Modelling of RPC-ICA . . . . . . . . . . . . . . . . 56

6.2.2 Conversion of SPIS output to instrument frame . . 56

xv



xvi contents

7 conclusions and outlook 59

8 summary of papers 63

bibliography 67



1I N T R O D U C T I O N

Comets have been observed in the sky for thousands of years. One of
the earliest records of comet observations is included in the Mawangdui
silk texts, which was found in an ancient tomb in south-central China
in 1973. The texts have been dated around 300 BC, but contain records
of comet observations made by Chinese astronomers much earlier. At
this time, the appearance of comets in the sky was believed to be bad
omens bringing natural catastrophes and sickness to the people of Earth
(e.g. Festou, Rickman, and West, 1993). A comet with its tail looks like
the head of a woman with long flowing hair, which in some cultures
was interpreted as a symbol of mourning. The comet with its inherent
meaning was sent to Earth by the gods to show their displeasure. In fact,
the word "comet" comes from the Greek word kometes which means "the
hairy one".

Until the 16th century many astronomers thought that comets were
meteorological phenomena with an origin in the atmosphere of Earth.
It was not until Tycho Brahe made observations of the "Great Comet of
1577", and from its parallax showed that the distance to the object was
much larger than the distance to the Moon, that comets were realized
to be celestial in nature. In the beginning of the 1700s, Edmond Halley,
with the help of Isaac Newton and his new theory of gravitation, com-
puted the orbits of a dozen of comets that had been observed in the
sky (Halley, 1705). He realized that the comets observed in 1531, 1607

and 1682 were actually the same comet, and predicted that it would
return in 1758. Indeed the comet was observed again in December 1758,
which proved the periodic nature of many comets. It was named "Hal-
ley’s Comet", after the scientist who predicted its return.

During the coming decades, new techniques facilitated more detailed
observations of comets and their orbits. In fact, it was comet observa-
tions that led to the discovery of the solar wind, a stream of charged par-
ticles coming from the Sun. The plasma tail of the comet was observed
to always point away from the Sun, and Biermann (1951) suggested
that this was due to the interactions with this stream of charged parti-
cles. Also Alfvén (1957) did important work in this area, suggesting that
an interplanetary magnetic field was carried along with the solar wind.
At about the same time, Whipple (1950) presented his "dirty snowball"
model, describing the comet nucleus as a solid body consisting of ices
and dust. He suggested that the coma is produced through sublimation
of the ices in the nucleus, which would explain the observed properties
of the coma such as the high outgassing rates and the observed jet-like
features.
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2 introduction

Since then, comets have been frequently observed from Earth, and
also visited by several spacecraft. The launch of Sputnik in 1957 paved
the way for the exploration of the Universe and more detailed observa-
tions of comets. From a space plasma physics point of view, the comets
are interesting due to their elliptic trajectories. A dominating part of
the particles present in space are charged particles, existing in the form
of plasma. A plasma consists of ions and free electrons, and is, together
with solid, liquid and gas, one of the four fundamental states of matter.
In the field of space plasma physics, the interaction between the plasma
environment of different bodies and the solar wind is an important
topic. The planets have relatively circular orbits around the Sun, result-
ing in one characteristic solar wind interaction per body. The comets,
on the other hand, provide a solar wind interaction that is varying sub-
stantially along the comets’ orbits, due to the varying distance to the
Sun. This makes them excellent plasma laboratories. The plasma envi-
ronment around comets has been studied by several spacecraft, where
the Rosetta mission to comet 67P/Churyumov-Gerasimenko (hereafter
67P) has provided the most detailed observations to date.

Unfortunately, sending a spacecraft to space is not easy. When the
spacecraft leaves the surface of Earth, it is exposed to the harsh space
environment. Radiation can penetrate the surface of the spacecraft and
cause damage to the material underneath, and small, less energetic, par-
ticles can interact directly with the surface causing sputtering and chem-
ical erosion. Larger particles, like dust, micrometeoroids and manmade
debris, also pose an immediate threat to the spacecraft. Furthermore,
the spacecraft is constantly surrounded by plasma, and the interaction
of the charged particles in the plasma with the spacecraft surface re-
sults in another problematic effect: an accumulation of charge on the
spacecraft surface, commonly referred to as spacecraft charging. Space-
craft charging is not only problematic because of the damaging effects
it might have on onboard systems and electronics, but also because of
the interference with plasma measurements.

When a charged particle encounters a charged spacecraft, the parti-
cle will be either attracted to or repelled from the spacecraft, depending
on the sign of the charges. This results in a change of both the energy
and travel direction of the particle. Instruments on board are measuring
these modified properties of the particles, instead of those correspond-
ing to the undisturbed plasma.

Especially affected by spacecraft charging is the measurements of
low-energy particles, which in this thesis is defined as particles with
energies less than twice the value of the spacecraft potential (. 40 eV
in our case). Low-energy particles play important roles in cometary
plasma environments, and to fully understand the processes taking
place, the properties of these particles need to be measured. In this
thesis, we are targeting an instrument on board the Rosetta spacecraft,
which was able to perform such measurements: the Ion Composition
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Analyzer of the Rosetta Plasma Consortium (RPC-ICA). RPC-ICA and
the other instruments on Rosetta studied comet 67P from August 2014

until September 2016, and hence performed the first long-term study
of a comet nucleus. RPC-ICA collected a large amount of low-energy
ion data during this time. As the spacecraft was commonly charged to
a negative potential of -10 to -20 V, the low-energy data from RPC-ICA
are severely distorted and have therefore not been fully exploited. In
this thesis, we use the Spacecraft Plasma Interaction Software (SPIS) to
correct the low-energy data obtained by RPC-ICA, and subsequently
use the corrected data to study the properties of the low-energy ions
around the comet.





2C O M E T S A N D R O S E T TA

2.1 origin

Comets are remnants from the creation of the Solar System. Since they
contain a large amount of ice in their nuclei, they must have formed at
large distances from the Sun where the temperature was low enough
for ices to be stable. Chemically, they are believed to have changed rel-
atively little since then and can hence give clues on the processes and
composition of the Solar Nebula (e.g. Davidsson et al., 2016). There are
two main hypotheses for comet formation: hierarchical accretion and
growth of pebbles. During hierarchical accretion (e.g. Weidenschilling,
1997; Windmark et al., 2012) small grains of dust and ice in the Solar
Nebula collide and stick due to non-gravitational mechanisms, gradu-
ally increasing the size of the object, followed by a merging of larger
bodies in the protoplanetary disk. Growth of pebbles (e.g. Youdin and
Goodman, 2005) means a gravitational collapse of aggregates (pebbles)
into larger bodies. In this scenario, streaming instabilities are important
to enhance the pebble concentration to reach the gravitational-collapse
limit (Johansen et al., 2007). It is possible to find support for both pro-
posed formation mechanisms in data from comet missions, even though
they both have issues (see review by Weissman et al., 2020, and refer-
ences therein).

Comets have after their formation gathered in two reservoirs at the
outer edge of the Solar System: the Kuiper Belt (Kuiper, 1951) and the
Oort cloud (Oort, 1950). The Kuiper belt is located beyond the orbit
of Neptune at a heliocentric distance of ∼35-100 AU, that can be fur-
ther separated into the Classical Kuiper belt (objects with low orbital
eccentricity and inclination) and the Scattered disk (larger orbital ec-
centricity and inclination). The Oort cloud is located beyond the outer
Solar System and reaches halfway to the next star (from ∼3,000-150,000

AU). Disturbances can cause the comets in the Kuiper belt and the Oort
cloud to leave the reservoirs and enter trajectories towards the inner So-
lar System, resulting in highly elliptical orbits around the Sun. Comets
originating from the Oort cloud are typically long-period comets with
orbital periods of 200-100 million years, while those originating from
the Kuiper belt typically have short orbital periods of less than 200 years.
Kuiper belt comets are further divided into Jupiter-family comets with
periods of <20 years (usually originating from the Scattered disk) and
Halley-type comets with orbital periods of 20-200 years.
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6 comets and rosetta

2.2 physical properties of comets

2.2.1 Nucleus

The comet nucleus is a small, irregularly shaped object, consisting of ice
and refractory material. The crust is very dark. Comet 67P, for example,
has an albedo of 6% (Capaccioni et al., 2015) and the albedo for comet
1P/Halley was measured to 4% (Keller et al., 1986; Sagdeev et al., 1986),
making them some of the darkest objects ever observed in the Solar
System. The nuclei contain many geologic features such as craters, cliffs,
faults, terraces and cracks (see review by Keller and Kührt, 2020). The
ice in the nucleus is mainly water ice, with some other frozen gases such
as CO2, CO, CH4 and NH3 (Bockelée-Morvan et al., 2004). Silicates
and organic material dominate the refractory part of the nucleus. All
cometary nuclei observed so far are unmagnetized, and do not contain
their own intrinsic magnetic fields (Auster et al., 2015).

2.2.2 Coma and outgassing

When the comet approaches the Sun the ice in the nucleus starts subli-
mating, creating an atmosphere called the coma. The coma is composed
of both gas and dust, since the sublimated gas particles drag dust par-
ticles along with them from the surface. The ices are hidden beneath
the inactive ice-free crust, and the sublimated gases are leaving the nu-
cleus through pores, cracks and other features in the porous surface
layer, giving rise to jet-like features and transient plumes (see review
by Vincent et al., 2019). As a result, the outgassing is highly inhomo-
geneous, giving a non-isotropic distribution of gas and dust above the
surface (see Figure 2.4). Due to the small mass of the nucleus, the coma
is gravitationally unbound and freely expands into space. This creates
a coma that is tenuous but might be several millions of km large. Since
the coma is gravitationally unbound and the outflow velocity can be
considered relatively constant (Tenishev, Combi, and Davidsson, 2008),
the density falls of as 1/r2 (Bieler et al., 2015; Hässig et al., 2015), where
r is the radial distance to the comet.

2.2.3 Tails

Comets are probably most known for their tails. The plasma tail, or ion
tail, consists of molecular ions and electrons and points in the anti-
sunward direction due to its interaction with the solar wind. This tail
typically appears blue due to CO+ ions that, through fluorescence,
emits light at blue wavelengths. The yellow dust tail is composed of
dust particles. Two main forces are acting on the particles in this tail:
the solar radiation pressure and the solar gravity. Radiation pressure
mainly affects the smaller particles, pushing them in the anti-sunward
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direction, while larger particles are, to a greater extent, affected by the
solar gravity and are drawn towards the orbit of the comet. This causes
a rather broad, curved, tail, pointing in a slightly different direction
than the plasma tail.

2.3 pre-rosetta missions to comets

The first encounter of a spacecraft with a comet took place in 1985

when the International Cometary Explorer (ICE, e.g Brandt, Niedner,
and von Rosenvinge, 1985; Cowley, 1987) encountered comet 21P/Gia-
cobini–Zinner. ICE was a redirection of the NASA spacecraft ISEE-3
(International Sun/Earth Explorer 3), that after finishing its original
mission was redirected to the comet. The main goal of the mission
was to study the interaction between the comet and the solar wind
by passing through the tail of the comet with a closest approach to the
nucleus of 7,800 km. The main results include detections of energetic
pick-up ions and plasma waves, a confirmation of previous models de-
scribing the draping of the magnetic field around the comet nucleus
(Alfvén, 1957), and the finding that water group ions are the dominat-
ing ions. After encountering 21P/Giacobini–Zinner, ICE was once again
redirected to also study comet 1P/Halley, which was done at a distance
of ∼30,000,000 km from the nucleus on 28 March 1986.

Comet 1P/Halley is to date the comet that has been visited by the
largest amount of spacecraft and that has, apart from comet 67P, been
studied the most in detail. Apart from the ICE spacecraft, 1P/Hal-
ley was also visited by the Russian Vega-1 and Vega-2 spacecraft, the
Japanese Sakigake and Suisei spacecraft and ESA’s Giotto spacecraft
during the comet’s apparition in 1986. The Vega-1 and Vega-2 space-
craft (e.g. Sagdeev et al., 1986) were first sent to deploy probes onto the
surface of Venus, and when that mission was fulfilled they were redi-
rected to comet 1P/Halley, where they each made a flyby at a distance
of 8900 and 8000 km on 6 and 9 March 1986, respectively. These fly-
bys revealed that the surface of the nucleus reached nearly black body
temperature, indicating that the surface was covered by a dark and in-
active crust (Emerich et al., 1987). The twin spacecraft Sakigake and
Suisei (e.g. Hirao and Itoh, 1987) were designed to study the environ-
ment of 1P/Halley. The aim of Sakigake was to study the interaction of
the cometary plasma with the solar wind. On 8 March 1986, the space-
craft made a flyby of the comet with a closest approach of 7,000,000 km.
The results included detections of wave activity. Three days later, Suisei
made a closer encounter with the comet, passing by at a distance of
150,000 km. This spacecraft carried an ultraviolet imager that mapped
the neutral hydrogen corona. Finally, on 13 March 1986 Giotto (e.g.
Reinhard, 1987) became the first spacecraft to make close observations
of a comet nucleus when it flew past 1P/Halley at a distance of less than
600 km. The spacecraft carried scientific instruments designed to study
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both the properties of the nucleus and the composition of the dust and
gas in the coma, as well as the characteristics of the cometary plasma
and the interaction with the solar wind. Some of the main findings
were that cometary nuclei are very dark with an albedo of less than 4%
(Keller et al., 1986), that cometary nuclei are highly porous and that only
a fraction of the nucleus is active. Furthermore, Giotto made a proper
characterization of the plasma environment, including the identification
of a bow shock, a magnetic pile-up region and a diamagnetic cavity (e.g.
Neubauer et al., 1986; Schwenn et al., 1987). After the 1P/Halley flyby,

Giotto was redirected to comet 26P/Grigg-Skjellerup, where it made a
flyby at a distance of 200 km in July 1992.

The successful missions to comet 1P/Halley were followed by mul-
tiple cometary flybys between the years 2001 and 2011, all made by
NASA. Deep Space 1 (e.g. Rayman et al., 2000; Richter et al., 2011) was
originally aimed to test new advanced technologies, and was sent to as-
teroid 9969 Braille where it arrived in July 1999. It was then redirected
to comet 9P/Borrelly where it made a flyby in September 2001 at a dis-
tance of 2200 km from the nucleus. The spacecraft carried both plasma
instruments and a camera providing close-up images of the nucleus, re-
vealing several geologic features and dust jets (Soderblom et al., 2002;
Soderblom et al., 2004). In 2002, Stardust became the first mission to
bring cometary material back to Earth when it visited comet 81P/Wild
2 (e.g. Brownlee et al., 2003). After delivering the sample to Earth, the
spacecraft was renamed Stardust-NExT and redirected to also make a
flyby of comet 9P/Tempel 1, which was done in 2011. Comet 9P/Tem-
pel 1 was also visited earlier in 2005 by Deep Impact, which released
an impactor onto the nucleus. The resulting ejecta was observed by the
main spacecraft, collecting new information about the composition and
properties of the nucleus (A’Hearn et al., 2005). Deep Impact was then
renamed EPOXI and sent to also make a flyby of comet 103P/Hartley
2, which was done in 2010. In 2012 EPOXI also studied comet C/2009

P1 (Garradd) from a large distance, as well as comet C/2012 S1 (ISON)
in 2013.

2.4 rosetta

The missions presented in the previous section are all important, pro-
viding the first insights into the nature of comets. What they all have
in common, however, is that they only provided flybys of the targeted
comet, often with a large relative velocity and/or at a large distance
from the comet nucleus. The obtained data are, as a consequence, lim-
ited.

The Rosetta mission was born with the aim to provide a more de-
tailed analysis of a comet nucleus and its environment. In 1993 the
mission was approved and the launch took place in March 2004 at the
Guyana Space Center in French Guyana. The originally planned target
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was comet 46P/Wirtanen, but due to a delayed launch the target was
changed to comet 67P. Rosetta arrived at the comet in August 2014, after
ten years in space. At this point the comet was at a heliocentric distance
of more than 3.6 AU. Rosetta followed the comet through the solar sys-
tem for two years as it approached the Sun, reached its perihelion at
a heliocentric distance of 1.24 AU, and continued its journey outwards
again. It hence became the first spacecraft to ever orbit a comet nucleus
and the first spacecraft to follow a comet for an extended amount of
time and hence provide measurements during different levels of comet
activity. Rosetta was also the first spacecraft to ever land a probe on
a comet surface. On November 2014, the probe Philae was deployed
and landed on the surface. Despite problems with the landing, Philae
managed to provide a couple of days of unique science from the nu-
cleus. The whole mission ended in September 2016 by impacting the
spacecraft onto the comet nucleus.

The Rosetta payload comprised 11 instruments on the orbiter (Fig-
ure 2.1), and 10 on the lander (Figure 2.2). The instruments on the
orbiter included imaging spectrometers, microwave and radio instru-
ments, in situ instruments to study dust and volatiles, and plasma in-
struments. The lander carried instruments suited for a detailed study
of the structure and composition of the surface and subsurface of the
nucleus.

Figure 2.1: The Rosetta orbiter with instruments. Note that some instruments
have several sensors with different locations on the spacecraft, and
hence appear several times in the figure. Copyright: ESA/ATG medialab.
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Figure 2.2: The Philae lander with instruments. Copyright: ESA/ATG medialab.

On board the orbiter, the Rosetta Plasma Consortium (RPC, Carr et
al., 2007) was a suite of plasma instruments designed to make in situ
measurements of the plasma environment around the comet. It con-
sisted of five instruments:

• The Ion Composition Analyzer (RPC-ICA): RPC-ICA (Nilsson
et al., 2007) was a mass resolving ion spectrometer designed and
built by the Swedish Institute of Space Physics/Institutet för rymd-
fysik (IRF) in Kiruna, Sweden. It was measuring the three dimen-
sional distribituon function of positive ions. Data from RPC-ICA
in combination with modelling are extensively used throughout
this thesis, and this instrument is therefore described in more de-
tail in Chapter 5. See also Nilsson et al. (2007).

• The Ion and Electron Sensor (RPC-IES): RPC-IES consisted of
two electrostatic analyzers sampling the three dimensional distri-
bution function of both ions and electrons within an energy range
of 1 eV/q to 22 keV/q. The total field of view (FOV) was 90°×360°
with an angular resolution of 5°×22.5° for electrons and 5°×45°
for ions. The viewing direction of RPC-IES differs from that of
RPC-ICA, yielding complementary FOVs. For more details, see
Burch et al. (2007).

• The Langmuir Probe instrument (RPC-LAP): RPC-LAP was a
pair of Langmuir probes (LAP1 and LAP2) mounted on booms of
length 2.24 m and 1.62 m, respectively. The instrument was capa-
ble of measuring several plasma properties such as plasma den-
sity, electron temperature and flow speed. The probes could also
provide measurements of electric field fluctuations, integrated EUV
flux and the spacecraft potential. In this thesis, spacecraft poten-
tial estimates from RPC-LAP are used in several of the appended
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papers. More details about these estimates are given in Section 4.2.
See also Eriksson et al. (2007).

• The Magnetometer (RPC-MAG): RPC-MAG consisted of two tri-
axial fluxgate magnetometers mounted on a 1.5 m boom. The
measurement range was ±16384 nT with a maximum sampling
frequency of 20 Hz. For more details, see Glassmeier et al. (2007b).

• The Mutual Impedance Probe (RPC-MIP): RPC-MIP utilized the
plasma frequency resonance to determine the electron density,
electron temperature, plasma bulk velocity and wave activity. It
consisted of two transmitting and two receiving electrodes, mount-
ed on a 1 m long bar on the same boom as LAP2. The advantage
of RPC-MIP is that the measurements have been shown to be in-
sensitive to the spacecraft potential (Wattieaux et al., 2019). See
Trotignon et al. (2007) for more details.

2.5 comet 67p/churyumov-gerasimenko

Comet 67P, the comet visited by Rosetta, is a Jupiter-family comet with
an orbital period of 6.5 years. Perihelion (i.e. the point of the orbit clos-
est to the Sun) is between the orbits of Earth and Mars at a heliocentric
distance of 1.24 AU, and aphelion (the point of the orbit furthest away
from the Sun) is at 5.68 AU, close to the orbit of Jupiter. The comet is
named after astronomers Klim Churyumov and Svetlana Gerasimenko,
who discovered the comet in 1969 in a photograph taken of another
comet, 32P/Comas Solá. 67P is believed to have entered its current or-
bit in 1959 through a close encounter with Jupiter (e.g. Krolikowska,
2003). Before this it had been unobservable from Earth.

The nucleus of comet 67P has a bilobate duck-like shape (see Fig-
ures 2.3 and 2.4), where the largest dimension is ∼4 km. The southern
hemisphere is in polar night during 80% of the orbit, creating strong
seasonal effects (e.g. Choukroun et al., 2015; Keller et al., 2015). During
polar night, large amounts of ice can build up on the southern hemi-
sphere, resulting in a sudden increase in activity when it is illuminated
at equinox (Hansen et al., 2016). The rotation period was measured by
the OSIRIS cameras on Rosetta to 12.4 hours (Mottola et al., 2014; Sierks
et al., 2015). Before the 2009 perihelion passage, the rotation period was
estimated to be 12.76 hours (Lowry et al., 2012; Mottola et al., 2014), in-
dicating a rotational period decreasing over the orbits. Changes in the
rotational period over time have been observed also for other comets
(Chesley et al., 2013) and is likely caused by non-gravitational torques,
such as inhomogeneous outgassing.

67P has been classified as an intermediately active comet, with a
maximum production rate one order of magnitude lower than that of
1P/Halley during the Giotto encounter (3.5 ·1028 and 6.9 ·1029 molecules
s−1, respectively, Hansen et al., 2016; Krankowsky et al., 1986).
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Figure 2.3: Image of the nucleus of comet 67P taken by the OSIRIS narrow-angle
camera on Rosetta. Copyright: ESA/Rosetta/MPS for OSIRIS Team MP-
S/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA - CC BY-SA 4.0

Figure 2.4: Image of the nucleus of comet 67P taken by the OSIRIS narrow-angle
camera on Rosetta, where the inhomogeneous outgassing from the
sunlit hemisphere is clearly visible. Copyright: ESA/Rosetta/MPS for
OSIRIS Team MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA - CC
BY-SA 4.0
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The neutral particles in the coma get ionized through different pro-
cesses, creating a cometary ionosphere. When the particles get charged,
they are accelerated by the ambient electromagnetic fields and start in-
teracting with the solar wind. This creates a cometary plasma environ-
ment with several characteristic regions and boundaries. What differ-
entiate the solar wind-comet interaction from the interaction between
the solar wind and an unmagnetized planet, is the elliptic trajectory
and gravitationally unbound atmosphere of the comet. The elliptic tra-
jectory creates a solar wind interaction and plasma environment that
are varying substantially along the comet’s orbit, and the gravitation-
ally unbound atmosphere creates a very large interaction region where
cometary particles are to a large extent being ionized within the solar
wind. In this chapter, an overview of the cometary plasma environment
is given. Since the outgassing rate can vary substantially between differ-
ent comets, the plasma environment and comet-solar wind interaction
can also differ. This has, for example, been shown to be the case for
comet 67P and the much more active comet 1P/Halley. These differ-
ences will be pointed out when necessary.

3.1 ionization processes

Three main processes are ionizing the neutral particles in the coma:
photoionization by solar extreme ultraviolet (EUV) radiation, electron-
impact ionization by energetic electrons, and charge exchange with ions
in the solar wind (e.g. Cravens et al., 1987). These ionization processes
have been studied for comet 67P, and it has been shown that photoion-
ization and electron-impact ionization are the dominating processes
(Galand et al., 2016; Heritier et al., 2017, 2018; Vigren et al., 2016).

During photoionization, the neutral particles are ionized by photons
carrying enough energy to exceed the ionization potential of the parti-
cles (hv+X→ X+ + e−, where X is a neutral particle). The photoioniza-
tion frequency depends on the solar EUV flux, which to first order is in-
versely proportional to the square of the heliocentric distance and thus
peaks around perihelion. As a consequence, photoionization is domi-
nating at heliocentric distances <2 AU for comet 67P (Heritier et al.,
2018). However, around perihelion the solar EUV flux has been shown
to get attenuated by cometary dust (Johansson et al., 2017), affecting the
ionization in this region. During photoionization, the main part of the
excess energy goes to the electrons due to conservation of momentum,
which produces photoelectrons with typical energies around 10-15 eV

13
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(Vigren and Galand, 2013), while the ions initially flow with the neutral
gas.

At large heliocentric distances, electron-impact ionization (i.e. ioniza-
tion by energetic electrons, e− +X→ X+ + e− + e−) is dominating over
photoionization (Galand et al., 2016; Heritier et al., 2018). In October
2014 and May 2016 (corresponding to heliocentric distances of ∼3 AU),
Rosetta furthermore observed differences between the hemispheres of
the comet, with electron-impact ionization dominating over the winter
hemisphere while photoionization were equally or more important over
the summer hemisphere.

Cometary particles can also be ionized through charge exchange with
solar wind ions. In this process, an electron is transferred from a comet-
ary particle X to a solar wind ion Yn+ according to X+ Yn+ → X+ +

Y(n−1)+. Charge exchange processes have been shown to be important
in the upstream solar wind, near the bow shock (Section 3.5.2.1, Simon
Wedlund et al., 2017) and near the cometopause (Section 3.5.2.2) for
comet 1P/Halley (Gombosi, 1987).

The processes described above are all source processes, adding new
ions to the environment. There are also loss processes. At comets, the
main loss processes are dissociative recombination and transport. Dis-
sociative recombination, in which an ion and an electron recombine
and form a neutral that subsequently dissociates (XY+ + e− → X+ Y),
is dominating in the inner coma of active comets such as 1P/Halley,
and may also be important in the inner coma of comet 67P close to
perihelion (Beth, Galand, and Heritier, 2019; Heritier et al., 2018; Vigren
et al., 2015). If dissociative recombination is effective enough for trans-
port to be neglected, the system is said to be in photochemical equilibrium.
Photochemical equilibrium results in an ion density following a 1/r de-
pendence, which has been shown to agree with measurements made at
comet 1P/Halley out to distances of 8500 km from the nucleus (Balsiger
et al., 1986; Schwenn et al., 1987). At comet 67P, transport is important
for the loss. Also here the ion density profile has been shown to follow
a 1/r dependence, even though the dominating loss processes are quite
different from those at comet 1P/Halley (e.g. Beth, Galand, and Heritier,
2019; Edberg et al., 2015). Different transport processes are discussed in
the next sections.

3.2 electric fields

Electric and magnetic fields in the environment accelerate the ions ac-
cording to the Lorentz force, given by

F = qE + qv×B, (3.1)

where E and B are the electric and magnetic fields, respectively, and v
is the velocity of the particle and q is its charge.



3.2 electric fields 15

In the cometary environment, in the reference frame of the comet,
three electric fields are dominating: the ambipolar electric field, the polar-
ization electric field and the convective electric field of the solar wind.

The ambipolar field is created due to the mass difference between
electrons and ions, resulting in a larger thermal speed for electrons even
if the temperatures are equal. As a result, the electrons will expand radi-
ally outwards from the nucleus in the steep density gradient close to the
nucleus much faster than the ions. The resulting charge separation cre-
ates an ambipolar electric field pointing radially outwards, accelerating
the ions radially away from the nucleus while the electrons are slowed
down (e.g. Berčič et al., 2018; Nilsson et al., 2020; Vigren and Eriksson,
2017). Assuming a constant electron temperature and spherical symme-
try, the ambipolar electric field can be approximated as (Cravens et al.,
1984; Vigren et al., 2015)

Er = −
1

neq

dpe

dr
=
kTe

qr
, (3.2)

where ne is the electron density, q is the electron charge, k is the Boltz-
mann constant, Te is the electron temperature and pe(r) = ne(r)kTe
is the electron pressure. At a distance of 200 km from the nucleus (a
typical distance of Rosetta from comet 67P) an electron temperature of
10 eV then yields an ambipolar field strength of ∼0.05 mV/m.

The polarization electric field is created due to the different gyroradii
of new born ions and electrons. The ions are nearly unmagnetized due
to their large gyroradii compared to the size of the coma and therefore
move along the electric field, while the electrons with their smaller gy-
roradii are magnetized and move with the E× B/B2 drift. This creates
a charge separation resulting in an electric field in the anti-sunward
direction (Gunell et al., 2019; Nilsson et al., 2018).

The convective electric field is given by Equation 3.4, and will be
discussed in more detail in Section 3.5.

One example of how the electric fields affect the flow direction of
the ions in the cometary environment is shown in Figure 3.1 (Berčič
et al., 2018). Shown in this figure are velocity vectors of cometary ions
calculated from data obtained by RPC-ICA between 26 December 2014

and 23 January 2015. The vectors are plotted in the Comet Sun Electric
(CSE) field frame, where the XCSE axis points towards the Sun along
the Sun-comet line, the ZCSE axis is orthogonal to XCSE and points
along the convective electric field of the upstream solar wind, and YCSE
completes the right-handed system. A separation between two differ-
ent ion populations have been made in Figure 3.1 (see also Section 3.4
for details about the different ion populations observed around comet
67P), where the expanding ion population contains ions with energies
below ∼50 eV that have been recently born (corresponding to the "low-
energy cometary ions" in Figure 3.2). These ions are flowing radially
outwards from the nucleus with a clear anti-sunward component, due
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to the ambipolar and polarization electric fields, respectively. The pick-
up ion population (corresponding to the "accelerated cometary ions" in
Figure 3.2) contains ions born upstream of the observation point that
have been accelerated by the convective field of the solar wind (see Sec-
tion 3.5.1 for details about this "pick-up" process). These ions therefore
have a clear component in the direction of the convective field (along
the ZCSE axis), and also an anti-sunward component due to accelera-
tion by the polarization electric field.

Figure 3.1: Flow directions of cometary ions around comet 67P during the time
period from 26 December 2014 to 23 January 2015. During this time
period the heliocentric distance was 2.7-2.5 AU and the distance of
Rosetta to the nucleus was ∼28 km. Figure from Berčič et al. (2018).

3.3 collisions

The dynamics of ions and electrons in the cometary environment is also
controlled by collisions. In the inner coma of a sufficiently active comet,
there is a region completely governed by collisions with the neutral par-
ticles. The collision frequency depends on the neutral density, and the
size of the region where collisions dominate the dynamics hence de-
pends on the outgassing. The exobase or collisionopause (also called the
decoupling distance), is the boundary defining this region. It is tradition-
ally defined as the distance from the body where the mean free path
is equal to the scale height. Generally, ions and electrons have separate
exobases.

For the ions, the exobase is frequently approximated by the distance
where the ion-neutral coupling time scale τin is equal to the transport
time τtransp (e.g. Gombosi, 2015). The ion-neutral coupling time scale
is given by τin=1/(kinnn), where kin is the effective ion-neutral colli-
sion rate coefficient and nn is the neutral density. The transport time
is defined as τtransp=r/un, where un is the expansion velocity of the
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neutral gas (∼1 km/s, Gulkis et al., 2015). In the case of a spherically
symmetric coma and constant expansion velocity, the neutral density
follows a 1/r2 profile according to nn = Q/(4πr2un), where Q is the
outgassing rate. From τin=τtransp we then get the decoupling distance

rin =
kinQ

4πu2n
. (3.3)

This equation, however, does not take acceleration by the ambipolar
field into account, and has been shown inaccurate for comet 67P. Equa-
tion 3.3 estimates a decoupling distance of ∼900 km for comet 67P, but
several studies (Odelstad et al., 2018; Vigren et al., 2017, and Paper III
in this thesis) have shown that the velocity of the ions is significantly
higher than the velocity of the neutrals much closer to the nucleus, in-
dicating that the ions are decoupled from the neutrals closer to the
nucleus than predicted by Equation 3.3. Indeed, it has been shown by
Vigren and Eriksson (2018) that acceleration by an electric field can sig-
nificantly reduce rin.

For the electrons, the collisionally dominated region is important for
electron cooling (see Section 3.4.2).

3.4 plasma populations

3.4.1 Ions

Several ion populations are observed in cometary environments, char-
acterized by their different masses, energies and flow directions. For
comet 67P, these populations were measured by RPC-ICA. One typi-
cal energy-time spectrogram obtained with RPC-ICA is shown in Fig-
ure 3.2. In this plot, two different cometary ion populations are visible
in addition to the solar wind ions. The solar wind ions (H+, He2+ and
He+) are characterized by their high energy of more than several hun-
dred eV. Note that He+ is not a usual constituent of the solar wind,
it is, in this case, created through charge exchange between He2+ and
cometary particles. The low-energy ion population consists of newly
born ions that have yet not been picked up by the solar wind (see
Section 3.5.1). Their energies are usually below 50 eV. The accelerated
cometary ions have been born upstream of the observation point and
have subsequently been picked up and accelerated by the convective
electric field of the solar wind. This population can have energies all
the way up to the upper energy limit of RPC-ICA (40 keV), but are
most commonly observed with energies up to solar wind energies. The
cometary ions are predominantly water group ions (Beth et al., 2020;
Fuselier et al., 2015, 2016; Nilsson et al., 2015). Even though H2O is the
dominant neutral molecule, the resulting H2O+ ion at ionization is ef-
fectively transformed into H3O+ through the reaction H2O+ +H2O→
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H3O
++OH. However, the mass resolution of RPC-ICA is not sufficient

to separate between H2O+ and H3O+.
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Figure 3.2: Different ion populations observed around comet 67P. The data are
obtained with RPC-ICA on 9 March 2016.

The focus of this thesis is the low-energy cometary ions. The ap-
pearance of these ions varies around 67P, which becomes apparent in
data obtained with the high time resolution mode of RPC-ICA (see Sec-
tion 5.3). Stenberg Wieser et al. (2017) categorized the low-energy data
into five different types based on the visual appearance of the data in an
energy-time spectrogram. Examples of these different types are shown
in Figure 3.3. Type 1 ions are typically narrow in energy and appears
as a constant band in an energy-time spectrogram. The spacecraft po-
tential is typically constant in these regions. In a Type 2 spectrogram,
Type 1 ions are accompanied by ions also at higher energies, occasion-
ally with a gap between the band and the higher energies. At times, the
band disappears from the Type 2 spectra, which has been defined as
Type 3. Type 4 environments are characterized by dispersive structures,
with an initial acceleration of the ions and then a gradual decrease in
energy. The energy increase is often accompanied by a flux increase.
The spacecraft potential varies rapidly in these regions. Finally, Type 5

ions are characterised by a dynamic appearance in the spectrum, with
irregular variations in energy. Most of the Type 4 and 5 events were ob-
served in the vicinity of the diamagnetic cavity (Section 3.5.2.4), while
Type 3 was observed at large distances from the comet and Type 1 and
2 typically when the densities were fairly high.
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Figure 3.3: Examples of the five different low-energy ion environments observed
around comet 67P. Figure from Stenberg Wieser et al. (2017).

3.4.2 Electrons

Three populations of electrons have been observed in the environment
of comet 67P: warm electrons, cold electrons and hot supra-thermal
electrons. The warm electrons are photoelectrons with temperatures
typically around 5-10 eV (Eriksson et al., 2017; Gilet et al., 2020; Odel-
stad et al., 2017), i.e. they have retained the energy obtained during the
ionization process.

In addition to the warm electron population, a cold population with
temperatures below 0.1 eV has been observed by both RPC-LAP (e.g.
Eriksson et al., 2017) and RPC-MIP (e.g. Gilet et al., 2020). This pop-
ulation is created due to collisions of the warm photoelectrons with
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neutrals in the inner coma, effectively cooling these electrons to temper-
atures down to the neutral temperature. These electrons were observed
sporadically throughout the whole escort phase of the mission.

Supra-thermal electrons with energies of several hundreds of eV have
also been observed around comet 67P (Broiles et al., 2016; Clark et al.,
2015; Myllys et al., 2019). The source of these electrons is unknown, but
it has been suggested that lower hybrid waves can be responsible for
the heating (Broiles et al., 2016; Karlsson et al., 2017).

Several different electron populations have also been observed by
other cometary missions. For example, ICE reported three electron pop-
ulations at comet 21P/Giacobini-Zinner (Zwickl et al., 1986), similar to
the ones observed at comet 67P.

3.5 interaction with the solar wind

Comet nuclei are very small and are themselves not significant obstacles
to the solar wind. However, ionization of the extensive coma of an active
comet provides a huge cloud of charged particles, which constitutes a
huge obstacle to the solar wind with large interaction regions. As a com-
parison, the bow shock (see Section 3.5.2.1) of an active 1P/Halley like
comet is about the same scale as Uranus’ or Neptune’s magnetospheres.

3.5.1 Ion pick-up and mass loading

A key process in the interaction between the solar wind and a comet
is ion pick-up. The solar wind carries the interplanetary magnetic field
(IMF) that is frozen into the flow. In the reference frame of the comet,
the flow of the charged particles in the solar wind and the IMF give rise
to a convective electric field according to

E = −vsw ×BIMF, (3.4)

where vsw is the velocity of the solar wind and BIMF is the IMF. A
cometary ion that is born within the solar wind will immediately be
accelerated in the direction of the electric field and be incorporated into
the solar wind flow. This process is known as ion pick-up. The ion starts
gyrating in the magnetic field, and the drift of the guiding centre is the
classical E×B drift:

vGC =
E×B
B2

. (3.5)

In this case, vGC = vsw. In velocity space, this results in a ring-beam
distribution with bulk vsw. The ring-beam distribution is unstable and
generates waves, which scatters the distribution in both pitch angle
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and energy producing first a shell distribution, and thereafter a thick-
ened shell and eventually a Maxwellian distribution (see e.g. review by
Coates, 2004; Coates, 2017).

For the ring distribution to be fully developed, the distance over
which ions are produced must be larger than the gyroradius of the
pick-up ions. For comet 1P/Halley, full ring and shell distributions have
been observed (Coates et al., 1989, 1990; Neugebauer et al., 1989). For
comet 67P, however, the gas production rate may be too low and thereby
the size of the interaction region too small for full ring distributions to
form. At the short distance of Rosetta to the comet, only the first part of
the pick-up process was observed (Behar et al., 2016a, 2017; Glassmeier,
2017; Nilsson et al., 2015).

When the cometary ions are accelerated by the convective electric
field, they gain energy and momentum. Since these quantities have to
be preserved, this results in a loss of energy and momentum of the solar
wind. For low outgassing rates, and hence a small amount of cometary
particles in the environment, the solar wind is only marginally affected.
However, when the comet approaches the Sun and the outgassing in-
creases, the energy and momentum transfer results in a deceleration
and deflection of the solar wind (see Figure 3.4). This addition of mass
to the solar wind and the related processes are commonly referred to
as mass-loading (e.g. Szegö et al., 2000).

Figure 3.4: Illustration of the mass loading process. The red streamlines repre-
sent the solar wind and the blue dots are cometary pick-up ions. Fig-
ure from Behar et al. (2016b).

Deceleration and deflection of the solar wind ions were observed both
at comet 1P/Halley (e.g. Formisano et al., 1990; Neugebauer, 1990) and
comet 26P/Grigg-Skjellerup (Johnstone et al., 1993). Deceleration was
also reported for comet 19P/Borrelly (Young et al., 2004).

For comet 67P, strong deflection of the solar wind in the opposite
direction as the acceleration of the pick-up ions was observed, with only
a small deceleration (Behar et al., 2016a,b, 2017, 2018). The deflection



22 the plasma environment around comets

angle from the sun-comet line was evolving from only a few degrees
far away from the Sun when the mass-loading was still limited, to a
deflection of more than 90° close to perihelion (see the two upper panels
in Figure 3.6), meaning that the solar wind particles turned around and
streamed back towards the Sun again.

3.5.2 Regions and boundaries of the plasma environment

The processes described in this chapter give rise to several character-
istic regions and boundaries in the cometary plasma environment, as
illustrated in Figure 3.5. An overview of those regions and boundaries
are given in this section.

Mass loading

Bow shock

Cometopause

Diamagnetic cavity

Contact surface

Enhanced
mass loading

Magnetic pile-up

Figure 3.5: Sketch of the different regions and boundaries formed during the
interaction of the solar wind with an active comet.

3.5.2.1 Bow shock

The addition of mass to the solar wind results in a deceleration, as
discussed in Section 3.5.1. If the mass loading is heavy enough, this
causes a transition of the solar wind from supersonic to subsonic flow
at some distance from the nucleus. As a result, a bow shock is created
(see e.g. review by Coates, 1995). A bow shock was detected both at
comet 21P/Giacobini-Zinner (e.g. Smith et al., 1986), at 1P/Halley (at
a distance of 1.15·10

6 km from the nucleus, e.g. Neubauer et al., 1986)
and at 26P/Grigg-Skjellerup (e.g. Neubauer et al., 1993). For comet 67P,
a fully developed bow shock was not detected. However, data indicate
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the presence of an infant bow shock (i.e. the early stage of the develop-
ment of a bow shock, Goetz et al., 2021; Gunell et al., 2018). Signatures
in the pick-up ion energy spectra observed at a heliocentric distance of
1.4 AU also indicate that a bow shock may have been located further
upstream of the spacecraft (Alho et al., 2019; Nilsson et al., 2018).

3.5.2.2 Cometopause and solar wind ion cavity

Behind the bow shock, the shocked solar wind continues to slow down
due to enhanced mass loading. Closer to the nucleus another bound-
ary, the cometopause, is created (e.g. Cravens, 1991). At this boundary,
the plasma transitions from being dominated by solar wind protons
to mainly consist of cometary ions. The cometopause was first identi-
fied in data from Vega-2 as a relatively sharp boundary at a distance
of ∼1.6·10

5 km from comet 1P/Halley (Gringauz et al., 1986). The mea-
surements clearly showed how the proton density suddenly decreased
while the cometary ion density increased. This boundary is created due
to charge exchange (Gombosi, 1987), that becomes increasingly impor-
tant when the neutral density increases closer to the nucleus. The come-
topause is coinciding with the collisionopause for charge exchange, i.e.
the distance from the nucleus where solar wind protons can effectively
transfer charge to cometary neutrals and hence be replaced by cometary
ions.

At comet 67P, the situation was different. In April 2015, correspond-
ing to a heliocentric distance of 1.76 AU, the solar wind started to disap-
pear from the RPC-ICA data, and remained almost completely absent
until December 2015, when the comet had passed perihelion and was
on the outbound leg at a heliocentric distance of 1.64 AU (Behar et
al., 2017; Nilsson et al., 2017). This is shown in Figure 3.6, where an
overview of the solar wind properties during the entire Rosetta mission
is shown. This void in the solar wind, called the solar wind ion cavity,
can be explained by the deflection and gyration of the solar wind in the
inner coma (see Figure 3.7, Behar et al., 2017). This results in a region
where the solar wind is completely absent (unlike the region within
the cometopause at comet 1P/Halley where solar wind ions were still
present, even though depleted). How to define the cometopause for
comet 67P is not straight foward. However, there was a time period
just before and after the observation of the solar wind ion cavity when
the solar wind ions were still present but the cometary ions were domi-
nant, similar to the cometopause at comet 1P/Halley (Mandt et al., 2016;
Williamson et al., 2020).
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Figure 3.6: Overview of the solar wind properties during the entire Rosetta mis-
sion. In the two upper panels the deflection from the Sun-comet line
is shown (0° corresponds to an anti-sunward flow) for protons and
alphas. The third panel shows the proton speed and the bottom panel
the heliocentric and cometocentric distances. Some time periods have
been highlighted in colour, which has no relevance for this thesis. Fig-
ure from Behar et al. (2017).

3.5.2.3 Magnetic field pile-up and draping

In the region between the cometopause and the nucleus, the solar wind
continues to decelerate due to mass loading and increasingly frequent
collisions. Since the magnetic field is frozen into the flow, this leads
to a pile-up and draping of the magnetic field around the nucleus, as
initially predicted by Alfvén (1957). For comet 1P/Halley, a maximum
field strength of 65 nT was measured in the pile-up region (Neubauer et
al., 1986). For comet 67P, the solar wind was completely absent inside of
the solar wind ion cavity. However, the heavier cometary pick-up ions



3.5 interaction with the solar wind 25

Figure 3.7: Illustration of the creation of a solar wind ion cavity at an interme-
diately active comet. At large heliocentric distances the solar wind is
only slightly deflected, but closer to the Sun the deflection is strong
enough for the solar wind ions to start gyrating in the inner coma,
creating a cavity completely void of solar wind particles. Figure from
Behar et al. (2017).

are, with their larger gyroradii, able to enter the solar wind ion cavity
and have been shown to take over the role of the solar wind ions in
this region (Nilsson et al., 2020; Williamson et al., 2020). The magnetic
field is, as a consequence, still carried into the solar wind cavity and a
similar pile-up and draping of the magnetic field have been observed
at comet 67P as for comet 1P/Halley (e.g. Goetz et al., 2017; Koenders
et al., 2015, 2016).

3.5.2.4 Diamagnetic cavity

Closest to the comet nucleus, a diamagnetic cavity has been observed for
both comet 1P/Halley (Neubauer et al., 1986) and comet 67P (Goetz
et al., 2016a, 2016b; Nemeth et al., 2016). At all other cometary flybys,
the spacecraft passed at too large distances from the nucleus to observe
this cavity, but presumably this is a permanent feature appearing for
all comets when the outgassing is large enough. The IMF cannot en-
ter this region and since the comet nucleus lacks an intrinsic magnetic
field, the magnetic field is essentially zero in the diamagnetic cavity. The
boundary separating the plasma in the cavity from the outside plasma
is usually referred to as the contact surface or the ionopause. For comet
67P, however, it is usually referred to as simply the diamagnetic cavity
boundary due to the seemingly different properties of this boundary
compared to the boundary observed at 1P/Halley.

When Giotto flew past comet 1P/Halley, the contact surface was
crossed at a distance of 4760 and 3850 km from the nucleus on the
inbound and outbound leg, respectively (Neubauer et al., 1986). The
pressure balance at the contact surface was studied by Cravens (1986)
and Ip and Axford (1987). Outside of the cavity, the dynamic pressure of
the solar wind is converted to magnetic pressure due to the stagnation



26 the plasma environment around comets

of the flow. Inside the cavity, it was initially thought that thermal pres-
sure from ions and electrons would constitute the force balancing the
magnetic pressure from the outside, similar to the ionopause at Venus.
However, measurements from Giotto showed that this can not be the
case; the ion density did not show any abrupt changes at the contact
surface. Instead, it was suggested that the ion-neutral drag force is bal-
ancing the magnetic pressure at the boundary. Measurements indicate
that the ions are collisionally coupled to the neutrals inside of the cav-
ity of comet 1P/Halley, with ion velocities similar to the neutral velocity
(e.g. Schwenn et al., 1987).

For comet 67P, 665 intervals have been identified in RPC-MAG data
where Rosetta was located inside of the diamagnetic cavity (Goetz et
al., 2016a, 2016b). Those intervals appear throughout the time period
from April 2015 to February 2016. One interval is shown in Figure 3.8.
The length of each identified interval varies from a few seconds up
to tens of minutes. Since Rosetta was moving with a very low speed
with respect to the comet, these short intervals of boundary crossings
were interpreted as a highly dynamic cavity boundary moving past the
spacecraft (instead of the spacecraft passing the boundary). This was in
contrast to comet 1P/Halley, where the observations were interpreted
as a stable boundary. Goetz et al. (2016b) concluded that the size of the
cavity depends on long-term trends of the outgassing rate, but not on
the rotation period of the nucleus or outbursts.

Interestingly, the pressure balance found for the contact surface of
comet 1P/Halley does not seem to be valid for comet 67P. Several stud-
ies (Odelstad et al., 2018; Vigren et al., 2017, and Paper III in this thesis)
have found ion velocities significantly above the velocity of the neutral
particles in the cavity, indicating that the coupling between ions and
neutrals is weak for comet 67P, at least at the distance from the nucleus
where the measurements were made. Modelling studies (e.g. Vigren
and Eriksson, 2017) have shown that the presence of an ambipolar field
indeed can be enough to decouple the ions from the neutrals for the
densities observed at comet 67P, at the location of the spacecraft. The
ion-neutral drag force can hence not be the force balancing the magnetic
pressure at comet 67P. The forces responsible for the formation and
maintenance of the diamagnetic cavity at intermediately active comets
is still an open question. In principle, the dynamic pressure of the out-
flowing accelerated cometary ions in the cavity would be enough to
balance the magnetic pressure from the outside. However, this requires
a significant deceleration and/or deflection of the ions at the boundary.
Also the thermal pressure of the electrons could be sufficient to bal-
ance the magnetic pressure. However, there are no indications that the
pressure is higher inside of the cavity than outside.
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Figure 3.8: Data from RPC-MAG, showing a diamagnetic cavity observation be-
tween 15:16:00 UT and 15:41:00 UT. In the top panel all three compo-
nents of the magnetic field are shown, while the bottom panel shows
the total magnitude. Figure from Goetz et al. (2016a).





4S PA C E C R A F T C H A R G I N G

A spacecraft in space is constantly exposed to the surrounding envi-
ronment. Particles in the space plasma are persistently bombarding the
surface of the spacecraft. Furthermore, if the spacecraft is exposed to
sunlight, photoemission is induced, causing photoelectrons to leave to
surface. All of this result in a charge transfer between the spacecraft
surface and the environment, charging the surface to a positive or neg-
ative potential with respect to the plasma (e.g. Garrett, 1981; Whipple,
1981). In the environment, the velocity of the electrons is usually much
higher than the velocity of the ions, and the electron flux to the sur-
face is therefore exceeding the ion flux, resulting in a negative charg-
ing of the surface. When the potential is negative enough the electrons
start to get repelled from the surface, while the ions are being attracted.
Eventually, the electron and ion currents balance and an equilibrium
potential is reached. If the spacecraft is exposed to sunlight, photoemis-
sion also contribute to the charging. Photoemission alone results in a
positive potential, due to photoelectrons leaving the surface. In such a
vacuum case an equilibrium potential is reached when the potential is
high enough for the photoelectrons to be attracted back to the surface.
When the spacecraft is located in a sunlit plasma, the ultimate potential
is determined from a balance between the electron, ion and photoelec-
tron currents. Other currents, for example due to secondary electron
emission, may also become important at times. Hence, the potential of
the spacecraft is determined from the current balance

Ie + Ii + Iph + Iother = 0, (4.1)

where Ie is the electron current, Ii is the ion current, Iph is the pho-
toelectron current and Iother is all other contributing currents. Other
charging mechanisms can during certain conditions become important.
One example is magnetic field induced differential potentials. When
the spacecraft is moving through an ambient magnetic field, a charge
separation arises due to the Lorentz force. If the spacecraft structures
are large enough this can give rise to differential charging, i.e. poten-
tial differences between different parts of the spacecraft. If parts of the
spacecraft are non-conductive, these parts will also charge to different
potentials compared to the rest of the spacecraft body, giving rise to
differential charging. Another example is wake effects. A wake behind
the spacecraft will fill with hot electrons, due to their high velocity. This
region is hence characterized by a more negative plasma potential, an
enhanced electron temperature and a decreased plasma density (e.g.
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Tribble, 2003). The different plasma characteristics in this region may
have implications for the spacecraft charging. A third example is charg-
ing mechanisms induced by the spacecraft itself, caused by, for example,
exposed high-potential elements and thrusters. Spacecraft charging and
the related processes can hence be very complex.

4.1 theoretical model for a maxwellian plasma

Normally, the ion current to the spacecraft is much smaller than the
electron current, and can hence be neglected. The dominating currents
are then usually the electron current and the photoelectron current. For
such a case, a simplified model of the resulting spacecraft potential can
be derived for a Maxwellian plasma in the case of a negatively charged
spacecraft. The derivation is based on probe theory (e.g. Laframboise
and Parker, 1973; Mott-Smith and Langmuir, 1926), but the same rea-
soning holds for a negatively charged spacecraft body. For the deriva-
tion, we assume that the velocity of the spacecraft and the bulk flow of
the plasma are small compared to the thermal velocity of the electrons.

The electron current to the spacecraft surface for a negatively charged
spacecraft is then given by (Odelstad et al., 2017)

Ie = As/cene
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where As/c is the current collecting area of the spacecraft, e is the el-
ementary charge, me is the electron mass and Us/c is the spacecraft
potential.

The factor ne

√
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in Equation 4.2 is the random flux of electrons,

which has been obtained by integrating over the Maxwellian velocity
distribution. The current to the spacecraft due to this random electron
flux is found by multiplying by the total current collecting area of the

spacecraft and the charge of one electron. The factor exp
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is a

repelling factor arising due to the negatively charged spacecraft surface.
The electron current is balanced by the photoelectron current, which

usually has to be determined empirically. Note though, that the photo-
electron current is independent of the spacecraft potential for a nega-
tively charged spacecraft, since all photoelectrons are repelled from the
surface. The balance is given by

Ie + Iph = 0 (4.3)

and hence
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This equation can be solved for Us/c, yielding

Us/c = −
kTe

e
ln
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−Iph
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kTe

2πme

)
. (4.5)

Note that the currents are considered positive when flowing from the
spacecraft to the plasma, and hence Ie is positive while Iph is negative.

From this equation it is clear that an increased electron temperature
and/or electron density result in a more negative spacecraft potential.
An increased photoelectron current does, on the contrary, result in a
less negative potential. The derived relation is hence consistent with
the discussion in the beginning of this chapter.

4.2 the spacecraft potential of rosetta

The spacecraft potential of Rosetta was measured by the Langmuir
probes (RPC-LAP, Eriksson et al., 2007) throughout the mission. The
basic measurement principle of this instrument is to either vary the
probe potential with respect to spacecraft ground and monitor the re-
sulting current collected by the probe, or to control the current to the
probe (i.e. set it to zero) and monitor the resulting probe potential. From
this, several parameters can be determined, as outlined in Chapter 2. To
determine the spacecraft potential from RPC-LAP measurements, two
complementary methods can be used: bias potential sweeps and a floating
probe. During bias potential sweeps, the potential of the probe is swept
through a defined potential range, and the resulting collected current is
monitored. Photoelectrons are emitted from a sunlit probe, and when
the potential of the probe is negative with respect to the plasma, all
these electrons are repelled from the probe. When the probe potential
passes the value of the plasma potential, and the probe becomes posi-
tively charged, some of these photoelectons are however attracted back
to the probe. This effect is enhanced with increased probe potential,
and gives rise to a characteristic current-voltage curve with a “knee”
at the plasma potential. From this the spacecraft potential can be de-
termined. When the spacecraft potential is determined from a floating
probe, the probe potential is floating with the plasma (i.e. the sum of
all currents to the probe is zero). The resulting potential difference be-
tween the spacecraft and the probe is measured, and by empirically
estimating the potential of the probe with respect to the plasma at the
distance of the probe from the spacecraft, the value of the spacecraft po-
tential is obtained. It is also possible to estimate the floating potential
from the zero current-crossing in a sweep. Due to the empirical esti-
mate needed when determining the spacecraft potential from a floating
probe, the uncertainty of this estimate can be larger than that of a pho-
toelectron knee estimate, but, on the other hand, an accurate detection
of the photoelectron knee relies on a good signal-to-noise ratio and can
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hence be difficult to obtain. The time resolution is furthermore greatly
enhanced when the potential is determined from a floating probe. Both
these methods have been described in more detail by Odelstad et al.
(2015) and Odelstad et al. (2017).

Odelstad et al. (2017) presented spacecraft potential measurements
obtained by RPC-LAP throughout the mission. The spacecraft was com-
monly charged to a substantial negative potential of -10 to -20 V, occa-
sionally dropping down to even more negative potentials. The poten-
tial varied with the plasma environment throughout the mission, and
strong negative potentials were typically observed close to perihelion,
while a positive potential of a few volts was occasionally observed far
from the comet nucleus and in regions of low cometary activity. The po-
tential also tended to be more negative above the summer hemisphere
of the comet. Generally, it was also more negative above the neck re-
gion, due to a more intense outgassing in this region. An enhanced
outgassing rate leads to a higher amount of neutral particles in the
environment, in turn increasing the plasma density. The spacecraft po-
tential will then be driven more negative according to Equation 4.5. In
Figure 4.1 an overview of the spacecraft potential measurements made
by RPC-LAP throughout the main part of the mission is shown.

Nightside 
excursion

Dayside 
excursionPerihelionArrival EOM

Figure 4.1: Overview of the spacecraft potential measurements made by RPC-
LAP throughout the main part of the Rosetta mission.

Important to note is that the booms on which the two RPC-LAP
probes are mounted are too short to place the probes entirely outside of
the potential field of the spacecraft, and therefore RPC-LAP only mea-
sures a fraction of the full spacecraft potential. Odelstad et al. (2017)
estimated this fraction by combining RPC-LAP and RPC-ICA measure-
ments, and found that the fraction varies between 0.7 and 1.0. Unfor-
tunately, no correlation with useful parameters such as heliocentric dis-
tance or spacecraft position was found, and hence no general reliable
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method to determine this fraction for individual data intervals could be
determined.

In the study by Odelstad et al. (2017) the negative spacecraft poten-
tial was attributed to a warm electron population with a temperature of
5-10 eV. However, Johansson et al. (2020) later found that the spacecraft
potential was varying with the density of the cold (0.1 eV) electrons in
the environment, rather than the warm electrons. This was surprising,
since these cold electrons would not be able to overcome the poten-
tial barrier and reach a negatively charged spacecraft. The mystery was
resolved by Johansson et al. (2020), who showed that exposed conduc-
tors on the solar panels biased up to +79 V with respect to spacecraft
ground attracted these cold electrons, creating the observed correlation
and driving the spacecraft potential to the significantly negative values.

4.3 influence on low-energy plasma measurements

Spacecraft charging is problematic for several reasons. Firstly, differen-
tial charging can cause discharges between different parts of the space-
craft, which can be devastating for the spacecraft and the instruments
on board. These effects are, however, minimized during the spacecraft
design process through, for example, proper grounding and the usage
of conductive materials. Another problem is the interference with scien-
tific measurements. This is especially problematic for in-situ low-energy
plasma measurements.

4.3.1 Effect on particle energies

When a charged particle approaches the spacecraft, it is affected by the
electric field around the spacecraft arising due to the charged surface.
It is attracted to or repelled from the surface, resulting in a change in
kinetic energy of the particle. The kinetic energy ∆Ek gained or lost
can be easily calculated by considering the total energy conservation
of kinetic energy and electric potential energy. The change in electric
potential energy of a charged particle moving between two points in an
electric field is defined as

∆EU = q∆U, (4.6)

where q is the charge of the particle and ∆U is the potential difference
between the points. Conservation of energy implies that a change in
potential energy results in a change in kinetic energy, according to

∆Ek +∆EU = constant (4.7)

In our case, the two points are the spacecraft surface and infinity. At
infinity the potential is defined to be zero, and at the spacecraft surface
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the potential is equal to the spacecraft potential, Us/c. The kinetic en-
ergy gained, or lost, by the particle due to the charged surface is hence
given by

∆Ek = −qUs/c. (4.8)

A positively charged ion will hence gain (lose) an energy ∆Ek when
the spacecraft potential is negative (positive). This means that an ion in-
strument on board the spacecraft measures an ion distribution with en-
ergies shifted by ∆Ek (see Figure 4.2). For a negative potential, ions with
an initial energy of 0 eV are accelerated to an energy corresponding to
the spacecraft potential, and this is hence the lowest energy measured.
The advantage of this situation is that parts of the ion distribution that
initially are below the energy range of the instrument can become de-
tectable. If the potential, on the other hand, is positive, the ions are
decelerated by the spacecraft. All ions in the population with an energy
below qUs/c will in this case not reach the instrument.
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Figure 4.2: Example of how the energy distribution of charged particles are af-
fected by the spacecraft potential. The dashed line shows the original
energy distribution (before being affected by the spacecraft potential)
and the solid line shows the distribution detected by an instrument
on board the spacecraft. In this example, the spacecraft potential is
-10 V and the the particles are positively charged. Figure adapted from
Bergman et al. (2021a).

4.3.2 Effect on particle trajectories

The effect of the spacecraft potential on particle energies, described in
the previous section, can be readily corrected for if the spacecraft po-
tential is known. Another effect, that is more complicated to correct
for, is the influence on particle trajectories. This effect is illustrated in
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Figure 4.3. For sufficiently high energies (>2qUs/c, Paper I in this the-
sis) the particles are entering an instrument on board the spacecraft
through straight, unaffected, trajectories. When the energy of the ions
is lower, the trajectories are distorted. The lower the energy, the larger
the distortion. In Figure 4.3, the particles are entering the instrument
from the same direction in both panels, but they are clearly moving in
very different directions initially. In this example, the spacecraft is nega-
tively charged while the particles are positively charged, resulting in an
attractive force on the particles and a "focusing" effect. If the spacecraft
and the particles are both positively, or negatively, charged, the effect
will be the opposite with a "defocusing" effect. Both effects are prob-
lematic for instruments measuring flow directions, since the directional
information is distorted.

The distortion of the directional information is much more complex
than the energy shift, and there is no simple, straight forward, way
of correcting the data for this effect. Generally, simulations taking the
geometry of the spacecraft into account are necessary.

a) b)High energy (> 2qUs/c) Low energy (<< qUs/c)

Figure 4.3: Sketch illustrating the influence of the spacecraft potential on parti-
cle trajectories. In (a) trajectories of high-energy (> 2qUs/c) parti-
cles entering an instrument is shown, and in (b) the trajectories of
low-energy (� qUs/c) particles entering the same instrument. In
this example the spacecraft is negatively charged while the particles
are positively charged, meaning that the particles are attracted to the
spacecraft. Figure adapted from Bergman et al. (2020a).

4.3.2.1 Nominal and effective field of view

The influence on the directional information of the data due to dis-
torted particle trajectories can be interpreted as a distortion of the FOV
of the related instrument. This way of characterizing the distortion is
frequently used throughout this thesis and in the appended papers,
and a proper description of the related nomenclature is therefore ap-
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propriate. One important definition is the separation between nominal
and effective (or actual) FOV. The definition of these FOVs is illustrated
in Figure 4.4. The nominal FOV is defined by the instrument hardware;
it is the FOV determined during instrument ground calibration. This
FOV is independent of the environment the instrument is later placed
in. The effective FOV is the resulting FOV when environmental effects
are also taken into consideration, in our case the potential field caused
by the charged spacecraft. We then consider the environment around
the spacecraft as an extension of our instrument, and the effective FOV
corresponds to the FOV of this whole extended system. At high ener-
gies the effective FOV coincides with the nominal FOV (Figure 4.3a),
due to the limited influence of the potential field on these ions, but at
low energies the effective FOV may differ substantially from the nomi-
nal (Figure 4.3b and Figure 4.4).

Nominal FOV

E�ective FOV

Figure 4.4: Sketch illustrating the definition of nominal and effective FOV.

4.3.3 Previous work

A few studies have previously made attempts to correct low-energy
plasma measurements for the effects introduced by the spacecraft po-
tential. Most of these studies have focused on correcting the moments
of the detected distribution functions, ignoring the effects on particle
trajectories. One of the very first attempts to make these corrections
was made already in the mid-70s by Feldman et al. (1975), who studied
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the velocity distribution of solar wind electrons measured by electro-
static analyzers on board the IMP 6, 7 and 8 spacecraft. Spacecraft po-
tential effects were evident for the lowest energies, and they estimated
the value of the potential by correcting the data so that a Maxwellian
distribution was recovered. Scime, Phillips, and Bame (1994) also cor-
rected electron distributions in the solar wind obtained by the Ulysses
spacecraft to recover the gyrotropicity of the distributions. In this study
an attempt to model electron trajectories using a realistic spacecraft ge-
ometry was also made, but the spatial resolution was not good enough
for an accurate modelling. Song, Zhang, and Paschmann (1997) analyt-
ically investigated the effects on measured moments in the presence of
a spacecraft potential for a perfect plasma detector. One important re-
sult from this study is that the velocity direction is not affected if the
potential field is perfectly spherical. Salem et al. (2001) and Génot and
Schwartz (2004) utilized this result to develop methods to correct elec-
tron moments, Salem et al. (2001) using a semiempirical method based
on data from the Wind spacecraft, and Génot and Schwartz (2004) us-
ing an analytical method to derive the relation between measured and
initial moments. In both studies a Maxwellian plasma and a perfect
detector were assumed, without taking the distortion of particle trajec-
tories into account.

Singh et al. (2001), on the other hand, performed three dimensional
PIC simulations to model the charging of the Polar satellite and the re-
sulting influence on velocity distributions measured by the Thermal Ion
Dynamics Experiment (TIDE), taking trajectory distortions into account
under assumptions of a cylindrical spacecraft. The distortion of ion tra-
jectories was also studied by Hamelin et al. (2002) for the Interball-2
satellite, however not taking space charge effects into account (i.e. as-
suming an infinite Debye length).

Finally, there are two more recent studies by Lavraud and Larson
(2016) and Barrie et al. (2019), correcting for spacecraft potential ef-
fects. Lavraud and Larson (2016) analytically derived the moment equa-
tions accounting for the spacecraft potential, assuming an ideal point
detector with a spherically symmetric potential. Even though the cor-
rection is simplified due to the assumptions of an ideal detector, the
derived equations are useful when moment calculations are performed
on board the spacecraft before downlink. Barrie et al. (2019) used the
Spacecraft Plasma Interaction Software (SPIS) to model the charging
of the Magnetospheric Multiscale (MMS) spacecraft, and subsequently
traced particles from the Fast Plasma Investigation (FPI) instruments
using numerical integration. From this, areas of enhanced or depressed
counting statistics were identified, and the deflection of incoming parti-
cles was characterized.
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5.1 general working principle

The Ion Composition Analyzer (RPC-ICA, Nilsson et al., 2007) is a mass
resolving ion spectrometer measuring the three dimensional distribu-
tion function of positive ions. The design is that of a spherical “top-hat”
electrostatic analyzer. A photo of the instrument is shown in Figure 5.1
and the general working principle is illustrated in Figure 5.2. An incom-
ing ion first encounters the electrostatic acceptance angle filter ("deflec-
tion system" in Figure 5.2), determining the elevation angle ϕ of the
particle with respect to the aperture plane. Only particles with one pre-
scribed elevation angle are allowed to enter the instrument at a time.
The elevation angle is controlled by changing the potential difference
between the two plates U1 and U2 in Figure 5.2. The total elevation
range of ±45° is scanned in 16 steps, where the resolution of one step
is 5.6°. The ions passing through the acceptance angle filter enter the
electrostatic analyzer (ESA), analyzing the energy of the ions. This part
of the instrument consists of two spherical electrodes, one inner and
one outer, put to different potentials (Uinner and Uouter in Figure 5.2).
The electric field between the plates permits only particles within a pre-
scribed energy passband to pass through the ESA. This passband is
controlled by changing the potentials of the electrodes. The instrument
covers an energy range of a few eV/q to 40 keV/q with a nominal res-
olution of dE/E = 0.07, where dE is the full width at half maximum
(FWHM) of the energy acceptance of the ESA. At low energies (<30 eV)
the resolution decreases to dE/E = 0.30 due to acceleration of the par-
ticles into the ESA. The energy range is divided into 96 exponentially
spaced steps. The full energy range is covered in 12 s, which means
that a full scan takes 192 s (12 s times 16 elevation steps). After passing
through the ESA, the ions arrive at the mass analyzer. In this part of the
instrument, magnets are used to create a cylindrical magnetic field, sort-
ing the ions according to their momentum per charge. Heavier species
follow a straighter trajectory through the field and end up on a differ-
ent area of the detector. Post-acceleration of the ions into this part of the
instrument is possible, which can be used to adjust the mass resolution
for heavy and light species. The ions finally hit a circular microchan-
nel plate (MCP) and create an electron shower, which is detected by
an anode system. The anode system consists of 32 rings and 16 sectors,
to measure the radial and azimuthal impact position, respectively. The
radial impact position corresponds to mass while the azimuthal impact
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position corresponds to the azimuthal arrival direction of the ion (see
next section).

Figure 5.1: Photo of the flight model of RPC-ICA. Photo: Swedish Institute of Space
Physics.

Deflection system

Uinner

Uouter

ESA

Mass analyzer

MCP
Anodes

Electronics

U1
U2

Heavy Light

ϕ

Figure 5.2: Sketch illustrating the basic design of RPC-ICA.
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5.2 nominal field of view

The total nominal field of view (FOV) of RPC-ICA is 360° × 90° as
illustrated in Figure 5.3a. In the azimuthal direction (nominal FOV of
360°) the FOV is divided into 16 sectors. Each sector covers an angle of
22.5°, which is the nominal resolution of the instrument in this direction.
0° azimuth is defined to be between sectors 8 and 9 and the angle is
measured in the clockwise direction, when looking at the instrument
in the -y direction in the spacecraft coordinate system (cf. Figure 5.3a).
As already mentioned, the elevation angle of the incoming particles is
also determined. The total FOV is 90° in this direction, and this range is
divided into 16 elevation steps. Elevation bin 0 is defined to be -45° from
the aperture plane (see Figure 5.3a). One individual instrument pixel
(i.e. one elevation bin of one sector) hence has a nominal FOV of 22.5°
× 5.6°. At low energies (<105 eV/q) the resolution of the internal digital
to analogue converters limits the amount of elevation steps that can be
achieved between ±45°. As a result, the measurement approaches a two
dimensional measurement with decreasing energy.

In Figure 5.3b, the whole sky as seen from RPC-ICA is shown, with
azimuthal angle on the x-axis and elevation angle on the y-axis. The
grid pattern illustrates the nominal FOV of RPC-ICA, where one cell
of the grid represents the nominal FOV of one instrument pixel. How-
ever, for low and very high energies the exact viewing direction of the
elevation bins is energy dependent (if the bin is not perfectly centred
around the aperture plane, i.e. 0° elevation), and hence the exact pat-
tern can differ from that shown in Figure 5.3b. The red area shows the
approximate location of the spacecraft in the FOV. It is clear that the
spacecraft and some of the other instruments are partially blocking the
FOV of RPC-ICA. Sectors located on the upper half of the instrument,
i.e. sectors 1-8 (azimuth 0°-180°), are more or less non-shadowed, while
sectors located on the other side of the instrument (sectors 9-15 and
0, azimuth 180°-360°) are totally blocked by the spacecraft for eleva-
tion angles below 0°. One of the solar panels causes some additional
shadowing for sectors 13 and 14. The solar panels can rotate along its
longest axis and shown in Figure 5.3b is one typical configuration. Note
that this is a simplified non-exact map of where spacecraft structures
are located in the RPC-ICA FOV. It is based on a FOV map from the
RO-RPC-ICA-EAICD document (Nilsson, 2019). Some manual modifi-
cations have been made to the figure to improve the accuracy, but it still
only serves as an indicator of where larger structures are located in the
FOV.
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Figure 5.3: (a) Sketch of RPC-ICA showing the definitions of elevation and az-
imuthal angles. The coordinate system shown is the spacecraft co-
ordinate system (differing from the prevalent system used for the
instrument). (b) The FOV of RPC-ICA, where each cell of the grid
represents the FOV of one instrument pixel. Note that the elevation
angle can be energy dependent, and hence the exact grid pattern may
differ from the one shown in the figure. The red area shows the ap-
proximate spacecraft location within the FOV. Sectors 1 and 13 have
been marked with red since these sectors have a very low sensitiv-
ity, and sector 0 is marked with grey since it picks up signal from
the other sectors (see Section 5.6 for more details). Figure adapted from
Bergman et al. (2021b).
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5.3 high time resolution modes

The plasma environment around comet 67P can be highly variable and
vary on time scales shorter than the nominal time resolution of 192

s. In order to capture these variations, two modes with higher time
resolution were implemented upon arrival at the comet: one with 4 s
resolution and one with 1 s resolution (Stenberg Wieser et al., 2017). In
the 4 s resolution mode only energies up to 82 eV/q are swept, which
is sufficient to cover the dynamic low-energy part of the cometary ion
population. This mode provides a better coverage of the low-energy
population than the nominal mode due to denser sampling in energy.
However, to achieve a time resolution of 4 s the measurements are also
confined to one elevation bin, and are hence made in nearly two di-
mensions. The elevation angle of the used bin is dependent on internal
high voltage drifts, which depend on the sensor temperature. For high
enough sensor temperatures (>13.5°C) the elevation angle is estimated
to be close to 0°, but may increase with a few degrees when the sensor
temperature is lower. In Figure 5.4 a comparison between the nominal
mode and the 4 s mode is shown.

By further confining the energy range to 13-50 eV/q, an even higher
time resolution of 1 s was achieved. Due to the limited energy range,
this mode does often not cover the full low-energy population and it
was therefore only used for limited time periods throughout the mis-
sion. However, Stenberg Wieser et al. (2017) concluded that the major
part of the variations observed in the environment are captured by the 4

s mode, and the 1 s mode does hence not provide a significant amount
of new information.

5.4 conversion from instrument response to physical units

The output from an ion spectrometer such as RPC-ICA is raw counts,
which can be converted to differential flux j(E,Ω) [m−2 s−1 sr−1 eV−1]
according to

j(E,Ω) =
c(E,Ω)

G(E,Ω) · τ · E
, (5.1)

where c(E,Ω) is counts, G(E,Ω) is the geometric factor of the instru-
ment, τ is the integration time for one energy step and E is the energy.
The geometric factor [m2 sr eV eV−1] is given by

G = ε ·∆A ·∆Ω · dE
E

, (5.2)

where ε is an efficiency factor, ∆A is the effective aperture area, ∆Ω is
the solid angle and dE/E is the energy resolution of the ESA. Note that
the infinitesimal notation dE is used to denote the energy resolution,
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Figure 5.4: Comparison between (a) nominal mode data and (b) 4 s time resolu-
tion data. The data in both panels have been obtained on 4 September
2015, but during different times. The elevation sweeps in the nomi-
nal mode create clear gaps in these data. Also, the energy coverage is
better in the high resolution mode.

which is done to distinguish it from ∆Ewhich represents the separation
between two energy step centres.

The differential flux is in turn related to the phase space distribution
function f(r, v) [s3m−6] according to

f(r, v) =
m2

2Eq2e
j(E,Ω) , (5.3)

where m is the mass of the particle and qe is the elementary charge.
From the phase space distribution function macroscopic properties of

the plasma such as number density, bulk velocity and flux density can
be calculated from the corresponding moments, given by

Mk =

∫
vkf(r, v)d3v. (5.4)

For example, the 0
th order moment gives the number density:

M0 = n =

∫
f(r, v)d3v (5.5)

and the 1
st order moment gives the number flux density:

M1 = nv =

∫
vf(r, v)d3v. (5.6)
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5.5 rpc-ica measurements at low ion energies

The energy range of RPC-ICA in combination with the significantly
negative spacecraft potential enables the analysis of ions with very low
energies. The interpretation of low-energy data can, however, be chal-
lenging. The effects introduced by the spacecraft potential, discussed in
previous sections, is one main challenge that is also the focus of this
thesis. However, additional instrumental effects further complicates the
analysis of low-energy data. These effects are discussed in this section.

5.5.1 Correction of energy scale

When Rosetta arrived at the comet, the high voltages of RPC-ICA were
found to exhibit offsets compared to ground calibration results. The out-
put voltages of the high voltage system were found to have shifted by as
much as 34 V, which caused a shift of the energy scale of the instrument.
This becomes increasingly important at low energies. The offset could
be determined with an accuracy of about 1 V using housekeeping data
and measurements made at the comet. To determine the offset with a
higher accuracy, cross calibration with RPC-LAP was used. Odelstad
et al. (2017) utilized Equation 4.8 and the fact that the new born ions
have energies down to nearly zero eV to correct the energy scale using
measurements of the spacecraft potential from RPC-LAP. According to
Equation 4.8, an ion with an initial energy of zero eV will be detected
at an energy corresponding to the spacecraft potential. This creates a
characteristic cut-off in the RPC-ICA energy-time spectrum which, for
a correctly calibrated energy scale, coincides with the RPC-LAP mea-
surements of the spacecraft potential (see e.g. Figure 5.5b). Odelstad
et al. (2017) utilized this fact to make a further correction of the RPC-
ICA energy scale. In total, a high voltage offset of 34.742 V compared to
ground calibration results has been found. The whole RPC-ICA dataset
has been corrected for this offset.

5.5.2 Sensor temperature correction

The high voltages of RPC-ICA are also sensitive to the sensor temper-
ature. Below a sensor temperature of ∼13.5°C the high voltages start
drifting further, affecting both the energy scale and, as discussed in
Section 5.3, the elevation angles of the elevation bins. In this section, we
will focus on the effect on the energy scale. A low sensor temperature re-
sults in a shift of the energy scale towards higher energies, as shown in
Figure 5.5a. In this figure, spacecraft potential estimates from RPC-LAP
are shown as white dots. As discussed in the previous section, the lower
cut-off appearing in the RPC-ICA spectrum corresponds to the space-
craft potential. Clearly, the cut-off is not agreeing with the spacecraft
potential measurements in Figure 5.5a, illustrating the influence of the
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Figure 5.5: Illustration of the sensor temperature’s influence on the RPC-ICA en-
ergy spectrum. The sensor temperature in this example is ∼4°C. In
(a) the uncorrected spectrum is shown. The white dots are the neg-
ative of the spacecraft potential estimates from RPC-LAP, which are
clearly not coinciding with the RPC-ICA energy cut-off in this case.
In (b) the spectrum has been corrected by shifting the energy scale
until the cut-off matches the RPC-LAP measurements. Figure adapted
from Bergman et al. (2021a).

sensor temperature on the energy scale. One way of correcting for this
effect is to use the method mentioned in the previous section: shifting
the energy scale until the cut-off coincides with the RPC-LAP estimates
of the spacecraft potential. In Figure 5.5b this method has been used
to correct the spectrum. This method yields, to date, the most accurate
correction, but it can only be performed at times when the RPC-ICA
cut-off can be accurately determined and when we can expect a signifi-
cant amount of new-born ions in the environment with energies down
to zero eV.

Therefore, a relation between the high voltage offset and the sensor
temperature has empirically been found. This relation can be used for
rough corrections of the energy scale at times when the sensor tem-
perature is <13.5°C. To find this relation, data obtained during quiet
conditions were used. One example is shown in Figure 5.6. The signal
is expected to be more or less constant in energy at this time, and the
effect of the sensor temperature on the energy scale is clearly visible
when the temperature is low. From the energy drop of the lower cut-
off in the RPC-ICA energy-time spectrum a corresponding high voltage
offset was calculated and related to the sensor temperature. From this
the following empirical relation was determined:

Uoff = −1.6e−0.2T + 34.742, (5.7)
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where Uoff is the high voltage offset (in volts) and T is the sensor tem-
perature (in °C). The constant of 34.742 V corresponds to the constant
offset that has already been applied to the whole dataset. To derive
Equation 5.7, data from 13 events, similar to the one shown in Figure 5.6,
were used. Once the high voltage offset is known, a new energy scale
can be readily calculated according to

E = (ESCL−(ESCH+Uoff))(k+ 0.5)+
ESCL + (ESCH +Uoff)

2
, (5.8)

where ESCL and ESCH are the voltages applied to the outer and inner
ESA electrodes (Uouter and Uinner in Figure 5.2) and k is the RPC-ICA
analyzer constant of 9.65 (Fedorov, 2002). The analyzer constant defines
the properties of the ESA and gives the ion energy for a given poten-
tial difference between the electrodes. It is geometrically defined and
proportional to R/d, where R is the radius of the ESA and d is the size
of the gap between the electrodes. Note that ESCH has to be defined
without the 34.742 V offset in Equation 5.8; otherwise this constant has
to be removed from the expression for Uoff.
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Figure 5.6: Example data that was used to derive Equation 5.7. The influence of
the sensor temperature on the energy scale is clearly visible when
the temperature is low, and a relation between the temperature and
the high voltage offset was determined from the lower cut-off of the
RPC-ICA spectrum.

5.5.3 The geometric factor at low energies

To convert the raw counts provided by the instrument to physical units,
a geometric factor is needed, as discussed in Section 5.4. For high ener-
gies, the geometric factor is determined through ground calibration. For
low energies, however, proper calibration is difficult and the geometric
factor is found through extrapolation from higher energies. Several ef-
fects introduce uncertainties to this extrapolation. Some of these effects
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Figure 5.7: Possible alternative models of the behaviour of the geometric factor
of RPC-ICA at low energies, only taking instrumental effects into
account. The solid line shows the "current best estimate", represent-
ing the geometric factor when the potential barrier at the elevation
system entrance is assumed to be zero. The grey shaded area corre-
sponds to other alternative models, based on different values of the
potential barrier between 0 and 5 V. Figure adapted from Bergman et al.
(2021a).

are instrumental, while others are related to the environment (e.g. the
spacecraft potential).

As already mentioned, the energy resolution of the instrument de-
creases at low energies due to pre-acceleration into the ESA. This in-
creases the geometric factor through the dE/E factor in Equation 5.2.
The resulting extrapolated geometric factor, when only this effect is
taken into account, is shown with the solid line in Figure 5.7. Above an
energy of ∼30 eV the geometric factor is more or less constant, but for
lower energies it increases rapidly due to the decreased energy resolu-
tion.

Another effect, caused by a potential barrier at the elevation system
entrance, introduces uncertainties to this estimate. This potential bar-
rier is probably around +0-5 V, but the exact value is not known. The
barrier decelerates the particles in the direction parallel to the aperture
plane, resulting in a directional change if the travel direction of the ion
is not perfectly in the aperture plane. If the ions have a sufficiently high
energy the effect is insignificant, but becomes important at low energies.
The net effect is a decrease of ∆Ω in Equation 5.2, resulting in a geomet-
ric factor decreasing with decreasing energy. Since the exact magnitude
of the potential barrier is not known, the exact behaviour cannot be de-
termined. The grey area in Figure 5.7 shows possible alternative models
of the geometric factor based on different values of the potential barrier.

All effects introduced so far are purely instrumental. Additional ef-
fects are created by the spacecraft potential. One advantage of the neg-
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ative spacecraft potential is that the ions are accelerated to energies
where instrumental effects on the geometric factor are less important.
On the other hand, the spacecraft potential’s influence on the particle
trajectories modifies both the ∆A and ∆Ω factors in the expression for
the geometric factor. This creates a complicated behaviour of the ge-
ometric factor that is different for each pixel of the instrument. The
influence of the spacecraft potential on ∆Ω has been established in this
thesis work (see Paper I), but further work is needed to establish the
influence on ∆A.

5.6 sector sensitivity

Due to inhomogeneities in the mechanics and preamplifiers of RPC-
ICA, the 16 azimuthal sectors of the instrument do not respond equally
to the same incoming flux. To determine the difference in sensitivity
between the sectors, data from the Earth’s radiation belts are used. In
these regions, the electrons are energetic enough to penetrate the walls
of the instrument and deposit energy on the detectors, which will result
in a response of the instrument. All sectors are expected to be exposed
equally, and differences in count rates hence represent sensitivity dif-
ferences. Cross talk between the sectors is also present, but for this
analysis we assume that cross talk is negligible compared to sensitivity
variations.

Rosetta passed through the radiation belts during an Earth flyby in
November 2009, obtaining RPC-ICA data on 11, 13, 15 and 16 Novem-
ber. However, since the count rates were usually high during the pas-
sage, most of the data were binned before transmission to ground. Data
where sectors are binned together can, for obvious reasons, not be used
for this analysis. Furthermore, measurements made at negative eleva-
tion angles cannot be used since these pixels are shadowed by the
spacecraft body for some of the sectors. In total, 8 energy sweeps on
11 November and 160 energy sweeps on 13 November are used for the
analysis.

In Figures 5.8 and 5.9a the response of each sector of RPC-ICA during
these days is shown. In Figure 5.8 variations over the energy bins are
shown, while in Figure 5.9a one mean value over the energies is plotted
per sector. The amount of detected counts for each sector and energy
bin has been normalized to the corresponding amount of counts de-
tected by sector 6, which is known to be a fairly reliable sector. To avoid
including any solar wind proton signals, only energies over energy level
70 have been averaged in Figure 5.9a. It is clear that sectors 1 and 13

have a very low sensitivity compared to the other sectors, while sectors
2, 14 and 15 have a high sensitivity. Sector 0 also shows an increase in
detected counts, which is due to the special properties of this sector.
At times, the sector number cannot be uniquely defined for a detection
due to ambiguous inputs to the electronics, and then the detection is
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automatically assigned to sector 0, independently of the actual arrival
direction. Sector 0 hence picks up signal from the other sectors, result-
ing in an increased amount of detected counts.

Another interesting observation is that the variation between the sec-
tors is larger for 11 November. A smaller amount of data were used to
produce this result, which can cause larger variations. However, in this
case it can also be caused by a low sensor temperature. On 11 November
the sensor temperature was relatively low (∼14°C) throughout the obser-
vation, while on 13 November the temperature was varying throughout
the observation. In Figure 5.9b the results from 13 November have been
divided into low temperature (8-15°C) and high temperature (25-35°C)
cases, showing that a low temperature results in larger variations and a
curve similar to the one from 11 November.

The difference in sensitivity between the sectors has not been cor-
rected for in the RPC-ICA dataset.
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Figure 5.8: Data obtained on (a) 11 and (b) 13 November 2009, when Rosetta
passed through the Earth’s radiation belts. The azimuthal axis rep-
resents the different sectors of RPC-ICA, and the radial axis corre-
sponds to energy. The color scale is counts, normalized to the amount
of counts detected by sector 6 for each energy.
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Figure 5.9: (a) Response of each sector of RPC-ICA during 11 (green curve) and
13 (red curve) November 2009. The mean amount of detected counts
(normalized to sector 6) have been calculated for energies above en-
ergy level 70, for each sector. The error bars are the standard de-
viation of the distribution over the energies. (b) The response from
13 November has been divided into low (blue curve) and high (red
curve) sensor temperature cases.
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S O F T WA R E

To study the influence of the spacecraft potential on the low-energy
RPC-ICA data, the Spacecraft Plasma Interaction Software (SPIS, Thié-
bault et al., 2019) is extensively used throughout this thesis work. SPIS is
a simulation tool, used to model the interactions between the spacecraft
and the surrounding plasma and the charging of the spacecraft. The
software comes with particle tracing tools, that can be used to study the
influence of the charged surface on particles detected by an instrument
on board.

The first version of SPIS was developed in the beginning of the 2000s,
after an initiative made by the newly created Spacecraft Plasma Inter-
action Network in Europe (SPINE, Roussel et al., 2008). The purpose
of this network is to cooperate and share resources connected to the
interactions between spacecraft and plasma. The need for a simula-
tion tool became apparent, and a first JAVA-based prototype, PicUp3-D,
was developed (Forest, Eliasson, and Hilgers, 2001). Following this first
prototype, ESA made an initiative under contract with mainly ONER-
A/DESP and Artenum to develop the Particle-In-Cell (PIC) code which
is now SPIS. Since then, several new versions with improvements in
terms of numerical solvers and new modules have been released, with
SPIS 5.2.4 and SPIS 6.0.4 being the versions used in this thesis.

6.1 basic simulation principle

SPIS is an electrostatic Particle-In-Cell (PIC) solver, considering the move-
ment of individual particles. The basic simulation cycle is illustrated
in Figure 6.1. First, the electromagnetic fields are computed from the
charge distribution by solving the Maxwell equations, given by

∇ · E =
ρc

ε0
, (6.1)

∇× E = −
∂B
∂t

, (6.2)

∇ ·B = 0, (6.3)

∇×B = µ0J + µ0ε0
∂E
∂t

, (6.4)

where E is the electric field, ρc is the current density, ε0 is the permittiv-
ity of free space, B is the magnetic field, µ0 is the permeability of free
space and J is the current density. The magnetic field in SPIS is always
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constant and uniform, and hence the Poisson equation (Equation 6.1)
is the only equation needed to solve for the fields in SPIS. This step
corresponds to box 1 in Figure 6.1.

In the second step of the simulation cycle (box 2 in Figure 6.1), the
particles are moved through the resulting fields by the Lorentz force
(Equation 3.1).

After this (box 3 in Figure 6.1), the interaction with the spacecraft is
modelled, including photo emission and secondary electron emission
by protons and electrons. Lastly (box 4 in Figure 6.1), the spacecraft
potential is determined from the current balance. The cycle is then re-
peated by solving for the electromagnetic fields for the new charge dis-
tribution, moving particles and solving for the interactions with the
surface. This is repeated until equilibrium is reached.

Electric field

1.

Particle transport

2.

S/C surface interactions

3.

S/C potential

4.

𝛻 ∙ 𝐄 =
𝜌𝑐
𝜀0

Current balance Photo emission, secondary 

electron emissions

𝐅 = 𝑞𝐄 + 𝑞𝐯 × 𝐁

Figure 6.1: The basic simulation principle of SPIS.

The huge amount of particles in the environment makes it impossible
to track each particle individually in the simulation. Instead, so called
super particles or macro particles are used. Each super particle represents
several real particles with approximately the same position and velocity.
In SPIS, the amount of super particles per cell (and hence the statistical
properties of the simulation) can be controlled.

To reduce the complexity of the simulation and the simulation time,
approximations can be made for the electrons which do not have to
be modelled as PIC. Instead they can be assumed to be in Boltzmann
equilibrium with the potential according to

ne(φ) = ne,∞exp
(
−
qφ

kTe

)
, (6.5)

where ne,∞ is the electron density at infinity (i.e. in the undisturbed
plasma), q is the charge of one particle and φ is the potential. This
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approximation is possible when the spacecraft potential is negative and
no potential barriers exist.

In Figure 6.2 one example of a simulated potential field around the
Rosetta spacecraft is shown. The plasma model corresponds to the plasma
environment around comet 67P fairly close to perihelion, with ni=ne=1000

cm−3, Ti = 0.5 eV, vi = 4 km/s in the -z direction and Te=8 eV. The
heliocentric distance (determining the photoemission) is 1.7 AU. The
resulting spacecraft potential is -21 V.

- 3 V

- 6 V

- 9 V

- 12 V

- 15 V

- 18 V

- 21 V

z

y

x

Figure 6.2: One example of a simulated potential field around the Rosetta space-
craft. The plasma model is defined by ni=ne=1000 cm−3, Ti = 0.5 eV,
vi = 4 km/s in the -z direction and Te=8 eV. The heliocentric distance
is 1.7 AU and the resulting spacecraft potential -21 V. A few potential
surfaces are shown. Figure from Bergman et al. (2020a).

6.2 particle tracing

Instruments can be added to the SPIS simulation to perform scientific
analyses through particle tracing (Matéo-Vélez, Sarrailh, and Forest,
2013). One supported instrument is a particle detector, which uses a
test particle approach (i.e. all fields are frozen during the tracing) to
model the distribution of particles at a defined surface area. The ve-
locity distribution of particles detected by an instrument can then be
compared to the corresponding velocity distribution at infinity. In SPIS,
the actual tracing is done by a series of backward and forward trac-
ing to keep the computational load reasonable. An OcTree algorithm is
used to optimize the internal representation of the velocity distribution
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during the particle tracing process. An OcTree algorithm uses a tree
data structure to divide 3D space. Space is subdivided into octants, and
each octant can in turn be divided into eight new octants. Each region
can be further divided as much as necessary. By doing this, SPIS can
enhance the resolution in regions where a finer structure is necessary,
and through this refine the distribution.

6.2.1 Modelling of RPC-ICA

A simplified model of RPC-ICA is used for the particle tracing through-
out this thesis, similar to the sketch shown in Figure 5.3a. The instru-
ment body is modelled as a cylinder with the aperture area of each
sector defined as a detector. The actual design of the instrument results
in different effective entrance areas for each elevation bin, which is not
taken into account in the model. All particles hitting the defined detec-
tor area within the acceptance angles are considered detected, which
results in a larger effective entrance area than for the real instrument.
This affects the absolute value of the detected flux and needs to be taken
into account when analysing these results, but for the FOV distortion
this assumption gives a negligible effect on the final result considering
the small detector areas compared to the size of other spacecraft struc-
tures.

6.2.2 Conversion of SPIS output to instrument frame

SPIS presents the particle tracing results as a discrete velocity distribu-
tion function, both at the external boundary and at detection location.
The velocity distribution is expressed in a Cartesian coordinate system
(x,y,z), defined during the initialisation of the instrument in SPIS. As-
suming that the Cartesian system is defined as the prevalent Rosetta
frame (see Figure 5.3a), a conversion to instrument coordinates can be
readily obtained from (see Figure 6.3)

θ = cos−1
(

vx√
v2x + v

2
z

)
, (6.6)

ϕ = sin−1

 vy√
v2x + v

2
y + v2z

 , (6.7)

vr =
√
v2x + v

2
y + v2z , (6.8)

where θ is the azimuthal angle, ϕ is the elevation angle and vr relates
to the energy as E = mv2r/2. Note that the elevation angle is not defined
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vx

vz

vy

θ

ϕ

v
vr

Figure 6.3: Conversion from Cartesian coordinates to the system used by RPC-
ICA.

as in a classical spherical coordinate system, where ϕ is measured from
the pole.

The velocity distribution can then be converted to flux according to
Figure 6.4 using the 1

st order moment (Equation 5.6). In our case, it is
convenient to also divide by the solid angle, and the integral becomes
the sum

Fθ,ϕ =
∑
n

vr,nf(vr,n,ϕ, θ)∆vr∆vϕ∆vθ
∆Ω

, (6.9)

where Fθ,ϕ is the flux in the direction (θ,ϕ) within some energy range
set by the summation over vr and ∆Ω is the solid angle. From Figure 6.4
we deduce (assuming that ∆vr, ∆vϕ and ∆vθ are sufficiently small) that

∆vr = ∆v, (6.10)

∆vϕ = vr∆ϕ, (6.11)

∆vθ = vr cos(ϕ)∆θ, (6.12)

and the solid angle is given by

∆Ω = cos(ϕ)∆ϕ∆θ. (6.13)

This yields flux in units of [m-2s-1sr-1].
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Figure 6.4: Converting a velocity distribution function in Cartesian coordinates
to flux in instrument coordinates.
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Low-energy ions are important in the formation of the plasma envi-
ronment around a comet. The Rosetta spacecraft studied the interme-
diately active comet 67P/Churyumov-Gerasimenko for two years, and
hence provided the most detailed observations of a comet nucleus and
its environment that have been made so far. The Ion Composition Ana-
lyzer of the Rosetta Plasma Consortium (RPC-ICA) measured positive
ions with energies down to just a few eV in the cometary environment,
and was hence able to study processes related to these low-energy ions.
However, the low-energy data are difficult to interpret due to the space-
craft potential’s influence on the ion trajectories.

In this thesis, a new method to correct low-energy ion measurements
for the spacecraft potential was presented. The SPIS software was used
to model the distortion of the effective FOV of RPC-ICA, which was
then used to make corrections of the directional information of the low-
energy data. The flow direction of the low-energy ions in and around
the diamagnetic cavity, a region where low-energy ions are especially
important for the dynamics, was analyzed. By modelling the influence
of the spacecraft potential on the energy spectra of the detected ions,
the bulk speed and temperature of the low-energy population inside the
cavity could also be determined. The main conclusions are summarized
below.

SPIS simulations of FOV distortion:

• The FOV distortion can be considered insignificant when the ion
energy (in eV) is twice the absolute value of the spacecraft poten-
tial (in volts).

• The FOV distortion is strongly geometry dependent, with differ-
ent distortions for different pixels of the instrument.

• The FOV distortion is dependent on the Debye length of the sur-
rounding plasma, where a shorter Debye length generally results
in a more severe distortion. The sensitivity to a varying Debye
length is however geometry dependent.

Analysis of low-energy ions in the diamagnetic cavity:

• The bulk speed and temperature of the low-energy ions in the
diamagnetic cavity are found to be 5-10 km/s and 0.7-1.6 eV, re-
spectively. This confirms the result of previous studies, indicating
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a weak coupling between ions and neutrals at the location of the
spacecraft. The high temperatures are attributed to the fact that
ions are born in different locations of the coma, and hence are
accelerated different distances before reaching the spacecraft.

• Evidence of counter-streaming ions is found in and around the
diamagnetic cavity, with a clear component flowing radially in-
ward towards the nucleus. This has implications for the overall
expansion velocity of the ions, which may be lower than the high
bulk speeds found for individual parts of the population.

The method presented in this thesis opens up the possibility to an-
alyze low-energy ions around comet 67P in more detailed ways than
have been previously possible. However, further steps are necessary
to fully automate the correction procedure. First, full simulations for
all pixels of the instrument are only available for one spacecraft po-
tential and Debye length of the surrounding plasma. The simulations
presented in Paper II makes it possible to do rough interpolations or
extrapolations to other conditions, but for fully reliable corrections for
all plasma conditions encountered by Rosetta, more simulations have
to be made, taking the whole parameter space relevant for Rosetta into
account.

Second, due to the large FOVs at low energies, the current correction
procedure results in uncertainties of where within the FOV the detected
particles actually came from. For more precise corrections, the current
simulation results should be inverted so that, from a particular instru-
ment response, one corresponding initial flow direction can be found.
One way would be to run simulations using a forward approach, i.e.
adding a flow of particles from one particular direction, and study the
resulting response of the instrument.

Finally, uncertainties related to the geometric factor of RPC-ICA at
low energies poses limitations to the analyses. It is still unclear how
the geometric factor is affected by the spacecraft potential, due to the
unknown influence on the effective aperture area of the instrument. To
solve this issue, a dedicated analytical study is needed, probably in
combination with further analyses of the simulation results presented
in this thesis.

One interesting result of this thesis is the low-energy ions flowing
towards the comet in and around the diamagnetic cavity. Such back-
streaming ions have been predicted from simulations of comet 1P/Hal-
ley (Puhl-Quinn and Cravens, 1995), and have also been speculated to
exist at comet 67P by e.g Vigren and Eriksson (2018), however without
observational support until now. To determine the processes responsi-
ble for accelerating these ions back towards the comet, a more extensive
analysis of the RPC-ICA data is needed. In Paper IV, back-streaming
ions were found during a time period when the diamagnetic cavity was
not detected, which indicates that the responsible process is not con-
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nected to the cavity boundary, but rather, for example, a flipping of the
ambipolar field. However, even though the diamagnetic cavity was not
detected during this time period, it may still have been present closer
to the nucleus. Hence, a more extensive analysis is necessary to draw
firm conclusions. Anyway, counter-streaming ions in the environment
may be able to explain discrepancies between modelling and data anal-
ysis results. The ions in the cavity were observed to move with high
velocities, both from Paper III and also previous studies (e.g Odelstad
et al., 2018). However, models assuming ions expanding radially out-
wards from the nucleus with the same speed as the neutrals have been
able to reproduce observed densities fairly well, at least at large helio-
centric distances (e.g. Galand et al., 2016; Heritier et al., 2018; Vigren et
al., 2016, 2019). This discrepancy may be explained by the presence of
counter-streaming ions, since even though individual parts of the pop-
ulation are moving with speeds significantly above the neutral speed,
the net expansion velocity can be lower. However, it does not solve the
issue with the pressure balance at the cavity boundary.

A surprisingly low amount of ions flowing radially outwards from
the nucleus was found in Paper IV. This indicates that the diminished
FOV of RPC-ICA in the high time resolution mode causes parts of the
flow to end up outside of the FOV. This limits the conclusions that can
be drawn from flow direction analyses regarding the formation of the
diamagnetic cavity. However, when RPC-ICA was operated in nominal
mode with 192 s time resolution, the FOV was not diminished in the ele-
vation direction. Even though the time resolution is not good enough to
capture the full dynamics of the low-energy plasma environment, this
data may be able to capture signals that are not seen with the high time
resolution mode. A survey of this data may hence reveal new informa-
tion about the low-energy flow directions. Another possibility would be
to utilize the complementary FOVs of RPC-ICA and RPC-IES. A signal
not observed by RPC-ICA may have been observed by RPC-IES, and
a combined low-energy dataset from these two instruments could give
even more insights into the low-energy population.

Even though the correction method presented in this thesis is devel-
oped for the Rosetta spacecraft, it can naturally be adapted for other
spacecraft as well. In June 2019, Comet Interceptor (Snodgrass and
Jones, 2019) was selected by ESA as the new fast-class mission. The goal
is to explore a dynamically new comet that, ideally, have not visited the
inner Solar System before. This can be either a long-period comet or
possibly an interstellar object. The primary target will not have been
found before launch, which is planned to take place in 2029. The mis-
sion, comprising three spacecraft, will be launched to the Sun-Earth
Lagrange Point L2 where it will wait for a suitable target to appear. In-
vestigating such a pristine comet is exciting, since it has not been altered
compositionally or morphologically due to several passings by the Sun.
Furthermore, the mission with its three spacecraft will make the first
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multi-point measurements of a comet and its environment, which is
very interesting from a plasma physics point of view. One major dif-
ference from Rosetta, is that Comet Interceptor will make a flyby of
the comet. Rosetta was moving very slowly (∼1 m/s) with respect to
the comet, meaning that all effects related to the velocity of the space-
craft could be ignored. Comet Interceptor will pass by the comet with a
relative velocity of tens of km/s, which introduces new difficulties for
low-energy ion measurements. Simulations in SPIS are currently being
made, investigating the effects of the spacecraft potential on low-energy
ion measurements when there is also a significant relative velocity of
the spacecraft.

Low-energy ions are not only important in cometary environments.
For example, low-energy ions have been shown to dominate some parts
of the terrestrial magnetosphere, and are also important for ion out-
flow and escape (e.g. André and Cully, 2012). At Mars, low-energy ions
seem to constitute a significant part of the outflowing ions (Dong et al.,
2017; Fränz et al., 2015), which is probably true also at Venus (Brace
et al., 1987). Hence, low-energy ions are important to fully understand
atmospheric evolution. Low-energy ions can also affect processes such
as magnetic reconnection (André et al., 2010). Consequently, the un-
derstanding of low-energy ions is important to fully understand the
plasma environment of the Solar System, which means that reliable
ways of measuring them and interpreting the data are necessary.
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paper i

Bergman, S., Stenberg Wieser, G., Wieser, M., Johansson, F. L., & Eriks-
son, A. (2020a). The influence of spacecraft charging on low-energy ion
measurements made by RPC-ICA on Rosetta. Journal of Geophysical Re-
search: Space Physics, 125(1). doi:10.1029/2019JA027478

In Paper I we use SPIS to analyze the FOV distortion of RPC-ICA
at ion energies down to 5 eV. We use one specific plasma model, valid
when the comet is close to perihelion. This model yields a spacecraft
potential of -21 V. Results for all instrument pixels are provided. The
results show that the FOV is severely distorted at the lowest energies,
but the distortion varies between different viewing directions. Gener-
ally, pixels with extreme elevation angles are more severely distorted
than those close to the aperture plane. However, sectors located on
the half of the instrument looking in the +z direction, in the preva-
lent Rosetta frame, generally behave differently than those located on
the other half, due to the shadowing of the spacecraft. For sectors 9-12,
pixels with high elevation angles are, for example, generally less dis-
torted than those located closer to the aperture plane. The situation is
hence strongly geometry dependent. All pixels grow to at least 50°×25°
at low energies (5-10 eV), which is a considerable increase compared
to the nominal FOV of 22.5°×5.6°. For some sectors we observe some
additional shadowing effects at low energies due to the distorted FOV,
mainly appearing at low elevations for sectors looking in the +z di-
rection. Generally, the FOV is not significantly distorted when the ion
energy (in units of eV) corresponds to at least twice the spacecraft po-
tential (in units of volts).

paper ii

Bergman, S., Stenberg Wieser, G., Wieser, M., Johansson, F. L., & Eriks-
son, A. (2020b). The influence of varying spacecraft potentials and De-
bye lengths on in situ low-energy ion measurements. Journal of Geophys-
ical Research: Space Physics, 125(4). doi:10.1029/2020JA027870

Paper II investigates the sensitivity of the results from Paper I to vary-
ing spacecraft potentials and Debye lengths. Generally, the FOV distor-
tion depends on the spacecraft potential. In this paper we investigate
whether this dependence is linear or not, i.e. if the same ratio between
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ion energy and spacecraft potential yields the same FOV distortion, in-
dependent of the value of the spacecraft potential. We fix the potential
at -40 and -10 V, and compare the results to the results from Paper I.
The results indicate that a small non-linearity exists, mainly caused by
the photoemission and the bulk flow of the cometary ions. However,
it mainly affects the lowest energies and the size (not position) of the
FOV, and can for many applications be neglected. We also investigate
the sensitivity of the FOV distortion to varying Debye lengths of the sur-
rounding plasma, which is done by keeping the potential at -21 V while
varying the plasma environment to yield Debye lengths varying from
0.34 to 3.4 m. The results indicate that the FOV distortion is strongly
dependent on the Debye length, where a short Debye length generally
results in a more severe FOV distortion. The sensitivity varies between
different viewing directions. A few pixels are not significantly affected
by a varying Debye length, while the FOV of others can grow with as
much as 1000% if the Debye length is decreased from 0.66 to 0.34 m.

paper iii

Bergman, S., Stenberg Wieser, G., Wieser, M., Johansson, F. L., Vigren,
E., Nilsson, H., Nemeth, Z., Eriksson, A. and Williamson, H. (2021a). Ion
bulk speeds and temperatures in the diamagnetic cavity of comet 67P
from RPC-ICA measurements. Monthly Notices of the Royal Astronomical
Society, 503, 2733-2745. doi:10.1093/mnras/stab584

In Paper III, we determine the bulk speed and temperature of the
low-energy ions in the diamagnetic cavity using high time resolution
data from RPC-ICA. The parameters are determined from the sampled
energy spectra, and SPIS is used to model the influence of the spacecraft
potential on the spectra. For different combinations of bulk speeds and
temperatures of the ions in the environment, the expected energy spec-
tra detected by RPC-ICA is modelled for different spacecraft potentials.
The modelled spectra is then fitted to the actual data and from this the
bulk speed and temperature are determined. Bulk speeds of 5-10 km/s
are found, which is significantly above the speed of the neutral parti-
cles. This indicates a weak coupling between ions and neutrals inside
of the cavity. We find temperatures of 0.7-1.6 eV, which are attributed
to the fact that the ions are born in different locations of the coma and
are accelerated over different distances before being detected. Hence,
it only represents the temperature in the direction of the electric field,
and may be significantly different in other directions.

https://doi.org/10.1093/mnras/stab584
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paper iv

Bergman, S., Stenberg Wieser, G., Wieser, M., Nilsson, H., Vigren, E.,
Beth, A., Masunaga, K. and Eriksson, A. (2021b). Flow directions of
low-energy ions in and around the diamagnetic cavity of comet 67P.
Monthly Notices of the Royal Astronomical Society, 507, 4900-4913.
doi:10.1093/mnras/stab2470

In Paper IV the results obtained in Papers I and II are used to correct
the directional information of low-energy data obtained in and around
the diamagnetic cavity. A statistical study of 88 cavity observations is
performed, ranging in time from May 2015 to February 2016, using
only high time resolution data. A separation between different features
in the data is made, where a constant "band" of background ions is
separated from "bursts" of slightly accelerated ions. The results show
that the bursts are flowing radially outwards from the nucleus with
an anti-sunward component that is more prominent inside of the cav-
ity than outside. The "band" is predominantly streaming back towards
the comet, both inside and outside of the cavity, which provides evi-
dence for the existence of counter-streaming ions. The backstreaming
ions are found also at time periods when the diamagnetic cavity was
not detected, indicating that the cavity boundary is not responsible for
accelerating the ions back towards the comet. We find a surprising lack
of ions flowing radially away from the nucleus in the data, suggesting
that this flow is located outside of the diminished FOV of the instru-
ment when the high time resolution mode is used. The connection be-
tween the bursts and the band ions in the data suggests that these are
not two different populations. Rather, the bursts are likely created from
the ions in the band through some compressional mechanism.

https://doi.org/10.1093/mnras/stab2470
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