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Abstract
Engelhardt, I. A. D. 2018. Plasma and Dust around Icy Moon Enceladus and Comet 67P/
Churyumov-Gerasimenko. Digital Comprehensive Summaries of Uppsala Dissertations from
the Faculty of Science and Technology 1673. 94 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-513-0346-8.

Saturn's moon Enceladus and comet 67P/Churyumov-Gerasimenko both are examples of icy
solar system objects from which gas and dust flow into space. At both bodies, the gas becomes
partly ionized and the dust grains get charged. Both bodies have been visited by spacecraft
carrying similar Langmuir probe instruments for observing the plasma and the charged dust. As
it turns out, the conditions at Enceladus and the comet are different and we emphasize different
aspects of their plasma environments. At Enceladus, we concentrate on the characteristic
plasma regions and charged dust. At the comet, we investigate the plasma and in particular
plasmavariations and cold electrons.

At Enceladus, internal frictional heating leads to gas escaping from cracks in the ice from
the south pole region. This causes a plume of gas, which becomes partially ionized, and dust,
becoming charged. We have investigated the plasma and charged nanodust in this region by the
use of the Langmuir probe (LP) of the Radio and Plasma Wave Science (RPWS) instrument
on Cassini. The dust charge density can be calculated from the quasineutrality condition, the
difference between ion and electron density measurements from LP. We found support for this
method by comparing to measurements of larger dust grains by the RPWS electric antennas. We
use the LP method to find that the plasma and dust environment of Enceladus can be divided
into at least three regions. In addition to the well known plume, these are the plume edge and
the trail region.

At the comet, heat from the Sun sublimates ice to gas dragging dust along as it flows out
into space. When the neutral gas molecules are ionized, by photoionization and electron impact
ionization, we get a plasma. Models predict that the electron temperature just after ionization is
around 10 eV, but that collisions with the neutral gas should cool the electron gas to below 0.1
eV. We used the Langmuir probe instrument (LAP) on Rosetta to estimate plasma temperatures
and show a co-existence of cold and warm electrons in the plasma. We find that the cold
plasma often is observed as brief pulses not only in the LAP data but also in the measurements
of magnetic field, plasma density and ion energy by other Rosetta plasma instruments. We
interpret these pulses as filaments of plasma propagating outwards from a diamagnetic cavity,
as predicted by hybrid simulations. The gas production rate of comet 67P varied by more than
three orders of magnitude during the Rosetta mission (up to March 2016). We therefore have
an excellent opportunity to investigate how the electron cooling in a cometary coma evolves
with activity. We used a method combining LAP and the Mutual Impedance Probe (MIP) for
deriving the presence of cold electrons. We show that cold electrons were present intermittently
during a large part of the mission and as far out as 3 AU. Models suggest only negligible cooling
and we suggest that the ambipolar field keeps the electrons close to the nucleus and giving them
more time to lose energy by collision.
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1. Introduction to the Thesis

Space is big. You just won’t believe how vastly, hugely,
mind-bogglingly big it is. I mean, you may think it’s a
long way down the road to the chemist’s, but that’s just
peanuts to space.

Douglas Adams, The Hitchhiker’s Guide to the Galaxy

The topic of this thesis is the plasma and dust environment around Saturn’s
moon Enceladus as well as comet 67P/Churyumov-Gerasimenko (hereafter
called 67P). These are two representatives for respectively icy moons and
comets. These two seemingly different objects do have common features that
can allow us to acquire a more general view on planet/comet formation as well
as plasma processes around icy bodies at play. Both Enceladus and comet
67P/Churyumov-Gerasimenko (67P) are outgassing, albeit due to different
reasons. We use the instruments that are situated on Cassini and Rosetta,
visiting Saturn with its moons and 67P, respectively. Here follows a very short
general introduction to Enceladus and 67P.

Enceladus

Enceladus is the 6th largest (R = 252 km) moon orbiting Saturn in the
densest part of the E-ring at ∼ 4RS, where 1RS ≈ 58 000 km is Saturn’s
mean radius (Thomas et al., 2007). It was first discovered in 1789 by
William Herschel. Enceladus became famous after the first Cassini flyby
data provided evidence that Enceladus is a geologically active icy moon.
It spews out gas and dust from its southern hemisphere in the form of a
plume, see fig. 1.1 (e.g. Dougherty et al., 2006; Spitale & Porco, 2007).
The plume contains smaller scale structures which can be observed in
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the form of jets of gas and dust that leave Enceladus through surface
cracks. These surface cracks, called Tiger stripes, are young and are much
warmer than the surrounding surface, covered by ice (Burger et al., 2007).
Under the ice is an ocean. The outgassing of Enceladus is believed to be
the major source of the gas and dust in the E-ring of Saturn, where the
icy moon resides, (Kurth et al., 2006; Spahn et al., 2006a; Kempf et al.,
2006). The plume has been a target for study since it was first discovered
by Cassini. In total there have been 23 Cassini flybys of Enceladus.

Figure 1.1: The Saturn-facing hemisphere of Enceladus (north on Enceladus
is up) with the Cassini spacecraft narrow-angle camera on April 2, 2013.
Image Credit: NASA/JPL-Caltech/Space Science Institute (PIA17129).

67P/Churyumov-Gerasimenko

The comet was discovered in 1969 by Klim Ivanovich Churyumov and
Svetlana Ivanovna Gerasimenko. Before the Rosetta mission, not much
was known of this object. It used to be a member of the Kuiper belt
and has currently an orbital period of 6.45 years with a rotation period
of ∼12.4 hours (Mottola et al., 2014). The comet nucleus is made of
two lobes and its shape reminds one of a rubber duck. Its size is about
4.5 x 2.5 x 2 km along its principal axes (Preusker, F. et al., 2017). A
picture of the nucleus is shown in fig. 1.2. Rosetta followed the comet
from August 5, 2014 up to September 30, 2016. During this time a
heliocentric distance was covered from 3.2 AU, past a perihelion distance
of 1.25 AU, August 13, 2015 and then out to 3.6 AU again (Taylor et al.,
2017).
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Figure 1.2: 67P/Churyumov-Gerasimenko pictured on July 7, 2015 with the
NAVCAM onboard Rosetta taken from a distance of 154 km from the comet
centre. Image Credit: ESA/Rosetta/NAVCAM - CC BY-SA IGO 3.0. (Id
343949).

As all objects in the solar system, these two objects as well as the spacecraft are
immersed in a plasma environment. The environment of the comet is interacting
with the solar wind while the plasma environment for Enceladus is Saturn’s
magnetosphere, which in turn is driven by the solar wind, and the magnetic
field of Saturn. However, the gas and dust from both objects strongly influence
their local environments, setting the overall topic for this thesis.

This part of the thesis concludes with a short introduction to plasma and plasma
instruments, chapter 2. Part II and III of this thesis include introductions to the
two missions and the used instruments, an introduction of the known environ-
ments and interactions as well as a summary of paper(s). Part II consists of chap-
ters related to Enceladus. Part III is devoted to 67P/Churyumov-Gerasimenko.
In Part lV we briefly summarize the similarities and differences of the two
chosen objects, relevant to the thesis. Part V concludes with acronyms and
references and in Part VI the collection of articles and manuscripts is attached.





2. Plasma and Plasma Instruments

2.1 Space Plasma

Plasma

A plasma is considered as the fourth state of matter. It is a quasi-neutral
ionized gas consisting of charged as well as neutral particles. It exhibits
collective behavior meaning that it is governed by large-scale collective
motions.

Both spacecraft used in the thesis have several instruments on board that mea-
sure various plasma parameters. These parameters can for example include the
magnetic and electric field, electron and ion density, temperatures, and plasma
wave spectra. See sections 4.2 and 7.2 for a short overview of Cassini and
Rosetta instruments, respectively.

Plasma is all around our Earth, in our solar system and beyond. Earth has
an intrinsic magnetic field which interacts with the interplanetary magnetic
field and the solar wind, to form the magnetosphere. Not only Earth has a
magnetosphere but also other magnetized planets. Also unmagnetized planets
like Venus and Mars get a kind of magnetosphere, by the process of mass
loading and draping which will be discussed below and in section 8.1.4.

Inside Saturn’s magnetosphere lies the moon Enceladus. Enceladus does not
have an internal magnetic field but is nevertheless subject to space plasma
interactions. This is due to the atmosphere/ionosphere around it. The mate-
rial comes from the southern hemisphere and interacts with Saturn’s rotating
magnetosphere. As the magnetosphere passes by it "feels" the presence of
the moon and the ionized material. These particles are interacting with the
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magnetospheric flow as these get accelerated, slowing down the flow locally
until particles have the same velocity as the magnetospheric flow. This effect
is called mass loading and does go hand in hand with the effect of so called
magnetic field draping: As the magnetospheric flow arrives at a conducting
obstacle, the plasma and so the magnetic field is diverted around this object.
(See discussion in section 8.1.4).

For the comet, similar processes take place. Just like the moon, the comet does
not have an intrinsic magnetic field, such as the moon, but interacts directly with
the solar wind. When the comet is active, it has an ionosphere that is interacting
with the solar wind. Due to the heating of the comet, it starts outgassing material
that gets ionized and then interacts with the solar wind. This leads to mass
loading and very strong magnetic draping forming a magnetic tail, even though
the comet nucleus has no magnetic field of its own. These objects are not only
surrounded by pure plasma but they also contain dust of various sorts, which
leads to plasma-dust interactions.

2.2 Plasma Measurements with a Langmuir Probe

This section concentrates on the plasma measurements done by a Langmuir
probe since this is the main instrument used throughout the thesis. The Lang-
muir probe instruments are called LP on Cassini and LAP on Rosetta. Short sum-
maries of the two instruments can be found in the articles’ method/instrumentation
sections.

The Langmuir probes (and the spacecraft) are immersed in a plasma. By setting
the probe to a specific potential it measures the current that results from charged
particles being attracted to, or repelled from the probe. These currents are
described by the orbit motion limited (OML) theory considering the distribution
of particles moving in a vacuum field from a probe on trajectories determined
by conservation of energy and angular momentum alone (Engwall, 2006). OML
currents are the largest possible currents collected by a perfectly absorbing
probe in a collissionless, stationary plasma (Grard, 1973). For OML theory
to hold, the probe radius must be much smaller than the Debye length, λD,
otherwise the space charge in the sheath shields the probe potential from the
plasma. This results in lower currents than in the OML case. For the plasmas
studied in this thesis, OML is applicable. Furthermore, the probes are always
smaller than the particle gyroradius, allowing us to neglect the magnetic field.

There are three main operational modes used in space science for a Langmuir
probe. For one, a constant bias voltage is applied to the probe measuring the
current with a specific amount of samples per seconds (on Cassini 20 samples
per second, on Rosetta up to 57.8 samples per second). This mode is useful for
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following dust or small-scale variations in the plasma. The second mode is a
voltage sweep (on Cassini usually 512 steps from -32 V to +32 V, on Rosetta
240 steps or less over a similar voltage range). Sweeps are used to derive further
plasma characteristics such as electron temperature and spacecraft potential.
The third mode is known as an electric field mode where a current is set to two
probes and the resulting voltage is measured. The E-field can then be derived
from the voltage difference of the two probes. This is only applicable to Rosetta
since Cassini does have only one probe.

The basic currents to a probe are the electron current, the ion current and the
photoelectron current (Holmberg, 2013). As the probe is not fully isolated
in space but mounted on a spacecraft, the probe current is also influenced to
some degree by perturbations arising from the spacecraft plasma interaction.
To minimize this, the probes are mounted on booms (1.5 m on Cassini and 2.2
and 1.6 m on Rosetta).

A free floating probe, with no set voltage, in space will charge to some equi-
librium potential by the currents flowing to it from the particle populations
(e.g. ions and electrons) in the plasma. When this equilibrium potential is
reached, the total current to the probe must be zero, so the currents from the
various sources balance each other, if we consider the whole spacecraft as one
free floating probe. This is known as the spacecraft potential. In principle, the
spacecraft itself is a large Langmuir probe as it collects charges.

2.2.1 Probe Currents

A probe in a dense ionospheric plasma is coupled to the local plasma by several
kinds of currents. In the following sections we introduce the most important
of these. The OML theory for these currents was originally developed by
Mott-Smith & Langmuir (1926), with various extensions by later authors. We
will here use the summary for spherical probes by Engwall (2006) which is
useful for our kind of instruments. For references to original articles please see
Engwall (2006).

2.2.1.1 Thermal Current

When the potential of the probe is zero with respect to the surrounding plasma,
each particle species in the plasma will carry a current to it. This current is due
to the random thermal motion of the particles, and henceforth called thermal
current. The thermal current for a given particle species with Maxwellian
distribution is given by

I = nqALP

√
kbT
2πm

≡ Ith. (2.1)
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Here ALP = 4πr2
LP is the Langmuir probe surface area and rLP the radius. Fur-

thermore we have the particle’s charge q, the number density n, the Boltzmann
constant kb, the temperature T , in Kelvin, and the particle mass m, depending
on the species. There are thermal currents due to ions as well as electrons but a
probe with no set potential will usually be charged negative since electrons are
generally much faster due to their lower mass and therefore higher mobility.

2.2.1.2 Currents to a Charged Probe

By charging the probe to a specific probe potential Up with respect to the
plasma, it will be shielded by charges of opposite sign and create a sheath/cloud
around it. As long as the size of the probe is much smaller than the Debye
length, rp � λD, the shielding will be weak and the charge in this sheath cannot
significantly change the potential.

The particle energy distribution is assumed to be a Boltzmann distribution and
the current to a probe at attractive potentials, qUp < 0, is given by

Iα = Iα,th(1−χα) (2.2)

and at repulsive potentials, qUp > 0, is given by

Iα = Iα,the−χα (2.3)

where

χα =
qαUp

kbTα
(2.4)

with α = i,e depending on the species in question. Here we write Up =USC +
Ub, where USC is the spacecraft potential and Ub the potential of the probe
with respect to the spacecraft. This is the potential that can be controlled by a
Langmuir probe instrument.

The repulsive current, eq. (2.3), describes that there exist some particles with
high enough energy or velocity that can overcome the potential barrier and still
contribute to the total current.

2.2.1.3 Currents in a Flowing Plasma

Langmuir probes mounted on spacecraft are moving through space and the
plasma at a certain velocity. Thus there is a relative velocity between the probe
and the plasma. Even if one would have a stationary spacecraft, a relative
velocity can still be accomplished by a moving plasma. This is the case for
example at Saturn, where most of the inner magnetosphere is (more or less
perfectly) co-rotating with the planet.
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If the drift speed is comparable to the thermal speed a term for the drift speed,
v, needs to be added in the thermal current (see red term) (Engwall, 2006,
reproduced) which can be approximately written as

Iα,th = nαqαALP

√
kbTα

2πmα
+

v2
α

16
(2.5)

as well as in the expression for χ:

χα =
qαUp

kbTα+
mα v2

α
2

(2.6)

For our cases, we only need to consider this for ions, because the electron
thermal speed is much larger than the plasma drift speed with respect to the
spacecraft both at Enceladus and around comet 67P.

2.2.1.4 Photoelectron Current

In a sufficiently tenuous plasma, such as in the Earth’s magnetotail, the photo-
electron current is dominating. Photoelectrons are electrons that are knocked
out from a (spacecraft-) surface due to photons with energy above the electron
binding energy, in practice meaning EUV or shorter wavelengths. Photoelec-
tron current can show up in the current measurements in two ways. One is the
photoemission current from the probe itself and the other is an electron current
due to photoelectrons being emitted from other parts of the spacecraft and then
collected by the probe.

For a probe at negative potential, all emitted photoelectrons escape and will
not come back to the probe. The photoelectron current reaches a saturation
level. However if the probe is at a positive potential, electrons are freed by the
photons, but some of them will be attracted back to the probe, depending on
their energy. For an exponential (Boltzmann-like) energy distribution of the
emitted photoelectrons, this causes an exponential decrease in the current.

The magnitude of the photoelectron current depends on different parameters
such as the distance to the Sun, the size of the sunlit area, the surface properties
of that and the solar activity. The photo yield (produced photoelectrons per
incoming photon) is mainly a function of the material (Pedersen, 1995). The
probes on Cassini and Rosetta for example are made of titanium with a titanium
nitride coating.
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2.2.1.5 Current Summary

Figure 2.1 shows a summary of possible particles hitting the probe. Here
we have ambient electrons, ions, photoelectrons from the probe (leaving) and
photoelectrons coming from the spacecraft (arriving). Figure 2.2 shows an
example of the resulting current signature (red line) of a sweep. It is comprised
of the electron- (blue dashed), ion- (yellow dashed) and photoelectron- (green
dot dashed) current contributions.

Probe

directed ion flow

ambient electrons

e-

e- photon

Sp
ac

ec
ra

ft

Figure 2.1: Four types of current that can contribute to the probe characteristics:
(1) ambient electrons, (2) directed ion flow (due to the surrounding plasma
and spacecraft motion), (3) photoelectrons from the probe, and (4) photo-
electrons from the spacecraft. Adapted from Olson et al. (2010, Fig. 7.),
with permission from Elsevier.

Itot
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Figure 2.2: This figure shows an example of the current contributions in a sweep
from the electron (blue dashed ), ion (yellow dashed) and photoelectron
(green dot-dash) current as well as the resulting total current (red solid line).
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2.2.2 Electric Field Measurements with the Langmuir probe

Because the plasma consists of charged particles, magnetic and electric fields
are central to the dynamics. To measure the electric field two probes are fed
with the same bias current. The electric field can then be found by measuring the
voltage difference between the two spherical sensors divided by their effective
separation (Pedersen et al., 1998). The physical separation or distance between
the two probes however needs to be long enough for the signals of the electric
field in the plasma to overcome perturbations from the spacecraft-like noise from
its electrons, charging of its surfaces, inhomogeneities in its photoelectron cloud
and wake effects of the plasma flying by. With the double probe technique one
can measure electric fields over a large dynamic range with high time resolution
and simplicity. A by-product of the electric field measurements is an estimate
of the spacecraft potential US at high time resolution, by taking the negative
average of the two probe voltages instead of their difference. This is how data
from this mode are used in article 3 (chapter 10).





3. Dust Measurements

3.1 Introduction

Saturn’s rings are a nice example of the co-existence of dust and plasma in
space. One can distinguish two cases (Merlino, 2006). The first is when only a
few isolated dust particles are in the plasma with little to no feedback from the
dust on the plasma dynamics. This is known as the "dust in plasma" case. In
the second case, actually called the "dusty plasma", are a large number of dust
particles that do interact with, and alter the properties and collective behavior
of the plasma.

In the literature, a dusty plasma is also called a complex plasma (Ishihara, 2007).
The constituents of such a plasma are neutral gas molecules, electrons, ions and
massive1 charged dust grains (Shukla, 2001; Ishihara, 2007).

The dust grains can range in size from tens of nanometers to hundreds of
microns, they can come in any shape and may be composed of dielectrics or
conducting materials, see as an example dust observed by Rosetta Cometary
Secondary Ion Mass Analyzer (COSIMA) instrument, fig. 3.1. They don’t have
to be solid but can also be fluffy ice crystals or even liquid droplets, although
the latter case is unlikely in space as liquids are usually not stable at the low
pressures around.

Charging of a dust particle can happen in several ways, for example bombard-
ment of dust grains by plasma particles2, photoemission by UV radiation, ion

1Dust particles are massive compared to ion masses.
2Electrons and Ions
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Figure 3.1: Diversity of particles seen on a small area on one single
target. This image section measures 2.5 mm across, with light com-
ing from the right. Examples of a compact particle (a), a shattered
cluster (b), a glued cluster (c) and a large rubble pile (d) are seen in
this small area. Image credit: ESA/Rosetta/MPS for COSIMA Team
MPS/CSNSM/UNIBW/TUORLA/IWF/IAS/ESA/BUW/MPE/LPC2E/LCM/
FMI/ UTU/LISA/UOFC/vH&S/ Langevin et al. (2016, Fig. 10), with
permission from Elsevier.

sputtering and secondary electron production. A dust particle can become
negatively or positively charged, depending on which process is dominating.
Positive and negative grains may coexist because of different size, material,
structure and history. An isolated dust grain that is shielded from any radiation
acquires a negative average charge, if the ion and electron number densities
(ne = ni) as well as the ion and electron temperatures (T = Te = Ti) are equal
(Horányi et al., 2004). Since electrons are much faster compared to ions, the
potential on the surface of the dust particle becomes negative with respect to
the potential of the plasma far from the dust particle. In equilibrium the charge
on the dust grain qd (Horányi et al., 2004) will be given by

qd =−4πε0rdα
kbT

e
(3.1)

where ε0 is the vacuum permittivity, rd is the radius of the dust grain assumed
to be spherical, kb is the Boltzmann constant, and T the temperature given in
[K]. The proportionality factor α is of the order of 1 and a function of the ion
mass mi.

Dust has a strong influence on collective effects, if the dust carries a significant
fraction of charge; either negative or positive. The Havnes parameter3 has been
introduced as an indicator if the charge carries a significant amount of negative
charge in a plasma. Photoelectric emission from dust is ignored and the Havnes

3There exist several different definitions of this parameter.
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parameter is given by (Ishihara, 2007)

P =
|Zd|nd

ne
(3.2)

where Zd is the dust charge number. If P � 1, the dust will carry only a small
fraction of the negative charge, and the single particle approximation, eq. (3.1),
can be used to find the average charging of a grain (Horányi et al., 2004).
Collective effects will become dominant if the Havnes parameter becomes large,
P ≥ 1 (Ishihara, 2007).

3.2 Dust Measurement Methods

There are different ways of measuring dust. Every method has its limitations.
We present here only methods with the means of a Langmuir probe and electric
antenna, or any electric receiver/antenna. Other dust experiments purely devoted
to dust do exist as well. On both Cassini and Rosetta they are mainly sensitive
to larger grains which are fewer in number and not as strongly interacting with
the plasma (Wahlund et al., 2009; Morooka et al., 2011; Shafiq et al., 2011;
Rotundi et al., 2015).

3.2.1 Electron vs. Ion Current

A relatively simple way to infer (smaller) dust grains in the plasma environ-
ment is by comparing the electron and ion densities, ne and ni, respectively.
Quasineutrality in a regular plasma is given by

qini = ene. (3.3)

In a dusty plasma however, the quasineutrality equation is appended with a
contribution of the dust. Assuming dust to be negatively charged due to the
higher probability of collecting electrons than ions from the neighborhood, as
well as assuming the electron and ion charge to be of equal magnitude, qi = e,
the quasineutrality relation (Morooka et al., 2011; Shukla, 2001) is then given
by

ni = ne + |Zd|nd. (3.4)

Dust can be indirectly inferred by means of comparison of electron and ion
density. When the ion density is constant over some time while the electron den-
sity decreases, it means that the dust density component in the quasineutrality
equation must increase, eq. (3.4). This is due to the attachment of electrons to
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dust grains (Morooka et al., 2011). Figure 3.2 shows an example of this simple
method. The upper panel shows the electron (blue) and ion (red) density of
flyby E2 from Cassini, (more in chapter 6). Subtracting these gives the charged
dust density as in eq. (3.4). It is clear, that around 19:55, where ion and electron
density differ the most, the charged dust density is largest.
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Figure 3.2: Example of a comparison between electron and ion density, and
the result of charged dust density for Cassini flyby of Enceladus, July 14
2005. The upper panel shows the electron (black) and ion (blue) density.
The lower panel shows the dust density as a result of subtracting electron
from ion density.

This method should in principle also be possible to use for Rosetta at comet
67P. However, as Rosetta moves much slower than Cassini (typically less than a
m/s), it has not yet been possible to obtain the ion density sufficiently accurate
to get a reliable difference between ni and ne. This is because the ion velocity
needs to be known (eq. (2.5)). Further detailed studies of Rosetta data may
make this possible.

3.2.2 Direct Dust Hits

Plasma wave instruments are sensitive to micron-sized dust impacts on a space-
craft (Kurth et al., 2006). Dust impacts result in a voltage pulse in the signal
from electric field antenna, that can be counted to give an accurate measure
of the dust impact rate. The size of particles can be estimated through the
amplitude of the voltage pulse.

The mechanism for the voltage pulse was given by Kurth et al. (2006) as follows.
With high enough relative velocity between the particles and the spacecraft, the
particle and part of the targets material is vaporized and partially ionized. This
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ionized cloud expands and results in an ambipolar electric field that results in a
voltage pulse (see fig. 3.3a). The magnitude of the voltage pulse is proportional
to the mass of the impacting particle as well as a function of the velocity of the
impact. Another likely dependence exist with the target material. Figure 3.3b
shows an example of those dust hits.

charge collected by antenna

electric antenna

expanding plasma cloud

spacecraft body

particle impact

amplifier voltage waveform

Q

V

CA

(a)

(b)

Figure 3.3: (a) Schematics adapted from Gurnett et al. (1983, fig. 8) showing a
plasma cloud produced by impact ionization and resulting in a voltage pulse.
(b) Typical signature of E-ring dust observed by the Radio and Plasma Wave
Science (RPWS) on Cassini. Reused from Kurth et al. (2006, fig. 1). Both
figures are reproduced with permission from Elsevier.

Usually the data is Fourier transformed on board and these pulses then appear
as a broad band emission in the spectrum. This can then be used to infer dust
impacts (Wang et al., 2006). Figure 3.4 shows a typical signature of Cassini
flying through a dusty region near Enceladus.
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Figure 3.4: Schematics taken from Morooka et al. (2011, fig. 1), with permission
from Elsevier, showing a typical spectrum of a dusty region near Enceladus,
recorded with Cassini. This figure is cropped and the x-axis is flight time of
totally 24 minutes.

This method will not work on Rosetta, as the typical dust speed there is about
1 m/s (Rotundi et al., 2015). This means dust hits on the spacecraft are better
described as soft landings rather than impacts, and should not lead to ionization.
Current pulses seen in Rosetta Langmuir probe (LAP) data were first thought
to be due to dust, but as discussed in article 2 and 3 (chapters 9 and 10) this
cannot really be the case. They must instead be due to local plasma variations.
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4. Cassini - Mission and Instruments

4.1 Mission

The objective of the Cassini-Huygens mission is to study Saturn and its icy
moons such as Titan. It consists of the Cassini spacecraft and the Huygens
probe and is a joint project between NASA, ESA and ASI. Launched for its
mission to Saturn on the 15th of October 1997 from Cape Canaveral in Florida,
it arrived at Saturn in 2004 (Pailharey & Vignaux, 2004; NASA - JPL, 2012).
The Huygens probe was separated 25th of December 2004 from Cassini and
landed on Titan 14th of January 2005. Cassini was left to orbit Saturn and its
moons.

It started with the four year prime mission which lasted from July 2004 to
July 2008. After successful operation and good state of health NASA granted
two mission extensions. The first one was called the Equinox mission, from
July 2008 to October 2010 and the second extension, the Solstice mission, was
planned until September 2017. The last part of the Solstice mission is called
’The Grand Finale’. With that Cassini orbited Saturn closer and finally was sent
to burn in its atmosphere 15th of September 2017. Table 4.1 shows the timeline
of Cassini and Huygens. The instrumentation is summarized in the following
sections.
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Date [dd-mm-yyyy] Description

15-10-1997 Launch

07-2004 Arrival at Saturn and mission start

25-12-2004 Lander separation

14-01-2005 Huygens lands on Titan

07-2008 End of main mission and

start of Equinox mission

10-2010 End of Equinox mission and

start of Solstice mission

15-09-2017 End of Solstice mission

Table 4.1: Overview of Cassini-Huygens timeline

4.2 Instruments

The Cassini spacecraft carries 12 different instrument groups and the Huygens
probe is equipped with another 6 instrument groups, see tables 4.2 and 4.3,
respectively.

The main instrument groups used for this investigation/study are the RPWS (P.I.
institute: University of Iowa) and Magnetometer (MAG) (P.I. institute: Imperial
College London). The instruments of these groups are explained in more detail
in the following sections.

4.2.1 RPWS - Radio and Plasma Wave Science

The RPWS includes electric field sensors, a magnetic search coil assembly, a
spectrum analyzer and a Langmuir probe (NASA - JPL, 2012; Gurnett et al.,
2004). The location of the instruments of the RPWS is shown in fig. 4.1.

4.2.1.1 Langmuir probe

The Langmuir probe (LP), provided by the Swedish Institute of Space Physics
(IRF), is a titanium sphere with a titanium nitride coating, of 5 cm in diameter
and it measures resulting currents between the plasma and the probe while it is
set to a given potential. From that data one can infer the electron temperature,
electron density and estimate the potential of the spacecraft with respect to the
plasma (Wahlund et al., 2009). In the deployed configuration, the LP itself is
about 1.5 m away from the closest spacecraft surface (Gurnett et al., 2004).
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Acronym Full Name

CAPS Cassini Plasma Spectrometer

CDA Cosmic Dust Analyzer

CIRS Composite Infrared Spectrometer

INMS Ion and Neutral Mass Spectrometer

ISS Imaging Science Subsystem

MAG Magnetometer

MIMI Magnetospheric Imaging Instrument

RADAR Cassini Radar

RPWS Radio and Plasma Wave Science

RSS Radio Science System

UVIS Ultraviolet Imaging Spectrograph

VIMS Visible and Infrared Mapping Spectrometer

Table 4.2: List of the 12 instrument groups on board Cassini.

Acronym Full Name

ACP Aerosol Collector Pyrolyzer

DISR Descent Imager/Spectral Radiometer

DWE Doppler Wind Experiment

GCMS Gas Chromatograph Mass Spectrometer

HASI Huygens Atmospheric Structure Instrument

SSI Surface Science Package

Table 4.3: List of the 6 instrument groups on board the Huygens probe.
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Figure 4.1: Model of the Cassini spacecraft showing the locations of the
instruments of the RPWS. Reused from Gurnett et al. (2004, Figure 14),
with permission from Elsevier.

The LP has two main measurement modes on the Cassini mission. The first
one is a 512 point voltage sweep, ± 32 V. This mode usually operates every
10 minutes or 24 seconds for targeted flybys. (Wahlund et al., 2009). For the
second mode, the bias is set to a constant voltage, usually chosen to be +11.5 V
and the resulting current is measured with a sampling frequency of 20 Hz.
Figure 4.2 shows a photograph of said LP with its boom assembly in stowed
configuration.

More details on the underlying theory, data acquisition and analysis can be
found in chapter 2.

Figure 4.2: A photo of the Langmuir probe in its stowed configuration. Photo
credit: IRF Uppsala.



4.2 Instruments 27

4.2.1.2 Electric and Magnetic Antennas

The electric and magnetic antennas are used together with the spectrum analyzer
for electron density calibration. The antennas are three 10 m long conducting
cylinders with a diameter of 2.86 cm. The variation of the magnetic field is mea-
sured by a tri-axial search coil magnetic antenna. The search-coil magnetometer
uses the principle of Faraday’s law that a changing magnetic field induces a
voltage, so it cannot measure quasi-static fields but has high sensitivity for
waves. For more detailed specifications see Gurnett et al. (2004).

4.2.1.3 Spectrum Analyzer

The spectrum analyzer is used for dust and upper hybrid frequency detection. It
consist of a high frequency receiver providing measurements from two selected
antennas (3.5 kHz to 16 MHz) and a medium frequency receiver providing
intensity measurements from a single selected antenna (24 Hz to 12 kHz) (Wang,
2006).

4.2.2 MAG - Magnetometer

The MAG instrument consists of two direct sensing magnetometers and associ-
ated electronics. It measures the magnitude and direction of the magnetic field
with a fluxgate magnetometer and or a vector/scalar helium magnetometer. The
data used here comes from the fluxgate magnetometer. For more information
see Kellock et al. (1996).

The fluxgate magnetometer works as follows: A ferromagnetic core is driven to
saturation by an AC through a driving winding. If there is an external magnetic
field, the core gets biased and an asymmetric flux, proportional to the magnetic
field, can be detected by a second winding, the sense winding. This asymmetry
leads to harmonics of the AC frequency in the Fourier spectrum of the signal
from the sense winding. These can be identified and used for deriving the
magnetic field.





5. Enceladus Environment

Figure 5.1: Saturn’s rings and major moons. Image Credit: NASA/JPL
(PIA03550)

As described in chapter 1, Enceladus lies in the densest part of the E-ring, see
an illustration in fig. 5.1. Enceladus quickly became a focus of the Cassini
mission after its plumes were discovered and many studies have since been
conducted on the plume physics based on the Cassini observations (e.g., Spitale
& Porco, 2007; Cravens et al., 2009; Krupp et al., 2012). The small icy moon
is geologically active showing geysers at the south polar region that spew out
gas and dust (Dougherty et al., 2006; Porco et al., 2006; Spahn et al., 2006b;
Waite et al., 2006). As the gas leaves the vents it gets partially ionized and drags
along negatively charged nanograins (Jones et al., 2009; Morooka et al., 2011;
Shafiq et al., 2011; Hill et al., 2012; Farrell et al., 2012; Dong et al., 2015).
Inside the plume, the density of the plasma constituents increases by several
orders of magnitude, compared to the magnetospheric plasma flow. This newly
charged material gets picked up by the plasma flow which accelerates these
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particles (e.g., Tokar et al., 2006, 2008; Pontius & Hill, 2006; Fleshman et al.,
2010; Farrell et al., 2012). Enceladus is believed to be the primary source of the
E-ring material, such as sub-micron sized dust and negatively charged water
ice (e.g., Kurth et al., 2006; Spahn et al., 2006b; Kempf et al., 2006; Hillier
et al., 2007). The plume material plays an important role in the dust plasma
interaction (Wahlund et al., 2005, 2009). An example of an interaction between
Enceladus plume and its surroundings can be seen in fig. 5.2.

Figure 5.2: This is an image taken by the Imaging Science Subsystem (ISS) of
Enceladus and it’s interaction with Saturn’s E-ring. The dust is seen to be
disturbed by Enceladus’ presence. Image Credit: NASA/JPL/Space Science
InstituteL (PIA08321)

The plume is electrically conductive and forms an obstacle to the ambient
plasma flow, which causes large scale perturbations in the close vicinity of
Enceladus (e.g., Dougherty et al., 2006; Saur et al., 2007). These perturbations
include the slow down and pile up upstream of the moon due to mass loading
of the corotating plasma of Saturn by ionization of plume material (Dougherty
et al., 2006; Morooka et al., 2011). Saturn’s ionosphere shows signs of an
auroral footprint of Enceladus. This is caused by field aligned currents between
the moon and the planet that are induced by the motion of the moon with its
conductive ionosphere through the magnetic field of Saturn and these are then
closing through Saturn’s ionosphere (Kriegel et al., 2011; Simon et al., 2014;
Pryor et al., 2011). At the edge of the plume, auroral hiss emissions (Gurnett
et al., 2011; Leisner et al., 2013) can be observed along the Alfvén wings
caused by the moving plasma flow around a stationary conductive obstacle,
the Enceladus-plume-system. These wedge shaped regions are similar to those
observed at Io (Neubauer, 1980).
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The magnetospheric plasma interaction with Enceladus and its plume has been
modeled extensively over the years. The different approaches used are numer-
ical models using both fluid and hybrid approximations as well as analytical
models (see e.g. Jia et al., 2010; Kriegel et al., 2009; Simon et al., 2011). These
models have been under constant development to include negatively charged
dust grains as an important component of the plasma (Omidi et al., 2010, 2012).
The most important result is the strong influence of charged dust on the Ence-
ladus plasma interaction indicating that these interactions should not be omitted
from further models (e.g., Kriegel et al., 2014; Omidi et al., 2012).





6. Article 1

Plasma regions, charged dust and field-aligned currents
near Enceladus

The first article is entitled "Plasma regions, charged dust and field-aligned
currents near Enceladus" and has been published in Planetary and Space Science
(Engelhardt et al., 2015). Here follows a short summary. Details about the
measurements and derivations can be found in the article.

We determine the large scale plasma properties of the close vicinity of Enceladus.
For this, two instrument packages were used, the LP and the Wide Band
Receiver (WBR) of the RPWS as well as the fluxgate magnetometer of the MAG
instrument package (both summarized in section 4.2). The full measurement
method is described in the article, section 2.

For this analysis 20 flybys between the years 2005 and 2012 have been used
(E0 - E19). These, and three more flybys that happened after submission of the
article, are listed in table 6.0. Two of the new flybys (E20 and E22) are relatively
far away from Enceladus and not part of the ’close’ region we investigated in
this article. Flyby E21 is a (too) close flyby over the south polar region.

The main focus is on separate plasma regions identified in the close vicinity
of Enceladus. The main data for the distinction between these regions was the
electron density derived from the 20 Hz LP data, which was then compared
to magnetic field as well as the dust density, inferred from the electric field
antenna. Here we found three main regions defined as the plume region, the
plume edge region and the trail region, see fig. 6.1.



34 Chapter 6. Article 1

E
n

ce
la

d
u

s
F

ly
b

y
s

Fl
yb

y
R

ev
D

at
e

D
oY

Ti
m

e
A

lti
tu

de
[k

m
]

〈v s
/c
〉[

km
/s

]
Pl

um
e

E
0

00
3

20
05

-0
2-

17
04

8
03

:3
0:

30
12

64
.0

03
6.

7

E
1

00
4

20
05

-0
3-

09
06

8
09

:0
8:

03
49

7.
03

4
6.

7

E
2

01
1

20
05

-0
7-

14
19

5
19

:5
5:

22
16

5.
03

4
8.

2

E
3

06
1

20
08

-0
3-

12
07

2
19

:0
6:

12
47

.6
74

14
.4

�
E

4
08

0
20

08
-0

8-
11

22
4

21
:0

6:
19

49
.4

21
17

.7
�

E
5

08
8

20
08

-1
0-

09
28

3
19

:0
6:

40
24

.5
86

17
.7

�
E

6
09

1
20

08
-1

0-
31

30
5

17
:1

4:
51

16
9.

07
3

17
.7

�
E

7
12

0
20

09
-1

1-
02

30
6

07
:4

1:
58

98
.9

09
7.

8
�

E
8

12
1

20
09

-1
1-

21
32

5
02

:0
9:

56
15

96
.5

95
7.

8
�

E
9

13
0

20
10

-0
4-

28
11

8
00

:1
0:

17
10

0.
43

4
6.

5
�

E
10

13
1

20
10

-0
5-

18
13

8
06

:0
4:

40
43

7.
06

8
6.

5

E
11

13
6

20
10

-0
8-

13
22

5
22

:3
0:

52
25

55
.2

35
6.

9
�



35

co
n

ti
n

u
ed

Fl
yb

y
R

ev
D

at
e

D
oY

Ti
m

e
A

lti
tu

de
[k

m
]

〈v s
/c
〉[

km
/s

]
Pl

um
e

E
12

14
1

20
10

-1
1-

30
33

4
11

:5
3:

59
45

.7
63

6.
3

E
13

14
2

20
10

-1
2-

21
35

5
01

:0
8:

27
48

.3
94

6.
3

E
14

15
4

20
11

-1
0-

01
27

4
13

:5
2:

26
98

.9
06

7.
5

�
E

15
15

5
20

11
-1

0-
19

29
2

09
:2

2:
11

12
30

.7
56

7.
5

E
16

15
6

20
11

-1
1-

06
31

0
04

:5
8:

53
49

6.
57

8
7.

4

E
17

16
3

20
12

-0
3-

27
08

7
18

:3
0:

09
74

.1
66

7.
5

�
E

18
16

4
20

12
-0

4-
14

10
5

14
:0

1:
38

74
.1

04
7.

5
�

E
19

16
5

20
12

-0
5-

02
12

3
09

:3
1:

29
73

.1
33

7.
5

�
E

20
22

3
20

15
-1

0-
14

28
7

10
:4

2:
29

18
44

.2
30

8.
5

E
21

22
4

20
15

-1
0-

28
30

1
15

:2
3:

42
49

.0
37

8.
5

�
E

22
22

8
20

15
-1

2-
19

35
3

17
:4

9:
16

50
00

.2
21

9.
5

Ta
bl

e
6.

0:
Ta

bl
e

of
E

nc
el

ad
us

Fl
yb

ys
,w

ith
th

e
fly

by
nu

m
be

r,
re

vo
lu

tio
n,

da
te

,d
ay

of
th

e
ye

ar
,t

im
e

of
cl

os
es

ta
pp

ro
ac

h,
al

tit
ud

e
of

cl
os

es
ta

pp
ro

ac
h,

sp
ac

ec
ra

ft
ve

lo
ci

ty
at

cl
os

es
ta

pp
ro

ac
h

an
d

pl
um

e
cr

os
si

ng
.



36 Chapter 6. Article 1

Magnetospheric flow

Enceladus

1: Plume

3: Trail

(Enhanced E-ring?)

2 2: Plume Edge

Figure 6.1: An illustration of the plasma regions studied (not to scale). Reused
from Engelhardt et al. (2015, Figure 11), with permission from Elsevier.

The plume region is well known from previous studies and is characterized by
an electron density increase of about 2-3 orders of magnitude (Dougherty et al.,
2006; Porco et al., 2006). This region is also characterized as a mass loading
and ion pick-up region with increased magnetic field due to stagnation of the
plasma. This does agree with the data we have from the Langmuir probe.

The plume edge region is an electron depletion region with an electron density
decrease down to 30 cm−3 (a drop of 50-70% compared to the background
field). This has not been reported before this study.

Lastly there is the new trail region downstream of the moon where we measure
an electron depletion with densities down to less than 10 cm−3.

Besides the different plasma regions we were able to compare inferred dust
characteristics of two independent instruments, both part of the RPWS. The
main result is, that the dust is part of the collective behavior and needs to be
treated as such in simulations.
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The dust density follows a power law (Kurth et al., 2006; Kempf et al., 2008)
and can be written in the following form

nd(rd) ∝ r−μ
d , μ ≈ 4−5, (6.1)

where nd and rd are the dust density and dust grain size. Using the expression
for the capacitance of a sphere, we can estimate the grain charge in equilibrium
with the surrounding plasma as

qd =−α4πε0rdΦ f (6.2)

where qd and rd are the dust charge and size, ε0 vacuum permittivity, α a
proportionality factor which is a function of the ion mass mi and is about 3.66
for water group ions (Horányi et al., 2004; Shafiq et al., 2011), and Φ f the grain
surface potential which can be approximated by the spacecraft potential, USC.

We can find an equation that relates two independently measured dust densities
(see section 3.2). The differential density, ni −ne, and the total dust density for
particles larger than 1 μm, nd,tot (marked red)

ni −ne =−
(

4πε0αUSC

e

)
(1−μ)
(2−μ)

rμ−1
1

1

rμ−2
min

nd,tot(> r1) (6.3)

relating

ni −ne ∝ nd,tot(> r1). (6.4)

Figure 12 of article 1 (fig. 6.2 in here), shows a linear relation, as predicted by
the equations. On the vertical axis is the dust density as gathered by Langmuir
probe sweeps of electron and ion density, and the horizontal axis is the dust
density of particles larger than 1 μm as deduced by direct dust hits with the
Wide Band Receiver. This shows, that the charged dust is in equilibrium with
the surrounding plasma, and verifies the method of inferring charged dust from
LP observations of ion and electron density. From this we can then infer the
minimum dust particle size (marked blue in eq. (6.3)). This then results in a
size down to 1 nm in the plume region, and down to 10 nm in both the plume
edge and trail. This is consistent with studies by Wahlund et al. (2009); Shafiq
et al. (2011) that infer small grains down to nm in size.

Contribution

I performed the RPWS/LP and MAG data analysis and had the main responsi-
bility for the article.
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μ

Figure 6.2: Charged dust density (ni − ne) dependence on dust density of
particles >1 μm. The data is separated into the different regions. The plume
is represented with data from the high inclination flybys E3 (red) and E5 and
E6 (green) as well as E14 (left-) and E18 (right black data point). The trail
(blue) is determined by flybys E3, E5 and E6, and the plume edge region
(orange) by E14 and E18. The fit to the plume edge and trail, and the plume
data shows an approximate linear relationship. Reused from Engelhardt et al.
(2015, Figure 12), with permission from Elsevier.
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7. Rosetta - Mission and Instruments

7.1 Mission

Rosetta is a mission to study the comet 67P/Churyumov-Gerasimenko, hereafter
called 67P. Rosetta met up with the comet and orbited close around it. The
Rosetta spacecraft was launched into space in 2004 and arrived at the comet 10
years later. It carried the lander Philae which landed on the nucleus November
12, 2014, to directly study the nucleus surface in situ. Rosetta then continued to
orbit the comet for another 2 years until on September 30, 2016, it was gently
crashed on to the nucleus. The main mission objectives is to study the comet
nucleus, its origin and the early solar system. It also provides the opportunity
to study the structure and evolution of the cometary coma, which is the topic of
this thesis.

The exact orbit of the Rosetta mission at the nucleus was dependent on the
outgassing activity of the comet. The timeline is tabulated in table 7.1. Most of
the time was spent as close as possible to the nucleus, to get detailed images,
and sniffing traces of rare gases, but there were also two excursions to larger
distances. "As close as possible" meant in practice as much as a few hundred
km around perihelion in summer and early autumn 2015, and down to a few
kilometers during the last months of the mission when the activity had decreased
again.

The main discoveries, related to this thesis, up to the writing thereof, are
summarized in chapter 8. In the following section is a short overview of Rosetta
instruments.
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Date [dd-mm-yyyy] Description

03-2004 Launch

03-2005 First Earth gravity assist

02-2007 Mars gravity assist

11-2007 Second Earth gravity assist

05-09-2008 Asteroid Steins flyby

11-2009 Third Earth gravity assist

10-07-2010 Asteroid Lutetia flyby

07-2011 Enter deep space hibernation

20-01-2014 Wake-up from hibernation

05-2014 Comet rendezvous maneuver

08-2014 Global mapping of the comet

12-11-2014 Lander delivery

13-08-2015 Perihelion passage

12-2015 Nominal Mission end

30-09-2016 Extended Mission end

Table 7.1: Rosetta-Philae timeline

7.2 Instruments

The whole Rosetta mission carries 21 instrument groups, of them are 10 situated
on the lander Philae, see tables 7.2 and 7.3 for a list. The instruments mainly
used here are part of the Rosetta Plasma Consortium (RPC) instrument package.
These are further described in the following section. Furthermore we use data
from ROSINA (Rosetta Orbiter Spectrometer for Ion and Neutral Analysis).

7.2.1 RPC - Rosetta Plasma Consortium

The RPC is a joint plasma investigation instrument group that includes sev-
eral different plasma instruments. These include an Ion Composition Ana-
lyzer (ICA), Ion and Electron Sensor (IES), Magnetometer (MAG), Mutual
Impedance Probe (MIP), LAP, with a common interface to the spacecraft by
the Plasma Interface Unit (PIU), see fig. 7.1.
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In the next section follows a short introduction to the used instruments 1.

Figure 7.1: A picture of the Rosetta Plasma Consortium instruments on the
Rosetta Spacecraft. Credits: STFC/Imperial College London

7.2.1.1 Langmuir probe

The Langmuir probe instrument, fig. 7.2, provided and operated by the IRF-
Uppsala, consists of two separate Langmuir probes, known as LAP1 and LAP2
or just P1 and P2, and associated electronics. Both are identical and can be
operated in different modes. They are mounted on 2.2 and 1.6 m long booms
and the probes are separated by a distance of 5 m. There are different operation
modes active during the mission, depending on the plasma characteristics. Main
modes include: potential sweep, set bias potential, set current, floating probe,
one probe aiding MIP measurements and for both probes together an e-field
mode, see Eriksson et al. (2007) for more details.

The operational modes are defined by "macros", which are short programs run
by the instrument. Each macro defines a sequence of measurements which is
run over and over until another macro is commanded. The macros define which
of the above measurement modes the probes are set to, and also how the data is
downsampled to fit the available data transfer rate. There are two such rates,
normal mode (NM, LAP data rate 55 bits/s) and burst mode (BM, 2200 bits/s),
some macros being for normal mode and other for burst mode. Some macros

1The short description of RPC instruments is based on the information found on http:
//sci.esa.int/rosetta/35061-instruments/?fbodylongid=1644 and links therein.
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were available at the start of the mission, while others were designed during
the mission and uploaded to the instrument in response to changing plasma
conditions.

Figure 7.2: One of the Langmuir probes on Rosetta. As for Cassini LP, the probe
diameter is 5 cm, and the material is titanium with a coating of titanium
nitride.

7.2.1.2 Ion Composition Analyzer

ICA was provided and operated by IRF-Kiruna. It measured positive ions. It
can resolve solar wind protons, helium, water group ions and heavy ions that are
characteristic to dusty plasma. ICA is also able to infer the spacecraft potential
when it is negative (Odelstad et al., 2017). In this case all ions reaching the
detector will have been accelerated through the spacecraft potential on their
way in from the plasma, so one can find this potential as a lower cutoff in the
energy spectrum. See Nilsson et al. (2007) for more details.

7.2.1.3 Mutual Impedance Probe

The MIP is provided by Centre National d’Études Spatiales (CNES). It primarily
measures plasma density, although there is some capability to also infer electron
temperature and drift velocity. MIP can also measure natural plasma waves
above 7 kHz.

MIP consists of a rod with different transmitting and receiving dipole antennas
at different distances from each other. The plasma characteristics are measured
by the frequency response of a transmitted frequency. In particular, there will
be a sharp spectral peak at the plasma resonance, whose frequency is the plasma
frequency which only depends on electron density. The natural plasma waves
however are measured when there is no frequency emitted. See Trotignon et al.
(2007) for more information.
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7.2.1.4 Magnetometer

The magnetometer instrument (MAG) on Rosetta consists of two tri-axial flux-
gate magnetometers. They are situated on the same 1.6 m boom as LAP probe 2,
one close to the end and one part way through. The use of two magnetometers
(here we mean as magnetometer the tri-axial set of magnetometers) aids the
subtraction of the spacecraft’s own magnetic field, which is a large source of
disturbance. See Glassmeier et al. (2007) for more information.

7.2.2 ROSINA - Rosetta Orbiter Spectrometer for Ion and Neutral Analy-
sis

7.2.2.1 COmetary Pressure Sensor

The Rosetta Orbiter Spectrometer for Ion and Neutral Analysis (ROSINA) in-
strument group consists of two mass spectrometers and one COmetary Pressure
Sensor (COPS) (Balsiger et al., 2007). COPS can determine the neutral gas
density and also has some capability for measuring the flow velocity, although
the derivation of the flow velocity has not been used much (Tzou, 2017). This
seonsor is the one that will be used in the studies. The mass spectrometers are
utilized to determine the comet’s atmospheric/ionospheric composition.





8. Comet Environment

8.1 Comet Plasma Physics (Pre-Rosetta)

In 2004 ESA sent a spacecraft named Rosetta towards comet 67P/Churyumov-
Gerasimenko. Since its arrival in 2014 and the following two years of the
mission, much has been found about this particular/specific comet. Rosetta
collected two years of data typically at a few tens to a few hundreds of kilometer,
distance. But, what was known/postulated before this mission? This section
gives a very brief summary of pre-Rosetta thoughts on cometary plasma physics
mainly based on Gombosi (2014); Meech (2017); de Pater & Lissauer (2010),
with some new additions from 67P as needed. Rosetta specific results follow in
section 8.2.

8.1.1 General Background

Comets are usually faint objects in the night sky and only the brightest are
visible to the naked eye. Over the last 2000 years, there were on average only
two comets per century bright enough to be seen without advanced optical
equipment. They looked like hairy stars which gave them their name comet,
derived from Greek meaning ‘the hairy one’. Because of the scarcity in the
night sky, they were considered bringer of bad omens. The earliest record of a
comet sighting dates back to about 6000 BCE.

The cloud that is visible in the night sky is very large (thousands-millions of
km) which has only a few km sized solid body in its center. Cometary nuclei are
now known to be quite similar to asteroids, being chunks of leftover material at
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the formation of the solar system. Asteroids are however dominated by rocky
non-volatile material while comets also consist of a significant amount of ices
that can sublimate when sufficiently heated. The first modern theory of comets
can be said to be Whipple’s (1950) “dirty snowball” hypothesis, according
to which cometary nuclei are kilometer sized blocks of water ice and various
compounds. While the elements of this hypothesis have been verified, it has
been realized that “icy dirt balls” may be a better description as non-volatile
material apparently dominate every investigated comet.

The first close up of a comet nucleus, 1P/Halley, in 1986 came from the Soviet
spacecraft Vega 1. A few months later it was also visited by the European Giotto
mission (ESA). These images showed that the nucleus had a complex shape
with active regions, craters, valleys, hills, ridges and more. It was very dark
(very low albedo of only 4%). It had a thick layer of dust and spots and cracks
emanating gas and was overall very inhomogeneous. Similar results have been
shown by other spacecraft passing by nuclei, eg. Stardust at 81P/Wild, Deep
Impact at 9P/Tempel and EPOXI at 103P/Hartley.

Comets have formed far away from the Sun, however still in the solar system.
They are considered to be icy planetesimals left over after planetary growth as
relatively pristine objects from the early solar system that can give insight to
the formation process of planets. Two main cometary reservoirs are recognized.
These are the Oort cloud and the Kuiper Belt including the scattered disc. These
reservoirs have been found by studying the orbits of comets. The Oort cloud
has been estimated to host about 1011 −1012 comets. It is divided into an inner
cloud and outer cloud. The inner cloud is situated at 103 −104 AU while the
outer, or the classical cloud, is situated at about > 104 AU. The comets in the
reservoir may enter the solar system when their orbit gets perturbed, making
them dynamically new comets. The Kuiper belt is a region beyond the orbit of
Neptune (R� ∼ 30 to 50 AU).

Comets are classified by their orbit. Short period comets are comets that have
a period of less than 200 years and are also situated in the same plane and
direction as the planets as expected for Kuiper belt objects. Long period comets
however can have tilted orbits, which can be expected for comets originating in
the Oort cloud. Only short period comets have been visited by spacecraft. They
are easier to reach with spacecraft because they move close to the ecliptic plane
and not as fast as the long period comets.
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8.1.2 Comet Atmosphere and Coma

When the comet is at aphelion, far away from the Sun, it resides in a very
cold environment. Kepler’s second law (conservation of angular momentum)
describes that a line connected from the Sun to the object on an elliptical orbit
sweeps out the same area per time along the orbit, so the comet spends most
of the time around the cold half of the orbit. As it however closes in to the
Sun, it starts to heat up and the ices in the uppermost layers sublimate into gas,
creating a cometary atmosphere. The pressure of the created gas is very low to
Earth standards but is much higher than the pressure of the surrounding space,
which is assumed to be empty. The pressure gradient then drives the expansion
of the cometary gas.

As the neutral gas exits the surface, it drags along loose dust. As a comet
nucleus is small, with escape velocity on the order of 1 m/s, essentially all
molecules and also many dust grains escape the comet. This gas and dust cloud,
called the coma, can be seen by the naked eye. The coma typically is about
104 −105 km in size.

The gas production rate, Q, assuming the neutral gas velocity is not zero (u 	= 0),
is given by:

Q =
∮

nn�u ·d�S. (8.1)

where we assume that the nucleus is the only source of the gas. Q is measured
in molecules/second. If we assume the outgassing is spherically symmetric we
get

Q = 4πr2nn(r)u(r). (8.2)

This then gives the neutral gas density to be

⇒ nn(r) =
Q

4πr2u(r)
. (8.3)

Numerical simulations of the gas molecular motion indicates that outside 10 km,
the gas flow is radial and at constant velocity (Tenishev et al., 2008). With
constant u, the neutral gas density profile can be approximated as

nn ∝
1
r2 . (8.4)

The most common molecule in the coma usually is water, H2O, although other
species are often abundant, in particular CO2 and CO. A surprise from Rosetta
was that also O2 turned out to be very common, sometimes reaching around or
above 10 % (Bieler et al., 2015a). For the following, we will not have to care
about the detailed chemistry and assume water dominates.
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8.1.3 Comet Ionosphere

The gases are neutral as they are released from the volatile ices, however they
get ionized and create an ionosphere. In the inner coma, the ionization process
is dominated by direct photoionization and by impact of electrons accelerated
to tens and hundreds of eV by the comet-solar wind interaction (Vigren et al.,
2016; Galand et al., 2016; Heritier et al., 2017). Further out in the coma, charge
exchange with solar wind ions also becomes important (Simon Wedlund et al.,
2016).

The plasma is created by the ionization of the neutral gas and lost by recombi-
nation and transport. This is then described by the continuity equation

∂n
∂ t

+∇ · (n�v) = S−L (8.5)

where n is the plasma number density, t the time and�v the ion velocity. The
main plasma source, S, is then mainly ionization processes by the solar EUV
and by electron impact with an energy higher than the ionization energy of
the gas molecules, typically � 10 eV. This can be described by the effective
ionization frequency, ϑ , times the neutral density, so S = ϑnn(r). The main
loss for the plasma, L, is by dissociative recombination (M+

2 + e− → M+M,
where M denotes a molecule and e− an electron), which is proportional to the
square of the plasma density, ∝ n2, and therefore important only in highly active
comets or close to the nucleus. At 67P it is important only close to the nucleus
around perihelion, so we will set L = 0 (Vigren et al., 2016; Galand et al., 2016).

Assuming steady state, ∂/∂ t = 0, spherical symmetry so that�v = vr̂ and ∇ =
r̂ ∂

∂ r , and a constant ion velocity, v, we get

1
r2

d
dr

(r2n(r))v =S−L (8.6)

=ϑnn (8.7)

=ϑ
Q

4πur2 . (8.8)

Integrating this then gives the plasma density to be

n =
ϑQ

4πuv
1
r

(
1− R

r

)
. (8.9)

where we set n(R) = 0, since no molecules should be ionized when they leave
the nucleus. R denotes the radius of the nucleus. Because there are collisions,
the ion velocity, v, should be equal to the neutral gas velocity, u at least for
highly active comets like 1P/Halley at perihelion. In the limit at far distances,
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Neutral gas 1/r2

Plasma 1/r

Figure 8.1: Visualisation of the neutral gas and plasma density decay. The
neutral gas density decays with 1/r2 while the plasma density decays as
1/r. The neutral gas is represented by the green arrows, starting at the
nucleus. Because S in eq. (8.5) decays with 1/r2 and equally many ions
are created in each spherical shell of the same thickness. In the figure 3
ions are created (red dots) that move approximately radially outward. The
comet sketch comes from https://commons.wikimedia.org/wiki/Fi
le:Comet_P67_Mark.svg.

we thus expect to have

lim
r→∞

n ∝
1
r
. (8.10)

In summary, the neutral gas density decays as 1/r2 while the plasma density as
1/r, see fig. 8.1

The probability that a neutral has been ionized in time t is given by ϑ t, for
t � 1/ϑ . At 1.25 AU, the solar EUV ionization frequency for H2O is about
3 ·10−7s−1 (Vigren & Galand, 2013) so a typical value for the Rosetta mission
can be set as 10−7s−1. A molecule at distance r will have spent a time t = r/u
in space, so the degree of ionization is given by

n
nn

∼ ϑ
r
u
. (8.11)

As an example, for comet 67P, at 100 km distance with a gas flow speed of
1 km/s the degree of ionization is approximately 10−5. This low degree of
ionization means we can neglect feedback from the plasma to the neutral gas
dynamics.

The neutral gas density here, eq. (8.3), does not include that neutrals are lost by
ionization. To include this, one should follow the Haser profile (Haser, 1957).
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This then is described as

nn(r) =
Qe−ϑr/u

4πr2u
. (8.12)

Close to the comet, r � u/ϑ and exp(−ϑr/u)→ 1 and in this limit eq. (8.3) is
valid. Calculating this for 67P with u ∼ 1 km/s and ϑ ∼ 10−7, u/ϑ ∼ 107 km
and so the word ”close” would mean about 106 km. This means, that eq. (8.3)
is a good enough approximation in our case since Rosetta was never that far
out. The disappearance of the neutral gas cloud by ionization is not important
until 10 million km out (∼ 0.1 AU).

But is the assumption that the ion velocity is constant correct? This has an
effect on the theory as most assume that v = u (Vigren & Galand, 2013; Galand
et al., 2016; Heritier et al., 2017). To find out what to expect, we will look at
some energetics.

The velocity of a newly created electron is given by

ve ∼
√

2E
m

(8.13)

which gives a velocity of ∼1000 km/s for a ∼ 10 eV electron. A newborn ion
will have the velocity of the neutral gas since almost all of the excess energy
goes to the lighter particle. Thus when the solar EUV ionizes a neutral, the
electron velocity is much larger than the neutral gas velocity, ve � u. The initial
ion energy at a neutral gas velocity of 1 km/s is 1

2 mu2 = 0.1 eV, for water group
ions (m ≈ 20 amu).

If nothing else interferes, the combination of the effect of a very fast electron
and the gradient in the density results in that many more electrons than ions
would leave the coma, which would be against quasi neutrality of a plasma. This
is counteracted by the formation of an ambipolar electric field. The equation of
motion of the electron gas is given by

mene
d�ve

dt
=−∇pe − ene�E (8.14)

where me is the electron mass, ne the density and the pressure pe = nekTe by
the ideal gas law, where Te is the electron temperature. In equilibrium ( d�ve

dt = 0)
the electric field then follows as

�E =− ∇pe

ene
(8.15)

=− kTe

ene
∇ne (8.16)

=− kTe

e
∇ln(ne) (8.17)
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using eq. (8.10), we can find that ∇ln(ne)∼ 1
r and so

Eamb =
kTe

er
(8.18)

is the ambipolar electric field which is needed so that ion and neutral gas have
the same velocity. If there are no collisions, this field accelerates the ions
outwards, but as kTe ∼ 10 eV and 1

2 mu2 ∼ 0.1 eV, it does so past the neutral
gas velocity. We get v � u and so the assumption v = u, breaks down.

Two solutions to this problem are suggested. The first is effect of electron
cooling: if the electrons are rapidly cooled down to the neutral temperature,
Tn ∼ 102, K∼ 0.01 eV, then the ambipolar electric field is small. This however
would require high neutral density, nn. The second would be that the ions follow
the neutral gas closely because of collisions. Both of these theories seem to
work well for 1P/Halley but are much more unclear for 67P because of its much
lower production rate.

The understanding of the ionosphere of a weak comet like 67P is still incomplete.
For example, Vigren & Eriksson (2017) showed that even when taking collisions
into account, a weak ambipolar field accelerates ions to several times u, while
Vigren et al. (2016), Galand et al. (2016) and Heritier et al. (2017) get good
agreement with observed plasma density using theories assuming v = u. Still
our results in article 4 (chapter 11) suggest the ambipolar field is there, as all
the cold electrons we see must have been held back by this field to have gotten
the time to cool down.

8.1.4 Solar Wind Interaction

The comet is not only influenced by solar heating but also by solar wind. The
solar wind is a stream of particles, protons, electrons as well as some heavier
ions blowing almost radially out from the Sun and crossing the solar system at
200-800 km/s. The solar wind was postulated by L. Biermann in 1951 when
observations of comets showed that the ion tail always points away from the
Sun. The solar wind also carries a magnetic field with it that is frozen in to the
plasma. This interplanetary magnetic field (IMF) interacts with the charged
particles around the comet nucleus.

The outgassing activity of a comet is set by its sublimation of volatiles, with
a certain gas production rate. A comet sufficiently far away from the Sun
behaves like a rock in space without any coma, or tails, see for example fig. 8.2a.
Sufficiently far away can be very far. When Rosetta arrived at 67P at 3.6 AU, it
was already quite active and an ionospheric plasma could be seen (Yang et al.,
2016). As the heliocentric distance decreases, the gas production rate increases.
A highly developed comet interacts with the solar wind in the following way.



56 Chapter 8. Comet Environment

Plasma is a very good conductor and the electric field in the own frame of
reference is nearly zero. This leaves:

�E +�v×�B = 0 (8.19)

and field lines are said to be frozen in to the plasma. The solar wind carries
with it the IMF and when it comes close to the comet, it slows down. This slow
down is a result of the solar EUV ionization of the comet gas that creates new
charged particles which are accelerated ultimately to solar wind spee by the
electric field given by eq. (8.19). So the solar wind slows down, when a new
ion is created, by conservation of momentum. The rate of creation of new ions
is largest closest to the comet nucleus and so the solar wind plasma slows down
much more, closer to the nucleus. This leads to draping of the magnetic field.
See for example fig. 8.2b. Since the magnetic field is frozen in to the plasma,
the slow down of the solar wind close to the nucleus causes an increase of the
magnetic field. The magnetic field can be above tens of nT while the IMF is
typically a few nT.

While a number of plasma regions and boundaries were inferred to exists from
brief flybys of other comets, only two boundaries are generally agreed upon.
These are the bow shock and the diamagnetic cavity.

The bow shock is a result of the slowed down solar wind plasma and transitions
from supersonic to subsonic. The diamagnetic cavity, whose boundary is
sometimes called ionopause or contact surface, separates the purely cometary
material from the mixture outside and there is no magnetic field, �B = 0, inside
the cavity.

The plasma processes mentioned in section 8.1.3 are thought to be mostly valid
inside the diamagnetic cavity because the theory used here does not include the
magnetic field. Outside however things get more complex. Rosetta did cross the
diamagnetic cavity at least 665 times, with a total duration of about 50 hours,
but was mostly outside (Goetz et al., 2016a).

In addition to the diamagnetic cavity boundary and the bow shock, there exist
mathematical boundaries that are defined as composition boundaries. One
example is the cometopause, where the ion composition switches from mostly
H+ of the solar wind to mostly cometary ions (H2O+, H3O+) (Mandt et al.,
2016). Another example is the exobase or collisionopause discussed in the next
section.
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Figure 8.2: Boundaries of a weak (8.2a) and active (8.2b) comet. The weak
comet gets charged directly by the solar wind creating a wake behind the
nucleus. An active comet (high outgassing rate) develops a bow shock and
diamagnetic cavity and causes draping of the solar wind magnetic field.
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Figure 8.3: Image of 67P/C-G taken with the ESO VLT in April 2003, shortly
after it was selected as the Rosetta target, when the comet was relatively
close to the Sun. Image courtesy C. Snodgrass/ESO

8.2 Updates from Rosetta

One should always keep in mind, that everything we learned from Rosetta and
67P, comes from only one single example and is not necessarily the general truth
for all comets, even of similar type. Nevertheless, Rosetta is the most detailed
comet investigation ever, and the only in-situ study of how a comet evolves as
its outgassing changes by 3 orders of magnitude (Q ∼ 5 ·1025 −5 ·1028 s−1).
The water production rate Q for 67P measured by Rosetta is shown in fig. 8.4.
It changed by a factor 1000 during the Rosetta mission with the maximum
just after perihelion. For comparison, the much more active comet C/1995 O1
Hale-Bopp reached a maximum of 2 ·1031 s−1 at perihelion at 0.9 AU (Biver
et al., 2002). Regarding the plasma environment, one can expect this mainly
depends on the outgassing, so we can hope 67P is quite representative for low
activity comets.

As previously mentioned, comet 67P is a Jupiter family comet with an orbital
period of 6.45 years, a perihelion distance of 1.25 AU and aphelion distance of
5.68 AU. Shortly after 67P was selected as Rosetta’s new target in 2003, the
ESO/VLT caught a snapshot of the comet as it was 2.5 AU from the Sun, see
fig. 8.3. It shows a developed coma and a very long tail.

The first surprise came immediately when we arrived at the comet. Instead of
one big boulder, it looked like it was made up of two pieces, that represented the
shape of a duck. The first question arose, if this is because two cometesimals
collided with each other and stuck together, or if the comet was outgassing
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Figure 8.4: General trend of the water production rate of comet 67P during the
Rosetta mission, based on Hansen et al. (2016, Fig. 6).

so unhomogeneously that the surface eroded more at the "neck" to form the
shape. This question was later answered by Massironi et al. (2015). They could
show that there are horizontal layer around each of the two parts of the nucleus,
and that these go all around each of them, so they must have been created
as two separate objects. Comparing to other comets, Borelly and Hartley 2
are shaped more like an elongated potato, but also these probably consist of
two or more parts. The separate lobes are 4.1x3.3x1.8 km for the large body
and 2.6x2.3x1.8 km for the head (Preusker, F. et al., 2017). This results in
an approximate volume of 18.7 km3 and it has a mass of about 9.9 · 1012 kg
(Pätzold et al., 2016). For simplified calculations, we often approximate it with
a sphere of radius 2 km. The rotation period was close to 12 hours but varied a
little during the Rosetta mission (Keller et al., 2015)

As mentioned before, the heating of the comet defines the neutral gas emission
due to ice sublimation. This gas then gets ionized mainly by photoionization
and electron impact ionization (Vigren et al., 2016; Galand et al., 2016; Heritier
et al., 2017). When an electron is newly created it has an energy of typically
around 10 eV (Haberli et al., 1996; Vigren & Galand, 2013). Collisions with
neutrals can cool down the electrons. Theory often assumes that the electron
gas in the inner coma should be that of the neutral gas (Te ∼ Tn) which is a
few 100 K (∼ 0.01 eV) (Tenishev et al., 2008; Biver et al., 2015). This, to be
effective, requires a high neutral density. 67P is less active than for example its
sibling 1P/Halley. This results in a lower collision frequency since this means
that the the neutral gas density is lower. Therefore warm electrons (5-10 eV)
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dominate the electron gas. This can be seen from the spacecraft potential as it
is mainly negative during the whole mission (-5 to -10V) (Odelstad et al., 2015,
2017). The presence of warm electrons has also been confirmed by MIP and
IES instruments on Rosetta (Broiles et al. (e.g. 2016)). But as it turns out, cold
electrons are also observed by LAP (Eriksson et al., 2017) and MIP (Gilet et al.,
2017). These studies only showed a few observations. In article 4 in this thesis
(chapter 11) we show that cold electrons are very common. Even though 67P is
less active, collisional cooling is evidently still possible.

The electron exobase is the distance within which electrons are collisional and
with this are able to cool. It is also called electron collisionopause or electron
cooling boundary (Mandt et al., 2016; Eriksson et al., 2017; Henri et al., 2017).
It is not a very sharp boundary but rather a characteristic scale length. It is
defined as the distance to the comet where the electron mean free path is equal
to the neutral gas density scale height. The neutral density varies with distance
as 1/r2 (eq. (8.4)) and plasma density as 1/r (eq. (8.10)) so the scale height can
be taken to be equal to r. Inside, the electrons colliding with neutrals loose a
fraction of their energy. As the mean free path is 1/(σnn), the electron exobase
distance Lc is given by

Lc = nnσr2 (8.20)

where r is the cometocentric distance, nn the neutral density and σ = 5 ·1020m2

the electron-neutral cross section for 5 eV electrons colliding with water
molecules. It can be noted that as σ depends strongly on energy (Itikawa
& Mason, 2005), the exobase is different for different energies. Furthermore,
one single collision does not cool an electron down from ∼10 eV to ∼0.01 eV,
so the exobase concept is not precise.

Here we define the dimensionless distance of the spacecraft position in units of
Lc

R∗ =
r

Lc
=

1
nnσr

. (8.21)

During most of the mission Rosetta is situated outside the exobase (R∗ > 1).
This does not mean, that there are no collisions expected, only the chance of
an electron actually colliding with a neutral is small at the position of Rosetta.
However, a lot of cooling may go on closer to the nucleus where the neutral
density is higher.

Another finding is that the plasma environment around 67P turns out to be
quite unstable (Edberg et al., 2015; Stenberg Wieser et al., 2017). This was
first shown by MAG by finding "singing comet waves" around 10-100 mHz
with relatively high amplitude, dB/B ∼ 1 (Richter et al., 2015; Koenders et al.,
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2016). These waves were mainly found at low activity stages. While there is
this unstable plasma environment around 67P, inside the diamagnetic cavity
it is much less disturbed (Goetz et al., 2016b; Henri et al., 2017). However,
large density variations have also been observed there (Hajra et al., 2017).
Many cavity observations are short, just a few minutes or even less. Henri
et al. (2017) noted that the density inside cavity observations following each
other closely is the same. They suggested this may happen by a central cavity
forming finger-like structures stretching out into the surrounding magnetized
plasma. They also showed that more cavity observations were made when
Rosetta was close to the electron exobase. The hybrid simulations by Koenders
et al. (2015) also show that the cavity is unstable. Filaments of cold dense
plasma were seen in the simulations to leave the cavity and propagate outward.
These are however not unmagnetized (B = 0) like the cavity fingers suggested
by Henri et al. (2017). We show in article 3 (chapter 10) that structures like
the filaments in the hybrid simulations are also seen by Rosetta. How the short
cavity observations should be explained is still discussed. That the cavity size
seems to relate to the electron exobase points to that cold electrons may be
important, so our report of cold electrons in article 4 (chapter 11) may also be
of interest for cavity physics.
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Cold and warm electrons at comet 67P/Churyumov-Gerasimenko

The article, entitled "Cold and warm electrons at 67P/Churyumov-Gerasimenko",
has been published by Astronomy and Astrophysics (Eriksson et al., 2017).
Here follows a short summary.

This paper presents general aspects of LAP measurements, particularly probe
bias sweeps, and reports cold (< 0.1 eV) electron gas at the comet. Such cold
electrons have been long predicted, as collisional cooling on the neutral gas
should be effective, at sufficiently high neutral gas density. From the point of
view of this thesis, the main result is that the cold electrons often appear in LAP
data as pulses of high current. We first tried to explain these as due to dust but
now interpret them as filaments of cold plasma.

The current-voltage curve of the LAP measurements show specific key signa-
tures during the mission, see figure 2 in the manuscript. These different regimes
are:

Tenuous Plasma (n � 101cm−3) small plasma electron flux, such as solar
wind. Here the current-voltage curve is dominated by photoemission from
the probe and collection from the photoelectron cloud surrounding the
spacecraft. In this regime, the plasma density can not be extracted directly
from the sweep, but can be estimated from the spacecraft potential.

Intermediate Plasma (101 � n � 103cm−3) plasma electron flux overcoming
the spacecraft photoemission and ion flux, with a temperature of about
1-10 eV. This is the most typical environment around 67P. Here it is
possible to extract the plasma density from the sweep as well as with
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current measured at a constant bias potential. In this region either one
warm population (Te = 5− 10 eV) is needed to fit the current-voltage
characteristics, or two electron populations with different temperatures
are needed, indicating that some electrons have experienced collisional
cooling.

Dense Plasma (n � 103cm−3) electron flux dominated by electrons with en-
ergy of the order of 10 eV as the spacecraft is still highly negative (around
-10 V). However, a cold electron population of temperature possibly as
low as that of the neutral gas (a few hundred Kelvin) is also needed to
explain the sweeps.

LAP typically does probe bias sweeps every few minutes. In between these
sweeps, the instrument sets the probes at some fixed bias potential, usually
±30 V. In these measurements, we found pulses in the current that can be much
larger than the background current, up to ∼ 15μA in the case of a positive
probe.

Large pulses were first noticed on the day when Philae landed on the comet
nucleus (Nov 2014), and then pretty much throughout the whole mission. The
pulse detections are not uniformly distributed around the nucleus. When Rosetta
was in the northern hemisphere during northern summer, the pulses were mainly
detected around the neck region, which is also where the neutral gas and plasma
density are highest in this period (Bieler et al., 2015b; Edberg et al., 2015, e.g.).
This region was deemed the most active during northern summer. In general we
find the pulses in about the same regions as where Odelstad et al. (2015) noted
the highest plasma densities.

One obvious question is if these single pulses are due to dust hits. Thus far,
the dust seems to have only little impact on the collective plasma. This is in
contrast to the findings at Enceladus in the first article of this thesis, where the
dust is a significant component of the plasma, see chapter 6. This may be due
to the different environments of Enceladus and 67P.

We can rule out that separate pulses are single dust grain impacts, as there are
simultaneous pulse detections in both probes. The two LAP probes are separated
by 5 m (Eriksson et al., 2007). Furthermore, in contrast to the millisecond pulses
due to dust hits seen on Cassini, the pulses observed turned out to vary in length
from a few seconds to well over a minute. Another option is a dust cloud
hitting the spacecraft. Since we simultaneously observe pulses in both electron
and ion mode (Vb set at positive and negative potential) this would indicate
that the cloud consists of both positively and negatively charged dust particles.
This may be possible if the dust grains are of different character, however it
is unlikely that this happens over a long time or large region. Furthermore,
considerations of the likely charge on dust grains and the total charge contained
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in a pulse shows that the pulses carry far too much charge to be well explained
by dust grains. All this indicates that the pulses are due to local variability of
the plasma density rather than dust effects. Larger detections in the electron
current indicates that the pulses are mainly due to the low temperature electrons.
However, not every pulse has a clear counter part in the other LAP sensor.
Because the ion current is usually much smaller than the electron current, the
signal to noise ratio is lower for the ions. In addition there may be wake effects
such that a plasma cloud only reacts to one of the sensors.

This makes the nature of the pulses quite consistent with the plasma filaments in
the hybrid simulations by Koenders et al. (2015). Three plots from that article
are reproduced in fig. 9.1. Figure 9.1a shows the simulated plasma density
around the nucleus in the x̂-ẑ plane, where x̂ is the solar wind direction and
ẑ is perpendicular to the interplanetary magnetic field. Finger-like filaments
of dense plasma are seen to detach from the diamagnetic cavity region, deep
inside the inner coma, where electron cooling is efficient as the neutral density
is high, and moves out into surrounding space. Figures 9.1b and 9.1c shows the
time evolution of the plasma density and magnetic field, respectively, along a
cut in the ẑ-direction (solar wind electric field). Taking for example z = 100 km,
we find pulses of ten times higher density passing by in a time varying from a
few to a few tens of seconds. So the filaments turning up in the simulation are
expected to give signatures similar to those we observe.

Contribution

I was responsible for the part of the paper regarding the pulses, including all
data analysis.
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(a)

(b) (c)

Figure 9.1: The solar wind flows in the +x direction, and the interplanetary
magnetic field is in the x-y plane. This is a hybrid simulation (ions are
particles and electrons are fluid) with solar wind conditions typical for
1.3 AU and Q = 5 ·1027s−1. (a) shows density variations along x and z. Here
small filaments can be seen. (b) and (c) show density and magnetic field
variations in time, respectively. Looking along 100 km from the nucleus
one sees pulses of various length in the density as well as magnetic field
variations. Reused from (Koenders et al., 2015, Fig. 5e, 3c and 3d), with
permission from Elsevier.
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Plasma density structures at 67P/Churyumov-Gerasimenko

The article, entitled "Plasma density structures at 67P/Churyumov-Gerasimenko",
has been published by Monthly Notices of the Royal Astronomical Society
(Engelhardt et al., 2018). Here follows a short summary.

It builds on article 2, "Cold and warm electrons at 67P/Churyumov-Gerasimenko",
see chapter 9. The goals here were to further understand the pulse nature by
using data also from other RPC instruments and investigate their relation to
electron cooling. This is an event study of LAP data and especially the cold
plasma pulses therein. These are seen as sudden high amplitude spikes in the
probe current that can last up to minutes in time.

We find that these kind of pulses can not only be seen in the plasma density
measurements (LAP and MIP) but can also be seen in other RPC instruments,
such as the ion energy flux (ICA) as well as the magnetic field measurements
(MAG).

The dates for the four events are chosen from October and November 2015
and are all shortly after perihelion, August 13. They cover a variety of radial
distance, phase angle and local time.

Here we make use of the derived electron density by MIP to calibrate the
LAP data. The current measured by the Langmuir probe is proportional to the
electron density (compare to section 2.2).

We have to assume the spacecraft potential, electron temperature and ion ve-
locity stay constant over the time of calibration, since we do not have the data
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in high time resolution. Doing this allows us to use a linear fit to the derived
density by MIP.

nMIP = A(ILAP +B) (10.1)

where A and B are the fitting parameters. Since in a plasma ne ∼ ni we can use
the same formula for both fitting electron and ion density.

For one of the events studied in this paper, the probe is set to measure the
potential between the probes when no bias voltage or current is applied. Here
we can use the approximation that the density is proportional to the spacecraft
potential in the following way

n ∝ exp
(
−α

Vs

Te

)
. (10.2)

This then turns into a linear fit of the logarithms

log(nMIP) = log(D)+ULAP/C (10.3)

where C and D are the fitting parameters.

The fit itself is not perfect because of the assumptions of constant electron tem-
perature and spacecraft potential, but it can give a good indication to compare
the trend of these two independent measurements. The result is the same here as
for the current measurements, verifying we can use either type of measurement
to study these pulses.

Looking only at the two LAP probe signals, we see that pulses often coincide in
time and amplitude, no matter if the probe is positively or negatively biased. So
pulses can be seen simultaneously when both probes are set to electron mode
(collecting electrons) or when both the electron and ion mode is used. This
however can depend on the attitude of the spacecraft. If one of the probes is
in the shadow of the Sun (either due to the spacecraft itself, the solar panels or
the high gain antenna) the probes will show different currents. It might also be
affected by the wake effect. Here the plasma outflow from the comet can get
perturbed by the spacecraft.

When the plasma density is higher, the spacecraft potential is more negative
(Odelstad et al., 2017). This can result in that the probe is not positive with
respect to the plasma so that electrons can not be collected. This is especially
problematic when the electrons are cold since they do not have enough energy
to overcome the spacecraft potential. If however the probe is set to a negative
potential, ions do more easily reach the probe when the spacecraft becomes
more negative. Thus generally, when the plasma is dense, it is better to obtain
the density from a negatively biased probe.
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Figure 10.1: Example of the prominence of a peak. It is defined as the distance
between a local maximum and the nearest minimum.

When looking at the other instruments, their variations do agree well with
the pulses seen in LAP. This is another indication that these are local plasma
variations. We furthermore included the neutral gas density data and used it
to calculate the electron exobase distance to be able to quantify the plasma
conditions further.

In this study, we also adjusted the algorithm for finding pulses, as compared
to article 2 (chapter 9). It is now done with the new (2017)’ ’findpeaks” func-
tion provided by matlab. The algorithm looks for local maxima where the
prominence is larger than a given threshold, here set to 20 nA. The prominence
is defined as the height of the peak to the nearest local minimum. See as an
example fig. 10.1.

The statistics were re-run on the ion current in LAP2 over the 2015 data
from specific operational modes, where LAP2 was set to -17 V and -30 V
respectively. These were then compared to the radial distance of Rosetta as well
as the electron exobase distance. We can clearly see that when we are closer to
the exobase, we detect more pulses.

We noted already in article 2 that the pulses could be plasma filaments from the
diamagnetic cavity as seen in the simulations by Koenders et al. (2015). In this
article we show that the pulses also are seen in the magnetic field, as is also the
case in the simulations. Furthermore, we find them to be more common close
to the exobase. Henri et al. (2017) showed that the main diamagnetic cavity
seems to end around the exobase, so the pulses do also in this respect fit to the
plasma filaments in the simulations.

Contribution

I had the main responsibility for the paper, planned the work, selected events an
did all data analyzes.
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Cold electrons at comet 67P

The article, entitled "Cold electrons at comet 67P/Churyumov-Gerasimenko",
has been submitted to Astronomy and Astrophysics (Engelhardt et al., 018b).
Here follows a short summary.

As article 3, it builds on article 2, "Cold electrons at 67P/Churyumov-Gerasimenko",
see chapter 9. This time however, the focus is on LAP observations of cold
electrons in general.

Newly created electrons have energies of about 10 eV. Due to collision between
electrons and neutrals, electrons can lose a fraction of their energy and cool
down toward the neutral gas temperature. In this article we provide a method to
identify cold electrons. For this, we show that the slope of the electron side of
the Langmuir probe sweep can be used to identify cold electrons.

As mentioned in section 2.2 the electron current to a positively charged Lang-
muir probe is given by

I = 4π a2ne

√
eTe

2π me

(
1+

U
Te

)
(11.1)

where Te is given in eV and the slope at this side of the sweep is given by

S =
dI
dU

= a2e3/2
√

8π
me

ne√
Te
. (11.2)
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Figure 11.1: Two versions of a response to a Langmuir probe sweep, based
on actual data from article 2, chapter 9. Ii, Ie, and Iph are the contributions
from the ions, the electrons and the photoelectrons, and Ice and Iwe are
the contribution of cold and warm electrons, respectively. Figure 11.1a
shows the signature of expected response to a warm plasma while fig. 11.1b
shows the response when cold electrons reach the probe. The slope on the
electron side is much steeper than in 11.1a and Ice dominates the slope at
high potential.

A general shape of a LAP sweep is shown in fig. 11.1a. This slope is adapted
from figure 1b in article 2. Figure 11.1b, on the other hand, shows a sweep with
where at least 25% of the electrons are cold.

Using the slope of the Langmuir probe and the electron density from the Mutual
Impedance Probe, we can estimate the temperature of the electrons as

Ts = 8π
a4e3

me

n2
e

S2 . (11.3)

We can show, that the cold temperatures we measure, come exclusively from the
steep slopes (figures 3 and 4 in the article) and less steep slopes are identified
with larger temperatures. Temperatures, derived by this method, between 10
and 100 eV are to be taken with a grain of salt, and temperatures <100 eV
should be discarded as bad data.

Furthermore we show the statistics over the whole mission for when we see cold
electrons. As it turns out, we see them early on in the mission, when the comet
was not so active, until almost the end of mission. To see when we expect them,
we consider the electron exobase, as explained in section 8.2. It is a gradual
boundary inside where electrons are colliding with neutrals. For a region to
exist where there is collisionality expected, the exobase distance needs to be
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larger than the nucleus. Translating this to a time frame to predict when cold
electrons are expected, we showed that this should be between March 2015 and
March 2016 (article 4, Figure 1).

Another model is the continuous cooling model where the average energy lost
due to collisions by an electron along the path is calculated. The underlying
assumptions is that these do move radially outward and do not divert from
their path. This is of course a simplification, but with this we can calculate the
energy as a function of distance for an electron moving outward from any given
point in the coma. Here we include electron energy loss both by rotational
and vibrational excitation of a water molecule. The cooling of the electron
depends on the neutral gas density and the energy of an electron. The lower the
electron energy, the quicker it loses energy to the neutral gas. The neutral gas
density does decrease approximately with 1/r2. When doing these calculations
for a newly created electron, at the nucleus, with an energy of 1 eV, we expect
energy loss to a level below 0.2 eV as suggested by the existence of an exobase,
approximately between March 2015 and March 2016. However, for a 10 eV
electron this time frame is down to 1-2 months around perihelion. As most
electrons are newly created in this energy range, we find cold electrons over a
larger part of the mission than this model can explain.

The two simple models used here are not enough to explain the cold electrons
during the whole mission. One mechanism that could keep electrons in the
dense region, close to the nucleus, to cool down more efficiently, could be the
ambipolar electric field (section 8.1.3).

There are two effects for how the ambipolar field can influence the cooling of
electrons. The first effect is, that with this field, the electrons are kept inside the
dense gas, close to the nucleus which gives them enough time to collide with
neutrals more often and cool down. As its energy decreases, the energy loss
becomes quicker. See fig. 11.2a as an illustration. The second effect of the field
is, that the electrons are losing their kinetic energy to potential energy and are
slowed down. See fig. 11.2b. The two effects together should be efficient for
electron cooling and may explain why we see so much cold electrons despite
the fact that 67P is not a very active comet.

Contribution

I had the main responsibility for the paper and performed all data analysis. The
theory in section 2.2 was contributed by the second author.
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Figure 11.2: Ambipolar electric field effects on electrons. 11.2a Keeping the
electrons close to the nucleus and 11.2b converting kinetic energy of an
electron to potential energy.
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12. Enceladus and 67P

Comparison

The main purpose of this research was to study the dust and plasma environment
of the icy moon Enceladus and compare, or even use, it to quantify the dust and
plasma environment of comet 67P/Churyumov-Gerasimenko. As it turns out, it
is not as simple as hoped.

One most apparent similarity is that both objects spew out gas and dust, albeit
through different processes. Enceladus has an under-ice ocean and water
escapes as geysers through cracks in the ice. On comets there is no liquid
water and gas escapes from sublimation at, or near the surface. Both outgassing
compositions include water and water vapor. Another eminent similarity is
the fact that the outgassing is structured and jets can be seen in the general
expulsion from the object. The outgassing of both objects also drags along
some dust.

One major difference is the shape of the object itself. Due to self gravity, the
moon is nearly spherical. The comet on the other hand is usually oddly shaped
and a clump of material, most probably stuck together by collision. Due to
the self-gravity at the moon, it also can be more compact and not as porous
as a comet. These differences were well know at the start of the project, but
the space environments of the bodies could still be assumed to show some
similarities.

One big difference is also the source of heat. At the comet, the solar radiation
heats up the comet from which the surface sublimates while at the moon
we have another internal source of heat. Boice & Goldstein (2009) tried to
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use known comet physics to explain the outgassing and plasma physics of
Enceladus. The similarities mentioned here are the emission of dust and gas as
well as jet-like features in the plume or coma. The region of outgassing changes
the characteristics of the surface as dust can accumulate. Another possible
similar aspect is the heat and gas transport. While major differences are due to
the effect of the gravity, density, liquid water source, cryovolcanism, internal
inhomogeneities and a quasi-bound dusty atmosphere.

Other differences that could be relevant for the comparison of the plasma
environments of Enceladus and 67P is the distance to the Sun as well as the
different space plasma environment. The heliocentric distance differs by a
factor 3-8 and the sunlight was 10-60 times stronger at 67P, when visited by
Rosetta, than at Enceladus. Therefore photoionization at 67P is stronger. The
surrounding environment differs by the strength of the magnetic field. The
magnetic field of Saturn is about 330 nT at Enceladus, while the interplanetary
magnetic field (IMF) is much weaker at 67P.

The biggest difference, relevant for this work is the dust. Due to different
sources and expulsion mechanisms, the dust grains at Enceladus are very
different from the dust at 67P. The dust grains are very small at Enceladus,
in the nanometer size range (Hill et al., 2012, e.g ), while at 67P the dust is
typically large, several millimeter or more (Rotundi et al., 2015; Della Corte
et al., 2016; Merouane et al., 2016).

The size of the dust particles has a strong impact on the amount of electrons in a
plasma that can get attached to the dust grains (see section 5.2, equation 17, of
article 1). If there are more small dust grains, more electrons end up on the dust.
In addition, if they are small, the charged dust grains are more influenced by
electromagnetic forces. The dust-plasma interaction is much more important at
Enceladus where much more electrons stick to dust grains, than at 67P. While
Enceladus has more of a dusty plasma 67P seems to be more a dust-in-plasma
case, as mentioned in section 3.1.

So, while the Enceladus study was mostly on dust-plasma physics, it was not at
67P. Actually, no dust-plasma interaction has yet been identified in the Rosetta
data. This does not mean there is none, but further investigations are needed.

While the instruments on both spacecraft were similar, the conditions were
different. There was for example no dust impact ionization at Rosetta since it
moved at a much lower speed of about 1 m/s while Cassini passed by Enceladus
on average with 9 km/s. At Cassini the ion ram current was approximately
known and the spacecraft velocity was higher than the ion velocity (vs/c � vion)
and at Rosetta this was not the case.
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Swedish Summary

Saturnusmånen Enceladus och kometen 67P/Churyumov-Gerasimenko är två
exempel på isiga objekt i solsystemet från vilka det strömmar ut gas och stoft i
rymden. Vid båda himlakropparna blir gasen delvis joniserad och stoftkornen
blir elektriskt laddade. Båda kropparna har besökts av rymdfarkoster försedda
med Langmuirsondsinstrument för observationer av plasmat och det laddade
stoftet. Det visar sig att förhållandena vid Enceladus och kometen skiljer sig åt,
så vi uppmärksammar i denna avhandling olika aspekter av deras plasmaom-
givningar. Vid Enceladus koncentrerar vi oss på karakteristiska plasmaregioner
samt det laddade stoftet. Vid kometen undersöker vi plasmat, framför allt
plasmavariationer och förekomsten av kall elektrongas.

Enceladus värms upp inuti genom tidvattenkrafter från Saturnus. Uppvärmnin-
gen leder till gasutflöden genom sprickor i isen i området runt månens sydpol.
Detta ger upphov till en gasplym som blir delvis joniserad. Stoftkorn som
följer med gasen kan då laddas upp. Vi har undersökt plasmat och de laddade
nanostoftet i detta område genom att använda Langmuirsonden LP inom Radio-
och plasmavågsinstrumentet RPWS ombord på Cassini. Stoftets laddningstäthet
kan beräknas från skillnaden mellan jongasens och elektrongasens laddningstä-
theter, eftersom total laddningstäthet måste vara nära noll (kvasineutralitet).
Vi kunde visa att metoden ger resultat som väl följer mätningarna av större
stoftkorn med RPWS radioantenner. Med hjälp av LP-metoden kan vi visa
att plasma- och stoftomgivningen runt Enceladus kan delas in i åtminstone tre
regioner. Förutom den välkända plymen är dessa områden de som vi kallar för
plymkanten (plume edge) och stoftspåret (dust trail).
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Vid kometen får värme från solen isen att sublimeras till gas. Gasen drar med
sig stoft när den flödar ut i rymden. När gasen joniseras av solens UV-strålning
(fotojonisation) och kollisioner med högenergetiska elektroner (impaktjonisa-
tion) får vi ett plasma, på samma s’́att som i Enceladusplymen. Modeller visar
att elektrongasens temperatur strax efter jonisering är runt 10 eV (100 000 K),
men att kollisioner med neutralgasens molelyler kan kyla ned elektronerna till
under 0.1 eV (1000 K). Vi använde Langmuirsondinstrumentet LAP på Rosetta
för att uppskatta elektrontemperaturer och visa att varm och kall elektrongas
finns samtidigt i plasmat. De kalla elektronerna syns ofta som kortvariga pulser
i data såväl från LAP som från i mätningar av magnetiskt fält, plasmatäthet
och jonenergi med andra plasmainstrument på Rosetta. Vi tolkar pulserna som
filament av plasma som rör sig utåt från den diamagnetiska kaviteten innerst i
koman, som förutsagts av hybridsimuleringar. Gasproduktionen hos komet 67P
varierade med mer än en faktor 1000 under Rosettas undersökningsperiod. Vi
har därför en utmärkt och helt ny möjlighet att undersöka hur elektronkylningen
i en komets koma ändras med kometens aktivitet. Vi använder en metod där
data från LAP och impedansprobinstrumentet MIP kombineras för att visa
närvaron av kalla elektroner. Vi visar att de var synliga under en stor del av
Rosettas undersökningar, och så långt ut i solsystemet som vid tre astronomiska
enheter. Modeller antyder att kylningen borde vara försumbar på sådant långt
avstånd från solen. Vi diskuterar möjligheten att ett ambipolär electriskt fält
håller kvar elektronerna nära kärnan så att de därmed får mer tid att förlora
energi via kollisioner.
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Acronyms

ÇIVA Comet Infrared and Visible An-
alyzer.

67P 67P/Churyumov-Gerasimenko.

ACP Aerosol Collector Pyrolyzer.
ALICE Ultraviolet Imaging Spectrom-

eter.
APSX Alpha Particle X-ray Spectrom-

eter.
ASI Italian Space Agency.

BM burst mode.

CAPS Cassini Plasma Spectrometer.
CDA Cosmic Dust Analyzer.
CIRS Composite Infrared Spectrome-

ter.
CNES Centre National d’Études Spa-

tiales.
CONSERT Comet Nucleus Sounding

Experiment by Radiowave
Transmission.

COPS COmetary Pressure Sensor.
COSAC Cometary Sampling Compo-

sition.

COSIMA Cometary Secondary Ion
Mass Analyzer.

DISR Descent Imager/Spectral Ra-
diometer.

DWE Doppler Wind Experiment.

ESA European Space Agency.

GCMS Gas Chromatograph Mass
Spectrometer.

GIADA Grain Impact Analyzer and
Dust Accumulator.

HASI Huygens Atmospheric Struc-
ture Instrument.

ICA Ion Composition Analyzer.
IES Ion and Electron Sensor.
IMF interplanetary magnetic field.
INMS Ion and Neutral Mass Spec-

trometer.
IRF Swedish Institute of Space

Physics.
ISS Imaging Science Subsystem.

LAP Langmuir probe.



86 Acronyms

LP Langmuir probe.

MAG Magnetometer.
MIDAS Micro-Imaging Dust Analy-

sis System.
MIMI Magnetospheric Imaging In-

strument.
MIP Mutual Impedance Probe.
MIRO Microwave Instrument for the

Rosetta Orbiter.
MODULUS Methods Of Determining

and Understanding Light Ele-
ments from Unequivocal Sta-
ble isotope compositions.

MUPUS Multi Purpose Sensors for
Surface and Subsurface Sci-
ence.

NASA National Aeronautics and
Space Administration.

NM normal mode.

OML orbit motion limited.
OSIRIS Optical, Spectroscopic and

Infrared Remote Imaging
System.

PIU Plasma Interface Unit.

RADAR Cassini Radar.
ROLIS Rosetta Lander Imaging Sys-

tem.
ROMAP Rosetta Lander Magnetome-

ter and Plasma Monitor.
ROSINA Rosetta Orbiter Spectrome-

ter for Ion and Neutral Anal-
ysis.

RPC Rosetta Plasma Consortium.
RPWS Radio and Plasma Wave Sci-

ence.
RSI Radio Science Investigation.
RSS Radio Science System.

SD2 Sample, Drill and Distribution.
SESAME Surface Electrical, Seismic

and Acoustic Monitoring Ex-
periments.

SSI Surface Science Package.

UVIS Ultraviolet Imaging Spectro-
graph.

VIMS Visible and Infrared Mapping
Spectrometer.

VIRTIS Visible and Infrared Thermal
Imaging Spectrometer.

WBR Wide Band Receiver.
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