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Abstract

The Cassini spacecraft orbits Saturn since 2004, carrying a multitude of
instruments for studies of the plasma environment around the planet as well
as the constituents of the ring system. Of particular interest to the present
thesis is the large E ring, which consists mainly of water ice grains, smaller
than a few micrometres, referred to as dust. The work presented here is
concerned with the interaction between, on the one hand, the plasma and,
on the other hand, the dust, the spacecraft and the Langmuir probe carried
by it. In Paper I, dust densities along the trajectory of Cassini, as it passes
through the ring, are inferred from measured electron and ion densities. In
Paper II, the situation where a Langmuir probe is located in the potential
well of a spacecraft is considered. The importance of knowing the potential
structure around the spacecraft and probe is emphasised and its effect on the
probe’s current-voltage characteristic is illustrated with a simple analytical
model. In Paper III, particle-in-cell simulations are employed to study the
potential and density profiles around the Cassini as it travels through the
plasma at the orbit of the moon Enceladus.
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Sammanfattning

Rymdsonden Cassini befinner sig i omloppsbana kring Saturnus sedan
2004 och bär med sig en mångfald av instrument för att studera plasmat
och ringarna som omger planeten. Av särskilt intresse i denna licentiatupp-
sats är den stora E-ringen. Denna utgörs huvudsakligen av mikrometerstora
(eller mindre) dammpartiklar, bestående av is. Det arbete som presenteras
här behandlar interaktion mellan, å ena sidan, plasmat och, å andra sidan,
dammet, rymdsonden och Langmuirprob som denna är utrustad med. I den
bilagda Paper I utvinns dammtätheter längs Cassinis bana genom E-ringen
ur mätta elektron- och jontätheter. I Paper II betraktas situationen där en
Langmuirprob befinner sig i potentialgropen som omger en rymdsond. Här
betonas vikten av att ta hänsyn till potentialstrukturen kring rymdsond och
prob, och en enkel analytisk modell används för att illustrera hur probens
ström-spänningskaraktäristik kan påverkas av denna potentialstruktur. I Pa-
per III studeras täthets- och potentialprofilerna runt Cassini numeriskt med
particle-in-cellsimuleringar för parametrar som modellerar hur rymdsonden
rör sig relativt plasmat vid månen Enceladus bana.
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Chapter 1

Introduction

Of all the planets in the solar system, Saturn puts up the richest display of a ring
system (figure 1.1), inspiring much awe and admiration and making it something
of the prototypical illustration of a planet.

Figure 1.1: Saturn, with a few of its inner rings, as seen by the Hubble Space
Telescope. (Image credit: NASA/ESA/E. Karkoschka (University of Arizona))

1.1 Saturn’s E ring

The large and diffuse E ring in the Saturnian ring system was not discovered until
the twentieth century. For comparison, the more clearly visible rings were observed
already in the seventeenth century. The inner edge of the E ring has a radius of

1
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3RS, where Saturn’s radius RS ≈ 6×107 m, and at the outer edge, one can put 8RS
as the limit of its extent. The constituents of the ring are microscopic ice grains,
a few micrometers or less across. These have their source on the moon Enceladus,
which orbits Saturn at 4RS in the ring plane. From cracks in the surface at the
south pole of Enceladus, the material that populates the E ring shoots out like
a geyser. This has been photographed by the Cassini spacecraft, orbiting Saturn
(figure 1.2).

Figure 1.2: The ejection of material through the cracks in the surface of Enceladus
is seen as a plume in this image captured by Cassini. The radius of Enceladus is
252 km. (Image credit: NASA/JPL/Space Science Institute)
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1.2 The Cassini spacecraft

Cassini is part of the Cassini–Huygens mission, which is a joint effort by the Amer-
ican (NASA), European (ESA) and Italian (ASI) space organisations to study the
giant gas planet Saturn, along with its moons, rings and plasma environment.
Cassini refers to the orbiter, currently circling Saturn, whereas Huygens is the
name of a probe, carried by Cassini, that was released from its carrier to make
its own way down to the surface of Saturn’s moon Titan, studying its atmosphere
along the way. A picture of Cassini, with the Huygens probe attached, is presented
in figure 1.3. It shows the spacecraft being handled at Kennedy Space Center in
preparation for its launch.

Cassini is equipped with many instruments for studying different aspects of
the Saturnian environment. Imaging devices take pictures in infra-red, visible,
ultraviolet and even microwave wavelengths. A dust detector senses the microscopic
dust grains of for example ice, that hits it. Spectrometers register the impacts
of electrons, ions and neutrals and gives information on their energy spectra. A
magnetometer allows Cassini to measure the magnetic field, which has its source
inside Saturn and permeates the ring system and plasma disc, which lies in the
equatorial plane of the planet. Yet other instruments have antennas to pick up
radio and plasma waves. The spectrum of such waves can provide information
about the plasma, e.g. by observing resonant frequencies [2]. The upper hybrid
frequency, for example, depends on the electron density and magnetic field strength,
so that by measuring the magnetic field, the electron density can be determined. Of
particular interest to this thesis is the Langmuir probe [3]. It consists of a sphere,
mounted at the end of a boom which holds it out about 1.5 m away from Cassini.
The sphere is biased to different potentials and, at the same time, the current
collected by the sphere is measured. By sweeping the potential, the current-voltage
characteristic of the probe is found, from which information about the plasma can
the be extracted.
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Figure 1.3: Cassini during assembly. The large white disc antenna on top is four
metres in diameter. Several booms and wire antennas, used for measurements, were
extended from the spacecraft once in space and are thus not visible here. On the left
side of Cassini, the Huygens probe can be seen with its gold-coloured, cone-shaped
heat shield. (Image credit: NASA)
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Sheaths

2.1 Basic principle of sheaths

When a plasma stands in contact with an object, the plasma particles will collide
with its surface and be collected by it. Such an object may be for example a wall,
confining the plasma, or a probe, immersed in the plasma. As the particles are
collected by the surface, and thereby removed from the plasma, they contribute
their charge to the object and at the same time deprive the plasma of it. If the
object is made of a conducting material, its charges will redistribute over it so as
to maintain a single potential throughout it. If on the other hand the material is
an insulator, charges would rather stick close to where they impacted the surface.

Consider the situation where an infinite, conducting plane has just been brought
into contact with an infinite plasma. If electrons and ions have the same tempera-
ture, the electrons, due to being lighter, will have a much higher thermal speed than
the ions. A situation where the ion temperature is much higher than the electron
temperature, so that the ion thermal speed can compete with the electron thermal
speed, is quite unnatural and is disregarded here. Because of their higher speed,
the electrons are the first ones to collide with the wall and many of them will have
done so before the ions have move significantly at all. As electrons are lost from
the plasma to the wall, they leave behind a net positive charge which causes the
plasma to get a positive potential compared to the wall by typically a few electron
temperatures.

There is of course no step-like change in potential, when going from the plasma
to the wall. Rather, the potential transitions smoothly in a region near the edge
of the plasma from its higher value in the bulk of the plasma to its lower value
at the wall. This region is called the sheath and extends a few Debye lengths into
the plasma. The potential gradient in the sheath region makes it more difficult for
further electrons to reach the wall and the electron flux is therefore reduced. At
the same time, it helps accelerate ions to the wall.

The usual way to model the densities is for electrons to rescale the background

5
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density n0 with a Boltzmann factor,

ne = n0eeϕ/(kBTe), (2.1)

and for ions to use conservation of energy and the continuity equation, arriving at

ni = n0√
1− 2eϕ

miv2
0

, (2.2)

where v0 is the flow speed of the ions as they enter the sheath. In the subsequent
solving for the potential from Poisson’s equation

d2ϕ

dx2 = −e(ni − ne)
ε0

, (2.3)

with equations (2.1) and (2.2) in place for ne and ni, respectively, it turns
out any physically relevant solution requires v0 to be at least

√
ekBTe/mi. The

acceleration of ions to this speed, called the Bohm speed, is accomplished by the
presheath region, located between the bulk plasma and the sheath. In the presheath,
which can be much thicker than the actual sheath, there is thus a non-zero electric
field, but the potential drop across the presheath is much less than that across the
sheath. A sketch of the behaviours of densities and potential in the bulk plasma,
the presheath and the sheath is shown in figure 2.1.

2.2 Sheaths in different regimes

Objects like a dust grain, a probe and a satellite will all have a sheath around them
when exposed to a plasma, though they will differ in their quantitative description.
The precise shape of the sheath depends on the relationship between characteristic
parameters such as the object’s characteristic dimension (which can be thought of
as the linear size of the region disturbed by the probe and is typically similar to
the size of the probe itself or a few times larger, depending on the probe shape [6]),
the Debye length and the mean free path ` of the plasma particles.

We can categorise the different regimes, somewhat crudely, as in figure 2.2. In
the present thesis, three types of objects that interact with the plasma – Cassini,
its Langmuir probe and the dust particles of the E ring – are considered. In all
three cases, collisions can be neglected (i.e., l � d holds). The microscopic dust
further fall well into the thick sheath regime, as it is much smaller than the Debye
length, which is of the order of 1 m or larger. This is also the case for the probe
(whose radius is 25 mm. The Cassini spacecraft itself, however, is of the order of
a Debye length and the sheath can therefore neither be considered to be thick nor
thin. This intermediate case is more difficult to treat analytically, which is why
numerical simulations are used for this problem in Paper III.



2.2. SHEATHS IN DIFFERENT REGIMES 7

Figure 2.1: Sketch of the sheath structure close to an infinite, conducting wall. (a)
In the presheath, both electron and ion densities drop from their bulk values, but
they do not differ from each other (i.e., quasi-neutrality holds). In the sheath, they
continue to decrease – the electron density more rapidly than the ion density –
leaving the sheath with a positive charge density. (b) The larger part of the drop in
potential (in this figure called Φ) between the bulk plasma and the wall occurs in
the sheath, which therefore also represents most of the ion acceleration. However,
the presheath acceleration alone is enough for the ions to reach the Bohm speed.
(Image credit: Ref. [1])
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Current collection regimes

Frequent collisions, ℓ ≪ d
(fluid description applicable)

Collisionless, ℓ ≫ d

Thick sheath, λD ≫ d
(OML sometimes applicable)

Thin sheath, λD ≪ d Neither thick nor thin sheath
(analytical treatment difficult)

Figure 2.2: Some sheath regimes classified by the relations between characteristic
probe dimension d, mean free path ` and Debye length λD.
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Orbital motion limited model

The orbital motion limited (OML) model [5] describes the currents collected by an
isolated body in a plasma by making use of the conservation of energy and angular
momentum of each electron and ion that approaches it. By isolated, we here mean
that other bodies are far enough away, or otherwise insignificant enough, that their
influence on the currents collected by the studied body is small. If a dust cloud
is studied, for example, it should not be too dense if OML theory is to apply. In
its basic formulation, OML considers a spherical body with small a radius a� λD
and also assumes that the mean free path of both ions and electrons are large
enough that neither of them undergo collisions on their way from the undisturbed
background plasma to the body. Furthermore, it disregards the possibility of an
effective potential barrier or, equivalently, an absorption radius larger than the
actual radius of the body. The effective potential is a concept that arises when
the equations describing the three-dimensional motion of plasma particles in the
potential field around the body are reformulated into a one-dimensional version,
whose only coordinate is the radial distance from the body [4]. This one-dimensional
motion takes place in a potential field that is called the effective potential and
might set up a potential barrier outside the body, such that all plasma particles
that are able to overcome this potential barrier are destined to be collected. In
such a situation, there are no particles that barely miss the collecting surface, and
instead, the potential barrier acts as the absorption radius [5].

By making these assumptions, and using the sign convention that current leaving
the probe counts as positive, OML arrives at the following current contribution by
a Maxwellian particle species with density n, charge q, mass m and temperature T
[4]:

I(ϕ) =
{
I0(1− qϕ/(kBT )) qϕ < 0
I0e−qϕ/(kBT ) qϕ > 0

(3.1)

9
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where ϕ is the potential of the body, relative to the plasma,

I0 = q
√

8πa2nvT (3.2)

is the random current (collected by an uncharged body),

vT =
√
kBT

m
(3.3)

is the thermal speed, a is the radius of the body and kB is the Boltzmann constant.
The convention used here is that a current flowing to the body is considered positive.
As seen from equation (3.1), the current has an exponential dependence on the
potential in the repulsive region (qϕ < 0) and a linear dependence (plus a constant
term) in the attractive region (qϕ > 0). This functional shape is illustrated in
figure 3.1.

The equivalent current expression can also be constructed for a drifting Maxwellian
distribution with drift speed vT [4]. For attraction (qϕ < 0), this becomes

I(ϕ) = q
√
π
a2nv2

T

vd

(√
π

(
1 + 2

(
ξ2 + qϕ

kBT

))
erf(ξ) + 2ξe−ξ

2
)
, (3.4)

where ξ = vd/(
√

2vT ), and for repulsion (qϕ > 0),

I(ϕ) =
√
π
a2nv2

T

vd

(√
π

(
1
2 − ξ+ξ−

)
(erf(ξ+)− erf(ξ−)) + ξ+e−ξ

2
− − ξ−e−ξ2

+

)
,

(3.5)

where ξ± =
√
qϕ/(kBT )± vd/(

√
2vT ).

3.1 Floating potential

If an uncharged body is placed in a plasma consisting of electrons and ions, it will
at first collect an electron current that is larger than the ion current. When OML
applies, this can be understood from equation (3.3), where the thermal speed vT
will be larger for electrons than for ions. As the body collects this negative charge,
however, it gets driven negative in potential, which means that fewer electrons
manage to reach its surface and some extra ions are collected. This way, the body
potential reaches a stable equilibrium, where the electron and ion currents cancel
each other, by being equal in absolute value and opposite in sign. This potential
is called the floating potential ϕ0. In the general case with an arbitrary number of
plasma species, the definition of ϕ0 can be written∑

s

Is(ϕ0) = 0, (3.6)
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I (a)

0−kBT/e

probe bias ULP − Upl

d
I
/d

U
L
P

(b)

Figure 3.1: Current to a spherical probe or other object according to the OML
model (equation (3.1)) for a negative particle species. (a) The collected current
as a function of the probe potential. In the repulsive region (to the left of the
plasma potential), the current depends exponentially on the potential, whereas in
the attractive region (to the right of the plasma potential), the dependence is a
straight line. (b) The derivative of the curve in panel (a). Here, transition between
the repulsive and attractive regions are more easily seen, with a “knee” arising
where the probe is at the plasma potential.

where Is(ϕ) is the current contribution from species s. The cases studied in this
thesis involve two species: electrons and positive, singly charged ions. Furthermore,
the floating potential is negative and with use of the OML model of equation (3.1),
equation (3.6) becomes

e
√

8πa2nvTi

(
1− eϕ0

kBTi

)
− e
√

8πa2nvTeeeϕ0/(kBTe) = 0 (3.7)

or more simply

vTi

(
1− eϕ0

kBTi

)
= vTeeeϕ0/(kBTe). (3.8)
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−11 −10 −9 −8 −7 −6 −5 −4 −3
probe bias ULP − Upl (V)

−1

0

1
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3
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5
I

(n
A

)
total current
electron current
ion current
photoelectron current

Figure 3.2: An example of how the currents collected by a spherical object according
to the OML model depends on the probe potential. For an increasingly negative
potential, more and more electrons are unable to reach the surface of the object and
the collected electron current decays exponentially (with the electron temperature
as the decay constant). At the same time, the ion current increases linearly. Because
the ion current is small and largely constant, compared to the dramatic variations
in electron current, the floating potential is found where the electron current has
become small like the ion current, i.e., at a few electron temperatures negative. In
this example, a photoelectron current has also been included. It is constant for
negative potentials and thus has the same effect as stronger ion current.

Note that both ion and electron current are proportional to a2, which therefore
disappears from the equation. The floating potential is thus independent of the size
of the body, which can be a useful property when one wants to estimate the floating
potential of, say, dust grains based on knowledge about the floating potential of a
spacecraft or a probe. Because the electron current depends exponentially on the
potential and the ion current only linearly, the floating potential will settle down
at “a few electron temperatures negative”, i.e., ϕ0 ∼ −kBTe/e, for a wide range of
parameters. This rule of thumb can be invalidated if there are other currents also
contributing to the balance. Such currents arise for example if the body is exposed
to sunlight, producing photoelectrons, or is hit by energetic electrons, knocking
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out secondary electrons. Both of these currents drive a body more positive than it
would otherwise be and its floating potential can even become positive with respect
to the ambient plasma.

In figure 3.2, three types of currents collected by a probe are plotted versus
the probe potential. In addition to the ordinary electron and ion currents, both
modelled with OML, a photoelectron current has been included. Such a current of
photoelectrons leaving the probe is constant for negative probe potentials as every
electron that overcomes the work function leaves the probe surface.

A set of floating potentials of an object, experiencing ion collection, electron
collection and photoelectron emission has been tabulated in table 3.1, for different
densities, temperatures, drift speeds and photoelectron currents. The calculations
apply for a sphere of radius 25 mm and this size, as well as the photoelectron
current, has been chosen to imitate the situation of the Cassini Langmuir probe.
[3, 9] The first line in the table is the same case as plotted in figure 3.2 and the
other lines deviate from this case in one parameter at a time.

n kBT vd Iph φfloat
5× 107 m−3 3 eV 40 km/s 500 pA −8.2 V
3× 107 m−3 3 eV 40 km/s 500 pA −7.5 V
5× 107 m−3 2 eV 40 km/s 500 pA −5.1 V
5× 107 m−3 3 eV 60 km/s 500 pA −7.6 V
5× 107 m−3 3 eV 40 km/s 1 nA −3.5 V

Table 3.1: Floating potential (φfloat) calculations for a sphere according to OML,
with the addition of a photoelectron current Iph. The plasma has density n and
drift speed vd. Ions and electrons share the temperature T . The first parameter
combination listed here is also illustrated in figure 3.2, where we can see the de-
pendence of the different currents on the considered object. The curve for the total
current crosses zero when the object potential is −8.2 V, compared to the plasma
potential, as indicated in this table.

3.2 Applicability to the Cassini Langmuir probe

The Langmuir probe on Cassini belongs in such a parameter regime that OML
theory could potentially be used to model its current-voltage characteristic. For
example, it is much smaller than the Debye length and the plasma around it is
collisionless on the relevant length scale.

There are, however, circumstances that complicate this picture so that actual
measured sweeps [7] do not follow OML in its unmodified form. Figure 3.3 shows
an example of a sweep by the Langmuir probe, captured near a passage of the orbit
of Enceladus at 2005-07-14 19:45:18. Though it is difficult to judge from looking
at the current curve, the derivative (constructed by taking the difference between
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consecutive points) reveals that it does not really follow plain OML. Whereas the
derivative in OML has one knee, the measured curve could perhaps be said to have
several of them.
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Figure 3.3: Current-voltage characteristic of the Cassini Langmuir probe, measured
near the orbit of Enceladus. From the derivative in the lower panel, it is seen that
the curve deviates from the ideal OML model of figure 3.1. The glitch at −19 V of
the derivative curve appears on many of the measured sweeps and is thought to be
an instrumental defect.

The interpretation of this kind of curves has involved photoelectrons emitted
from the probe as well as photoelectrons emitted from the spacecraft and captured
by the probe and has allowed for more than one electron population, shifted in
energy relative to each other. During the present work, however, it was concluded
that the precise shape of the potential structure around spacecraft and probe, would
also have a significant influence on the shape of the sweep curve, and should be taken
into account when interpreting the measurements. This is discussed in Paper II of
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this thesis.





Chapter 4

Particle-in-cell simulations

Simulating a plasma in the straightforward way by keeping track of every particle
and letting every particle exert a force on every other works in principle, but un-
fortunately, the computational resources needed quickly becomes too large. A cube
with a side of a few metres, situated in the plasma disc of Saturn could contain 109

or more particles. In the laboratory, the relevant sizes are much smaller, but on
the other hand, the densities is much higher. Even worse, as every particle inter-
acts with every other, the number of forces to calculate scales as the square of the
number of particles. To reduce the computational effort required, other simulation
approaches are needed.

A fluid description of the plasma, with one fluid for each particle species, is one
such approach. A fluid viewpoint typically requires collisions to be frequent (i.e.,
the mean free path being short), though it can sometimes be substituted by some
other condition that plays a similar role, such as plasma particles being tightly tied
to magnetic field lines (i.e., having a small gyroradius).

The simulations presented in this thesis do not involve frequent collisions. Quite
contrary, collisions are completely absent, so a fluid simulation is not applicable.
Instead, a technique called a particle-in-cell (PIC) simulation has been employed. [8]
In a PIC simulation, the simulation space (which may be one-, two- or three-
dimensional, as the situation requires) is discretised into a grid. In the present
work, this grid is two-dimensional and regular, i.e., it consists of rectangles of equal
size. One can also use an unstructured grid, where the grid cells differ from each
other in shape and size. An unstructured grid can therefore use small grid cells
where high resolution is important and large grid cells where the spatial variation
of the studied quantities are slow anyway. Each time step, the charge of every
particle is divided between the grid points that enclose the grid cell the particle
resides in. For a regular grid, this means in one dimension, two grid points, in two
dimensions, four grid points and in three dimensions, eight grid points. The charge
is not distributed equally over those grid points, but more charge is given to grid
points closer to the position of the particle. If the particle happens to be precisely

17
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at a grid point, for example, all of its charge will be put there. See figure 4.1 for an
illustration of the two-dimensional case. With all charge concentrated to the grid
points, Poisson’s equation is recast into a difference equation, which is then solved
to find the electric potential φ, but again only on the grid points. On a regular grid
in two dimensions, this difference equation is

φi−1,j − 2φi,j + φi+1,j
∆x + φi,j−1 − 2φi,j + φi,j+1

∆y = ρi,j , (4.1)

where i and j enumerate the grid points, ∆x and ∆y are the separations between
adjacent grid points in the x- and y-directions, respectively, and ρ is the charge
density. Finally, the force on each particle is then found from the potentials of its
neighbouring grid points, and its velocity and position are updated.

grid points

A B

C D

A

D

B

C

simulation
particle

Figure 4.1: A grid cell of a two-dimensional PIC simulation. The charge (and
mass) of the simulation particle is distributed over the four grid points that are the
corners of the grid cell in which the particle resides. More charge and mass goes
to the closer corners. Specifically, the portion of the particle ascribed to each grid
point is proportional to the area of the region with the same label, in this figure,
as the grid point. Thus, in the illustrated example, most of the charge and mass is
given to grid point B and C gets the least.

To reduce the memory usage and the number of computations needed in the
simulation, it is also often necessary to lump several particles (of the same species)
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together by collecting their masses and charge into a single superparticle and simu-
late such particles instead. Though being heavier and more strongly charged, they
retain the all-important charge-to-mass ratio. The advantage of having charge and
potentials only on the grid points, however, remain the strongest point of PIC.





Chapter 5

PIC simulations of Cassini

The work presented in this thesis (in Paper III) employ particle-in-cell simulations
that has been designed to be relevant for the situation where Cassini crosses Saturn’s
plasma disc at the orbit of Enceladus, which is embedded in the E ring. The
simulation code allows for introducing an object (representing Cassini, in our case)
into the simulation box and simulate an electron species and an ion species. [10,
11] Each species follows a drifting Maxwellian as their ambient distribution. The
electrons and ions can be given different temperatures and drift speeds, though in
the present work, they are set to be equal for the two species.

Throughout the duration of the simulation, new particles are injected at the
boundary of the simulation box. A particle is followed until (1) it leaves the sim-
ulation box by crossing its boundary or (2) it hits the surface of the object and is
collected by it. In both cases, the particle is deleted from the simulation. The po-
tential of the object itself is determined by the charge it collects. To self-consistently
allow the potential of the object to develop and settle at the proper floating po-
tential, different approaches can be used depending on whether or not the object is
insulating or conducting. For an insulating object, a simple way is to let the charges
stay at the point where they struck the surface. However, Cassini, like other space-
craft, are rather to be seen as conducting and thus the charge it collects should be
redistributed over its surface so as to maintain a single potential throughout the
body.

The redistribution of charge over a conducting body is non-trivial and therefore,
the code used in this work solves the problem of finding the spacecraft potential in
a different way, using the fact that at the floating potential, the current collected by
an object in a plasma is zero. The simulation is first run with the object potential
fixed to some value, and the amount of collected charge is kept track of. At the end
of this simulation run, the sign of the net charge collected by the object is studied.
If the charge is positive, it is concluded that the initial guess for the potential was
too negative and vice versa. The code then fixates the object at a new potential for
a second run and in this way performed a binary search for the floating potential

21
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until it has been locked into a small enough interval.
The majority of these simulations are made in two dimensions, rather than three,

which greatly reduces the computing time. By these means, several situations,
characterised by different combinations of ambient density, temperature and plasma
drift speed are studied. One central parameter combination is also run as a 3D
simulation, which is then compared to its two-dimensional counterpart. We verify
that the 2D setup gives results similar to those of the more trustworthy 3D case,
and conclude that the 2D version is relevant for the study. In 2D, the complicated
geometry of Cassini is represented by a disc-shaped object, and in 3D, by a sphere.

The resulting quantities of interest, calculated by both the 2D and 3D sim-
ulations, are electron density, ion density and electric potential, as functions of
the position within the simulation box. Figures 5.1 to 5.5 exhibits the potential
structure for five parameter combinations, illustrating how each parameter affects
the situation. In all cases, the object has a diameter of 3.5 m and is placed at
(x, y) = (0, 0). The object is stationary and the plasma flow is in the positive
x-direction. The entire simulation box is not shown – only the region where a
significant perturbation takes place.

The reference case, whose potential we find in figure 5.1, is defined as having
ambient density n0 = 7 × 107 m−3, temperature kBTe = kBTi = 2.5 eV and plasma
drift speed vd = 30 km/s. This is the parameter combination that has also been
simulated in three dimensions, as presented in Paper III. From these parameters we
see that the directed energy of an ion is 84 eV, i.e., much larger than the thermal
energy, but the directed energy of an electron is a negligible 0.0026 eV.

As noted in Paper III, the potential structure resembles an ordinary Debye
shielding, but with its downstream part pulled out into a tail. The length of the tail
varies clearly, as can be expected, with drift speed. For the lower drift of 12 km/s,
it almost vanishes. The “head” part of the shielding, i.e., that which is not the tail,
changes size with the Debye length as either the density or temperature is varied.
Note also that the floating potential is different between the different cases, being
particularly sensitive to the temperature.
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Figure 5.1: Resulting potential structure from a 2D PIC simulation with the plasma
flowing from left to right. The disc representing Cassini is 3.5 m in diameter. The
defining parameters of this simulation case are n0 = 7 × 107 m−3, kBTe = kBTi =
2.5 eV and vd = 30 km/s. This parameter combination is here used as the reference
case, to be compared with the other simulations, where these three parameters are
varied, one at a time. Figures 5.1 to 5.5 all depict the same region, though their
scales differ due to their different Debye lengths.
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Figure 5.2: Potential from a simulation case with the same density and drift speed
as in figure 5.1, but with a lower temperature kBTe = kBTi = 1 eV.

Figure 5.3: Potential from a simulation case with the same temperature and drift
speed as in figure 5.1, but with a lower density n0 = 3.5× 107 m−3.



25

Figure 5.4: Potential from a simulation case with the same density and temperature
as in figure 5.1, but with a lower drift speed vd = 12 km/s.

Figure 5.5: Potential from a simulation case with the same density and temperature
as in figure 5.1, but with a higher drift speed vd = 54 km/s.





Chapter 6

Results and discussion

6.1 Paper I

The data obtained by the Cassini Radio and Plasma Wave Science (RPWS) in-
strument during the shallow (2005-02-17) and the steep (2005-07-14) crossings of
the E ring revealed a considerable electron depletion in proximity to Enceladus’s
orbit (the difference between the ion and electron densities can reach ∼ 70 cm−3).
Assuming that this depletion is a signature of the presence of charged dust particles
(i.e., that the missing electrons have been captured by the dust grains), the main
characteristics of dust down to sub-micron sized particles are derived. Assuming a
power law size distribution, with a lower size limit amin, the index is found to be
µ ∼ 5.5− 6 for amin = 0.03µm and µ ∼ 7.3− 8 for amin = 0.1 µm. The calculated
average integral dust number density is weakly affected by values of µ and amin,
though proportional to ni − ne. For a ∼ 0.1 µm, both flybys gave the maximum
dust density about 0.1−0.3 cm−3 in the vicinity of Enceladus. These results imply
that the dust structure near Enceladus is characterized by a vertical length scale
of about 8000 km.

6.2 Paper II

If a Langmuir probe is located inside the sheath of a negatively charged spacecraft,
the potential U1 at the probe is different from the ambient plasma potential Upl
and the probe characteristic can become strongly modified. We have constructed
a simplified model to study this probe-in-sheath problem in the parameter range
of a small probe (with radius rLP � λD) where the orbit motion limited (OML)
probe theory usually applies. We model the spacecraft and the probe as spheres
at different potentials and use the resulting potential structure for reasoning about
the electron collection by the probe. The potential, according to this model, along
the common axis of the spacecraft and the probe is illustrated in figure 6.1. We
propose that the probe characteristics I(ULP) is suitably analysed in terms of three
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Figure 6.1: The model of the potential structure used in Paper II, plotted along
the common axis of the spacecraft and the probe. The minimum UM is proposed
to play an important role for the electron collection by the probe.

regions of applied probe potential ULP. In region I, defined by ULP < U1, the curve
is close to OML theory using the local density ne1 and the ambient temperature Te.
In a transition region II, U1 < ULP < U2, the key factor to determine the shape of
I(ULP) is the depth of a local potential minimum UM, located radially straight out
from the probe, that acts as a potential barrier and prevents low energy electrons
from the ambient plasma to reach the probe. In region III, finally, ULP > U2,
the depth of this barrier is small (UM � kBTe/e) and I(ULP) again approaches
OML theory, now with the ambient ne0 and Te. The main finding in this work
is that the probe characteristic in the transition region II departs fundamentally
from OML in the following respects: (1) there is an extended region of negative
d3I/dU3

LP, a feature which can be used to identify such a region II, (2) although
the ambient plasma potential Upl falls into region II, there is no obvious way to
identify it, (3) there is no exponential part of I(ULP) that can be used to obtain
Te, instead (3) the curve shape depends strongly on the probe size in a way that,
for reliable quantitative evaluation, remains to be understood and separated from
the dependence on ne0 and Te.

The dependence on probe size is such that in region II the slope dI/dULP de-
creases and U2 increases with decreasing rLP. We have tentatively applied our
simplified probe-in-sheath model to real probe data from the Cassini spacecraft
taken in the dense plasma of Saturn’s magnetosphere. We propose that it can re-
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produce probe characteristics better than OML, but not good enough for detailed
quantitative results, e.g. such as the identification of bi-Maxwellian electron dis-
tributions. For more accurate results, models are needed that include a realistic,
self-consistently obtained, potential structure around the spacecraft, how it is mod-
ified by a variable probe potential, and a better understanding (probably through
particle simulations) of the electron collection to the probe in such a potential
structure.

6.3 Paper III

We present the results of numerical simulations of potential structure around an ob-
ject in a streaming plasma for parameters relevant for the Cassini spacecraft passing
through the plasma disc of Saturn (orbit of Enceladus). Two- and three-dimensional
particle-in-cell codes have been used allowing the potential of the simulated space-
craft body to develop self-consistently through the charge it collects. Dependence
of the wake structure on plasma density, electron temperature and ion drift speed
is discussed. Implications of the results to the problems of dust charging as well as
interpretation of Cassini Langmuir probe characteristics in the vicinity of Enceladus
is pointed out.





Chapter 7

Conclusions

A object immersed in a plasma is a situation that arises in many places throughout
the solar system. Objects of different sizes cause different effects in the plasma.
A large object in a streaming plasma creates a wake of depleted plasma density
and perturbed potential downstream of itself. By attracting ions, the object can
also focus them into a local region of higher-than-ambient density. Small objects
are not without influence either, though. Even a point-like charge in a streaming,
supersonic, plasma effects a Mach cone, for example.

In Paper I, a method to detect the presence of dust through measurements ion
and electron densities was explored. In this case, the micron-sized, or smaller, dust
acts as the object which is thus much smaller than the Debye length.

In Paper II, a Langmuir probe on a spacecraft was considered and the effects
of the potential structure around spacecraft and probe illustrated with a simple
analytical model. This model was used to generate the expected current-voltage
characteristics of such a probe. In this case, the probe falls into the same regime
as the above dust, due to being much smaller than the Debye length. However, it
was concluded that the precise size of the probe is still important for the shape of
its current-voltage characteristic.

In Paper II, numerical simulations of an object representing the Cassini space-
craft were presented. The spacecraft diameter is several times the Debye length,
and therefore in a regime where analytical calculation of for example its floating
potential is difficult.
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