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Abstract

Electric propulsion is gaining popularity in space industry. This type of
propulsion is replacing chemical propulsion for different maneuvers. But it
deeply modifies the ambient plasma that surrounds the satellites and can
affect the operation of satellites. Modelling the interactions arising from
electric propulsion is then critical. In the frame of SPIS, a simulation soft-
ware designed to simulate plasma-spacecraft interactions, European Space
Agency (ESA) started the AISEPS project which aimed at modelling these
interactions. Here, we report the development of new features for SPIS
during the last phase of the AISEPS project, how they operate and were
tested. Using these developments, a complete spacecraft is modelled and
the variation of its floating potential resulting from its solar array rotation
is reproduced.
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Chapter 1

Introduction

Satellites are brought up into space by satellite launchers such as Ariane-5,
Zenith, Proton, Soyuz, Delta or Long March launchers. They usually bring
the satellites they carry to a transfer orbit (GTO for geostationary trans-
fer orbit). Then, satellites need to get on their own to their proper orbit.
This operation called orbit transfer requires high thrust to escape the Earth
gravitational field. Historically, the orbit transfer has been performed with
chemical thrusters since the beginning of the spacecraft industry. Through-
out its life, weaker forces allow the spacecraft to stay on this orbit and
position itself correctly in what is called station keeping operations. This
too used to be performed with chemical propulsion.

The principle of chemical propulsion is to eject a gas, called the propel-
lant, in a given direction to acquire a momentum in the opposite direction.
It has proven very efficient and reliable, but requires huge quantity of propel-
lant which is very costly. For this reason, alternatives have been sought and
developed. One of these alternatives is called electric (or plasma) propul-
sion. Electric propulsion relies on the same principle as chemical propulsion,
i.e. the ejection of a propellant to provide a thrust in the opposite direction.
But it uses electric and magnetic fields in order to accelerate the propellant,
which is ejected at very high speed. This reduces significantly the amount
of mass required to generate a given amount of thrust. Consequently, addi-
tional payload can be loaded on the spacecraft, or cost can be reduced.

Using electric propulsion perturbs the electric environment around the
spacecraft in a complex way. Huge efforts have been made in order to
increase knowledge and understanding of the mechanisms underlying plasma
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propulsion and how it affects this environment. Astrium SAS (part of the
EADS company), a major player of the spacecraft industry, is a pioneer in
this field. One of these efforts was started by the European Space Agency
(ESA) in the form of a toolkit called Spacecraft Plasma Interaction System
(SPIS). SPIS goal is to simulate all the interactions between a spacecraft
and its plasma environnment. In order to be able to improve the design
of satellites flying with electric propulsion, ESA commissioned Astrium and
other companies to work on one aspect of SPIS: implementation of electric
thrusters plume models [1]. This project, called AISEPS (Assessment of
the Interaction between Spacecraft and Electrical Propulsion Systems) has
undergone different phases and is now in its final stage.

I worked on this project at Astrium SAS and performed the following
tasks:

- Merging of the SPIS subversion developed in AISEPS frame with the
main version of SPIS (SPIS Science). This task was performed in col-
laboration with the ONERA (French national aerospace laboratory),
responsible for SPIS main version

- Development of new features for SPIS

- Modelling of a whole system, Smart-1 spacecraft, using these last de-
velopments

This thesis is dedicated to this work, excluding the merging of the ver-
sions whose interest is mostly informatic. It is divided in seven chapters:
Chapter 2 details the principles of rocket propulsion, the reasons why elec-
tric thrusters might be preferred to chemical ones and the different types of
devices that have been developed so far. In chapter 3, the physics necessary
to model and understand phenomena described in the document is derived.
SPIS operation is described in the 4th chapter, while the developments that
were performed over the last six months are presented in chapter 5. Chap-
ter 6 presents a system application of SPIS, focusing on the charging of the
spacecraft and how the most recent developments were used to improve the
modelling. Conclusions and outlooks are given in chapter 7.
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Chapter 2

Plasma propulsion

2.1 Space propulsion history

A spacecraft is made on one hand of the payload (eg. antennas, telescopes,
sensors or other instruments) that need to be sent in space, and on the
other hand of a platform that carries and powers the payload. This platform
includes a propulsive system and propellant. The mass of the satellite with
the propellant is called wet mass, while it is called dry mass without it.
Because sending a satellite in space is so expensive - sending 1 kg in space
can cost up to $25000 as reported in [2], optimizing the dry mass (increasing
it compared to the wet mass) is critical for satellite makers. To reach a
desired velocity, the total mass can be computed as follows: assuming that
the ejection velocity ve is constant, if no force is applied to the spacecraft,
the total momentum is conserved. We find that the total propellant mass
to achieve ∆v is:

Mp = Mi

(
1− exp

(
−∆v

ve

))
(2.1)

with Mi the wet mass.

Looking at Equation 2.1, we see that the efficiency of a system is de-
termined by the exhaust velocity: the higher it is, the lower the propellant
mass is. Propulsion systems are therefore characterised by a quantity called
the specific impulse:

Isp =
ve
g0

(2.2)

with g0 the gravity of Earth.
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For chemical propulsion, heating reactions between particles take place
in a combustion chamber. The pressure increases and determines the ex-
haust velocity, that is therefore limited by the type of reaction (liquid or
solid propellant, nature of the reactants involved). The specific impulse is
typically a few hundreds seconds - 325 s for a A Lox/hydrazine engine [3],
but in any case below 500 s. It is even less than this for solid propellant [4].

Electric propulsion can achieve much higher values than this because
the charged particles ejected by the thrusters have been accelerated to high
speed in electric fields, and deliver a higher impulse. Isp of 10000 s have
been reported in laboratory conditions [5], and operational devices have
demonstrated well-above 1000 s specific impulses. The main families of
electric thrusters and their characteristics are described in the following
section.

2.2 Electric thrusters

Historically the first electric propulsion devices were engineered in USSR
during the ’60s. More recently, this kind of propulsion has been successfully
used in space missions. The mission Deep Space 1 [6] was the first NASA
mission to show in-flight use of electric propulsion, the SMART-1 mission of
the European Space Agency (ESA) successfully used a PPS1350 in order to
reach the moon [2] - this was the first time a Hall effect thruster (HET) was
used in space. One of the major player in the spacecraft industry, Boeing,
has even announced that they will launch 100% electric satellite in 2015
[7]. This has been considered a real turn within the industry and efforts to
develop new electric solutions are at their highest ever peek.

Two main problems arise when using electric propulsion. The first one
is that although efficiency is high (in terms of mass), it is difficult to gen-
erate high thrust compared to what chemical propulsion does. In chemical
propulsion, the propellant is its own energy source, so adding more of it will
also add the energy source required to accelerate it. This is why chemical
thrusters can easily deliver very high power and thrust. On the contrary,
the energy source in plasma thruster comes from external electrical sources.
While this makes it possible to deliver theoretically unlimited energy to the
propellant (hence using the propellant mass more efficiently), it requires
very large electrical system to do so. In other terms, scaling up prototypes
and increasing total power has proved very challenging.
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The second problem is that electric thrusters generate a plasma around
the spacecraft. This plasma interacts with the spacecraft in different ways:
modification of the electrical charging of the spacecraft, temperature in-
crease of materials, perturbation torque, erosion by energetic particles, dis-
turbance of transmissions to the Earth.

Electric thrusters are usually divided in three categories [8, 9, 10, 11]:

Electrothermal thrusters are the closest to conventional chemical thrusters.
The operating principle is to give the propellant more energy before ejecting
it out of the spacecraft. The exhaust velocity is therefore increased, and the
mass efficiency with it but the propellant is not significantly ionised. Energy
transfer is realised by generating a plasma with electromagnetic fields (or an
arc in some cases) through which the propellant is sent. If the resistivity is
high enough and with a current flowing through the plasma, the propellant
is heated. Because the energy gain mainly comes from heating, Isp are the
lowest amongst the electric thrusters. Examples of these kind of thrusters
are:

- The resistojet. It heats its propellant by radiation as it flows through
ohmically heated surfaces. Resistojets have been used on the following
spacecrafts: Satcom 1-R, Metor 3-1, and Iridium [12]. Isp of resistojets
can go up to 500 s.

- The arcjet (taking its name from the arc discharge it generates) heats
the propellant directly within the discharge which results in much more
efficient heating. However, controlling an arc is a complex matter and
instabilities arise frequently [12]. Isp of 700 s can be achieved.

In electrostatic thrusters a neutral gas (typically, xenon) is injected in
a channel where it is ionised. Depending on the thruster, the ionisation part
is realised by bombarding the gas with energetic electrons, radiofrequency
or microwave excitation. Neutral particles becoming ionised leads to the for-
mation of a plasma with energetic ions. These ions are extracted from the
channel through a number of negatively biased grids that accelerate them
out of the ionising chamber: the energy gain does not come any more from
heating only but directly from the electric fields. Grids potentials can exceed
10 kV, so velocities are very high, and so are Isp (in the several thousands
seconds range). These grids are also used to repel electrons. Ejected at high
velocities, the ions generate a rocket force on the spacecraft as explained
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Figure 2.1: Schematic of an ion thruster from [8]. Propellant is injected in the
chamber and ionised by the electrons produced in the hollow cathode.

previously. Figure 2.1 displays the basic geometry of this kind of thrusters.

Positive ions that provide the thrust carry positive electric charge. Their
flux generates a net positive current from the spacecraft to the outside. If
nothing was done, the spacecraft would begin charging itself negatively. To
avoid such a phenomena, a cathode is added to the thruster which emits an
electron current corresponding to the ion current of the thruster. This part
of the system is called the neutraliser, and is a critical component in the
system: neutraliser used to be simple tungsten filament, heated to temper-
atures over 2500 K. This limited the maximum lifetime of the neutraliser
(and therefore of the thruster) to a few hundreds hours. They have been
gradually replaced by hollow cathode, which have shown much longer life-
time (several thousands hours). This component remains however most of
the time the determining factor for the lifespan of the thrusters. Difference
within the electric thrusters lie mainly in the way the plasma is generated
in the chamber: direct current discharge, radio frequency discharges or mi-
crowave discharges.

Field Emission Electric Propulsion thrusters (FEEP) are an interesting
type of electrostatic thrusters. FEEP extract ions through field emission
process. Liquid propellant is fed to sharp tips or needles, where high field
values can ionise it. This process can only yield very low thrust levels, below
1 mN. However, the specific impulse secured with such a thruster is very
high, up to 10000 s. This makes FEEP well suited for precision operations
such as attitude control and station keeping. FEEP will for example be used
on the LISA pathfinder mission of ESA. Two different models of FEEP have
been developed at Astrium, one working with Cesium and one working with
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Figure 2.2: Schematics of a Hall Effect Thruster from [8]. (Left) HET with a
dielectric wall. (Right) HET with a magnetic conducting wall

Indium.

Electromagnetic thrusters are rather similar to electrostatic thrusters,
but use a magnetic field to improve their performance. Ion cyclotron reso-
nant heating [13], helicon waves, electromagnetic pulses are all technics that
have been tested. Hall Effect Thrusters, which are the most discussed in
this thesis, are usually classified in this category.

Hall effect thrusters (HET or closed drift thrusters), are one of the most
efficient type of plasma thrusters. They were originally developed both in
USSR and in the USA during the 50’s. Strangely, the first working device
was built in the USA but this technology was then abandoned there, while
in USSR it thrived and was used on numerous spacecraft. Lately however,
both the USA, Russia and Europe have demonstrated interest in HETs. Fig-
ure 2.2 presents two schematic representations of HETs. Geometrically, it is
a cylindrical channel with an internal anode where the plasma is generated.
An external cathode (usually a hollow cathode) acts as a neutraliser. In the
most current form (left of Figure 2.2), a dielectric insulating wall covers the
channel. It is built from materials that are known for having a low sputtering
yield and secondary electron emission coefficient because they are continu-
ously bombarded by energetic ions. For this reason, erosion of the dielectric
wall at the exit plane often determines the lifetime of a HET. In another
geometry (right of Figure 2.3) this dielectric wall is replaced by a metallic
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conducting wall. The anode in this configuration extends much further into
the channel, and electrically biased ’guard rings’ have to be placed at the
extremity of the channel to keep electron losses low. In this geometry, it is
the erosion of the guard rings that determines the thruster lifetime. Basic
scaling laws are that in the channel, the electron Larmor radius should be
much smaller than the channel’s typical length while the ions Larmor radius
should be much larger than this length.

In both geometries, a radial magnetic field is generated by coils and is
coupled to an axial electric field in the channel. We can see on Figure 2.3 that
both fields are maximum at the exhaust plane. Electrons emitted from the
anode are trapped in the magnetic field, increasing the ionisation efficiency
and preventing them from reducing the electric field: the azimuthal electron
current is 10 times larger than the axial electron current, and ionisation
is nearly total. This is why the magnetic field profile is a very important
parameter. Electron transport is however not yet fully understood [9], [8]
but is thought to be the result of anomalous transport. The axial electric
field accelerates the newly formed ions towards the exit planes. Hall effect
thrusters have no extracting grids: [9] ’The electric field is generated in
the plasma by the drop in electron conductivity resulting from the presence
of an external magnetic field in the direction perpendicular to the electron
current from cathode to anode’. The electron mobility in the axial direction
can be written (see chapter 3 where it is derived):

µ⊥ =
q

mν
(
1 + (qB)2

m2ν2

) =
µ

1 + ω2
c τ

2
(2.3)

where ν is the average collision frequency, µ the electron mobility in the
unmagnetised case and ωc the electron cyclotron frequency.

Equation 2.3 shows that a strong magnetic field decreases the electrons
cross-field mobility - they will follow more closely the magnetic lines. Be-
cause the magnetic field is maximum at the exit plane and decreases rapidly
within the channel, the electron mobility is minimum at the exit plane, pre-
venting the electrons to flow freely in the axial direction. To a weak electron
mobility corresponds a strong electric field: the electrons are attracted to
the zone of high potentials. If the mobility in any direction is strong, the
electron can actually reach those zones and flow there until there is no po-
tential gradient left in this direction, and thus no electric field. On the
contrary, if the mobility is weak, it is more difficult for the electron to reach
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Figure 2.3: Electric axial field and magnetic radial field in the channel of a Hall-
effect thruster. Both are maximum at the exit plane and decrease by at least an
order of magnitude before and after it. Graph taken from [9].

the zone of high potential and the potential gradient is preserved: this is
the reason the axial electric field is also maximum at the exit plane.

This lack of grids simplifies greatly the design of HET and is probably the
origin of their success. The thrust they can generate is rather high and re-
quires only reasonable power compared to electrostatic thrusters, although
they have lower Isp and efficiency. They also have a reasonable lifespan
(10000 hours as reported in [8]).

Pulsed Plasma Thrusters (PPT) are another kind of electromagnetic
thrusters. They use a solid propellant such as Teflon, ionised by means of
pulsed discharges. The solid is placed between two parallel electrodes which
generate the discharge. It ablates the propellant and ionised gas is ejected,
creating the thrust [14]. Such a thruster is shown in Figure 2.4. These
thrusters are able to provide weak but very precise thrust, so they are often
used for attitude control (like the FEEP thrusters). They have however
efficiencies below the 10%, because it is difficult to transfer energy to the
propellant and the acceleration process is also not very good, so different
efforts have been made to improve them.

Amongst the different options is the addition of a capillary discharge
chamber (with a coaxial design), which improves the acceleration process: a
thrust four times higher for this kind of thruster than for comparable PPT
is reported in [14].

Magnetoplasmadynamic (MPD) use an electric arc with very high cur-
rent to ionise their propellant. It is then accelerated with the help of the
Lorentz force J × B. Those thrusters require very high power, so they can
generate high thrust with high specific impulse. They are also quite scalable,
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Figure 2.4: Simple Pulsed Plasma Thruster from [14].

as the thrust they provide ranges from mN to kN. However, the cathode of
MPD’s is subject to intense erosion so the lifetime of these devices is only a
few hundred hours, which is the reason why they are hardly ever used.

SPIS implementation of these thrusters has been done during a previous
phase of the AISEPS project. A database was first established about as
many different thrusters as possible including angular currents profiles for
different pressure value, energy distributions... Specific SPIS classes have
been developed to match the injection model that was then proposed, along
with the current profiles from the database with very conclusive results.
Most of the details (further explanation on the validation process, origin
of the data, and results) are provided in [12]. The thrusters that were
implemented during this phase are: a Cesium FEEP, three Indium FEEP
(10 mA, 100 mA, 600 mA), three RIT4 (100 µN, 250 µN, 500 µN), RIT10,
RIT22, SPT-100 (HET thruster), the PPS1350 (HET thruster built by the
SNECMA), the PPS5000, the T5, the T6, the HEMP3050.
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Chapter 3

Plasma Physics

3.1 Description of a plasma

A plasma is a particular state of the matter, in which charged particles and
electromagnetic fields play a major role. Plasmas were first introduced to
describe partially ionised gas by I. Langmuir [15]. All these particles interact
with each other, which makes the description of a plasma a very complex
matter. It is obviously impossible in the general case to write and solve the
system of momentum equation of all the particles in the plasma. Therefore,
different model have been introduced.

3.1.1 Kinetic approach

This approach starts by introducing for each particle of a population its
distribution function f in phase space. This function describes the density
of the particles in phase space, where each particle has 6 coordinates (X1,
X2, X3, V1, V2, V3) representing the particle’s position and velocity. These
6 coordinates and the time coordinate t are all independant. For a particle
i with coordinates (Xi, V i), at any time t the density will be one at point
(Xi, V i) of the phase space whereas it will be zero for any other point (x,
v). This can be expressed mathematically by:

fi(x, v, t) = Ni(x, v, t) = δ[x−Xi] δ[v − V i] (3.1)

Where the delta functions have been used (∀x, δ(x−x0) = 0 if x ̸= x0 and
∫
δ(x−

x0)dx = 1). The density of a population α is simply the sum of the densities
of all particles:

ftot,α = Ntot(x, v, t) =
∑
i

δ[x−Xi] δ[v − V i] (3.2)
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Taking the total time derivative of Equation 3.2 yields after a few math-
ematical operations the well-known Klimontovitch equation [16]:

∂Ntot(x, v, t)

∂t
+ v · ∇xNtot +

Fm

m
· ∇vNtot = 0 (3.3)

Where the nabla operators ∇x and ∇v refer to the gradients in phase space
and the force Fm is the force to which particles are subject, which means
that the electric and magnetic fields considered here are microscopic fields
resulting from the presence of all the other charged particles.

Equation 3.3 is the basis for the kinetic description, which is an exact
description of the plasma. In spite of this accuracy, it is very hard to extract
any information out of this equation. Actually, it is precisely because it is
an exact description of the plasma that getting anything out of it is tough:
the Klimontovitch equation contains the description of all particles of the
plasma. All the trajectories, all the positions are included. This is usually
way more information than is needed to model and understand phenomena.

The solution is to ’average’ the Klimontovitch equation, but not over
the velocities or the positions: ’statistically’ - [17] refers to it as ’ensemble
average’. This can be understood as taking the average value that a plasma
prepared in the same conditions would have over a very large number of
realisation. Doing this, we lose a lot of information (the singularities of
the plasma) but the equation becomes way more tractable. Mathematically,
this is done by writing Ntot(x, v, t) = < Ntot(x, v, t) > + δNtot(x, v, t) where
< Ntot(x, v, t) > = f(x, v, t) is the ensemble average of the density and
δNtot(x, v, t) is the fluctuation of the ’real’ density around this average for
one specific realisation. Averaging Equation 3.3 and inserting the definitions
from above yields the Boltzmann Equation:

∂f(x, v, t)

∂t
+ v · ∇xf +

F

m
· ∇vf = − <

Fm

m
· ∇x δNtot > (3.4)

The right-hand side of Equation 3.4 is the product of two quantities that
have not been averaged yet. It represents the effects of the collisions within
the plasma, and is generally called the collisional integral. It is said to
express the discrete nature of the particles that the plasma is made up of.
On the contrary, the left hand side contains only quantities that have been
averaged on a large number of realisations and is less sensible to this nature.
In particular, the fields within the force have now been averaged and do not
relate to microscopic quantities anymore. It can be shown [17] that in most
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plasmas, the individual processes are weak compared to the collective effects
(in fact, this is sometimes a way to define a plasma!). This is why the RHS
is often neglected and Equation 3.4 becomes:

∂f(x, v, t)

∂t
+ v · ∇xf +

F

m
· ∇vf = 0 (3.5)

Equation 3.5 is called the Vlasov equation, and sometimes the most impor-
tant equation of plasma physics [17]. Along with the Maxwell equations,
they form a closed system called the kinetic description of a plasma. This
description is very efficient as a starting ground in the study of waves and
instabilities.

3.1.2 Fluid description

Another approach has been derived by taking the moments of the Boltzmann
equation. It is called the fluid approach because it considers the plasma on
a scale where values can be averaged: on this scale, it is relevant to define
quantities for each species such as n(r, t), v(r, t), ρ(r, t). The first moment,
obtained by integrating Equation 3.4 over all velocities, is also called the
continuity equation. After integration, we get:

∂n

∂t
+∇(n · u) = 0 (3.6)

u is the particle mean velocity. Equation 3.6 is written separately for each
species in the plasma. It is interpreted as the fact that in the absence of
source or loss mechanisms, the density varies only if there is a net flux of
particles in one given point.

The second moment of the Boltzmann equation is called the momentum
equation and is derived by integrating v · Equation 3.4 over the velocity
space:

mn

(
∂u

∂t
+ (u · ∇)u

)
= qn(E + u×B)−∇ ·Π+Rcollisions (3.7)

The left-hand side of Equation 3.7 contains a convective term due to the fluid
nature of the model in addition to the standard inertial term. The first term
in the right-hand side is as usual the sum of the forces applied on the species.
We assume from here on that the particles are only subject to the electric and
magnetic fields (these fields are the same than those in the Vlasov equation,
ensemble average of the fields appearing in the Klimontovitch equation),
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so F
m is replaced with qn(E + u × B). The next term is the divergence of

the pressure tensor Π. The variation of the pressure in a given direction
will cause a differential force on a fluid element subject to this pressure (for
example, for a cubic elementary volume, two opposite faces will feel different
forces). A common hypothesis [18] is that the pressure tensor is diagonal,
and that all diagonal terms are equal to the same value p. The pressure
tensor can be rewritten as:

Π =

 p 0 0
0 p 0
0 0 p


The last term in Equation 3.7 is the rate of momentum transferRcollisions.

It derives from the collisional integral of Equation 3.4 multiplied by the ve-
locity and integrated for all velocities: it is the result of the collisions between
all particles (both within a particular species and with particles from other
species). It is often written in a simpler form by using the collision frequency
between two species α and β, να,β:

Rα,collisions =
∑
β

mnνα,β(uα − uβ) (3.8)

Taken separately, the continuity equations cannot be solved because
there are more unknowns than we have equations. It does not form a closed
system. If we add to the continuity the momentum equations, we have 3

more equations but there are 4 more unknowns, the pressure tensor Π and
the rate of momentum transfer, so it is still not a closed system. The third
moment of the Boltzmann equation is called the energy conservation equa-
tion. Another unknown appears in this equation, so we have to take yet
another moment to get a full description of the plasma. However, it can
be shown [17] that taking the moments of the Boltzmann equation will not
form a closed system: there is always at least one more unknown than the
number of equations. The solution is to add one more equation to relate
some of these unknowns: the equation of state.

A simple but closed system (and one that is widely used) includes the
momentum and the continuity equations along with a thermodynamic equa-
tion of state which relates the density to the pressure. It is customary to
use the isothermal equation of state:

p = nkT (3.9)
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As can be inferred from the name, T is kept constant in the isothermal
model. This way, Equation 3.9 relates the pressure and the density, so
that ∇p = kT∇n. An interesting case is the stationary case where there
is no directed velocity u and no magnetic field in a collisionless plasma.
Both the inertial term and the convective term disappear along with the
collisional term. Combining these hypotheses with the relation between p
and n, Equation 3.7 can be rewritten as:

0 = qneE − kT∇n (3.10)

Finally, using the relation E = −∇V , we get the Boltzmann equation for
the density:

n = n0 exp
−( qV

kT ) (3.11)

With n0 the density of the particle for V = 0. Equation 3.11 links the den-
sity directly to the potential. It is simple and very useful, but it assumes
strong hypotheses: stationary plasma, no collisions. This is why it is often
used to describe electrons, which reach a stationary state much more quickly
than the ions.

Another family of equation of states are the polytropic equations:

pV np = C (3.12)

with C a constant.

In Equation 3.12, np refers to the polytropic index, a quantity that varies
according to the species. One particular case is the adiabatic case where
np = γ, the ratio of the specific heats of the species. Adiabatic processes
refer to situations in which a system does not exchange heat with the outside
- on the contrary of the isotherm model, the temperature is variable in the
adiabatic model (as it is in the general polytropic model). γ is computed as
a function of the number f of degrees of freedom of the particles:

γ =
f + 2

f
(3.13)

Using these equations changes the Boltzmann equation, because the relation
between the pressure and the density is changed. Indeed, in the adiabatic
case it becomes pn−γ = C with C constant, so that ∇p = Cγnγ−1∇n. The
relation between density and potential becomes:

n = nref

(
e(γ − 1)

γkTref
(V − Vref ) + 1

) 1
γ−1

(3.14)

21



Equation 3.14 contains two constants: nref , a reference density correspond-
ing to a potential Vref . This equation can be used in situations where the
isotherm hypothesis is not considered valid, for example if the hypothesis
that T is constant is not realistic any more. The adiabatic model is used to
represent faster process than the isotherm model: heat transfer is a rather
slow process that can be neglected if the time scale we’re interested in is sig-
nificantly smaller. On the contrary, an isotherm model supposes a constant
temperature which can only happen if a source exchanges enough heat with
the system to maintain this temperature unchanged.

The fluid model can be used to derive many quantities. In chapter 2,
the Hall Effect Thrusters were described and an expression for the electron
mobility was given. Starting from the momentum Equation, and assuming
an isothermal plasma in steady state (p = nkT and the convective part of
the LHS is null), Equation 3.7 reduces in the perpendicular direction to:

mn
dv⊥
dt

= qn(E + v⊥ ×B)− kT∇n−mnνv⊥ (3.15)

Projecting Equation 3.15 on both axes, we obtain the system of equa-
tions: {

vx = µEx +
ωc
ν vy − D

n
∂n
∂x

vy = µEy +
ωc
ν vx − D

n
∂n
∂y

(3.16)

Solving Equation 3.16 for vx and vy:

vx,y =
µ

1 + ω2
c τ

2
Ex,y −

D

n

∂n

∂x, y
+ ω2

c τ
2Ey,x

B
− ω2

c τ
2 kT

qBn

∂n

∂y, x
(3.17)

The first term of Equation 3.17 is the transverse mobility, that was given
in chapter 2 and describes how easily electrons can move in cross field direc-
tion. The other terms are the transverse diffusion and two coupling terms.

3.1.3 Magnetohydrodynamics

(MHD) is the third model used to describe plasmas. It is the reduction of
the multiple fluid model to a single fluid model: all quantities (regardless of
the population) are averaged for the plasma as if it were a single fluid (which
is sometimes the name of this model). The variables are the mass density
ρM , the charge density ρc, the velocity of the fluid u and the current density
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J . In the case of a plasma with singly charged ions only, these variables are:

ρM = mene +mini ≃ mini

ρc = −ene + eni

U = meneue +miniui ≃ miniui

J = −eneue + eniui

The MHD set of equations is obtained by taking the equations of the
multiple fluid models for every populations and combining them. An equa-
tion of state is also required to close the system. Ideal MHD set is:

∂ρM
∂t

+∇(ρMU) = 0 (3.18)

∂ρc
∂t

+∇(J) = 0 (3.19)

ρM

(
∂U

∂t
+ (U · ∇)U

)
= J ×B −∇p (3.20)

E + U ×B = 0 (3.21)

Completed by the Maxwell equations, and an equation of state (see the
section above). MHD is often used for strongly collisional plasmas with low
resistivity, to study process with long typical time scale.

3.2 Speed distributions

Maxwellian distribution is a distribution of speed within a gas of par-
ticles, which means that it gives the probability for each particle in the
system to have a velocity v. This kind of statistical description of a system
is useful when the system is too complex to be described entirely. It was
first used to describe molecular gases in an equilibrium state [19], but it is
also suitable to describe plasmas. In a Maxwellian distribution, there is no
preferred direction and the probability to have a velocity in any direction
is independent of the velocities in the other directions. Mathematically, the
probability to have velocity vi in direction xi is:

P (vi) =

√
m

2πkT
exp

(
−mv2i
2kT

)
(3.22)

Equation 3.22 is valid for all xi, in particular for the three vectors forming
the Cartesian coordinates system (x, y, z). In addition, all velocities are
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independent from each other so the probability that a particle has a speed

v =
√

v2x + v2y + v2z between v and v + dv is P (v)dv where P(v) is:

P (v) =
( m

2πkT

)3/2
exp

(
−mv2

2kT

)
(3.23)

Equation 3.23 is called a Maxwellian distribution, with no mean speed. In
such a distribution, the average value of the norm of the velocity is given
by integrating Equation 3.23 over the whole velocity space. This integral
is computed by changing of coordinates system - the spherical coordinates
system is better suited for this. Indeed, P (v) is actually only a function of
the norm of the velocity, so the triple integral can be reduced to a single
integral on the norm of the velocity going from 0 to infinity. The result is:

vthermal =

∫∫∫
vP (v)dv =

√
8kT

πm
(3.24)

This is however not the most probable velocity for a particle, neither the
mean velocity in a given direction. It is actually useful to compute the flux
of particles in a given direction. This is done by taking Equation 3.22 (which
is valid for any direction) and integrating for positive velocities. We get:

Γthermal =
1

4
n vthermal (3.25)

This can be interpreted like this: in a Maxwellian population, there are
no preferred direction so in any of those directions, half the population will
have a positive velocity and the other half a negative one. Amongst this
half of the population going in the right direction, the average velocity is
half the thermal velocity.
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Chapter 4

SPIS toolkit

4.1 Project history and organisation

Spacecraft Plasma Interaction System (SPIS in the following) is a collabo-
rative project under the supervision of the European Space Agency (ESA).
Started in December 2002, it aims at developing a software suite able to
model spacecraft plasma interactions and to address all or most problems
related to plasma spacecraft interactions. The framework (user interface,
general architecture) has been developed and is still overseen by ESA con-
tractors, while a community of developers contributes by implementing ad-
ditional features. According to SPIS official website, it should cover a very
wide range of physical phenomena such as modelling of:

- Spacecraft charging, whether it leads to kilovolts negative potentials
in Geostationary Earth Orbit (GEO) environment, or to a few volts
(positive or negative) in different environments

- Natural plasmas as well as artificial plasmas resulting from sources,
such as electric propulsion for example

- Physics related to surface phenomena: secondary electron emission,
photo-emission, surface conductivity, erosion

- Physics related to volume phenomena: collisions, volume conductivity

- Multi-scale models: spacecraft, equipments, even microscopic scale for
electro static discharge (ESD) modelling

SPIS is composed first of a java-written numerical core in which is all
physics of the simulation. Java language makes it very easy to modify the
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source code and to develop new features by modifying existing classes or
creating new ones. The second part is a user interface developed in python
that makes it possible to use this core. It includes different tools for setting
the simulation, visualising the configuration, launching the simulation and
doing post-processing work.

The Assessment of the Interaction between Spacecraft and Electrical
Propulsion Systems (AISEPS) project was launched in the frame of SPIS
development. Funded by the European Space Agency, it has been realised
by a consortium led by Astrium SAS and including FOTEC (austrian com-
pany), Astrium Space Transportation, the university of Giessen and the
ONERA (The French Aerospace Lab). The first steps of this project have
been the subject of a master thesis at KTH (see [12] which also contains more
details on the beginning of the project) and are now completed. AISEPS is
in its last phase and is due to end in January 2013.

4.2 Simulation operation

SPIS is a cycling software. It repeats the same succession of processes nu-
merous times until the simulation comes to and end. This cycle, shown in
Figure 4.3 and described in the following, requires first the creation of a
spatio-temporal grid. SPIS is also modular: while some processes are al-
ways executed - transport of the populations for example - other can be
activated or not depending on the problem studied (photo emission, erosion
or secondary-electron emission for example).

4.2.1 Spatio-temporal division

SPIS operates on a discrete time and space scale: each process of the simu-
lation is solved in a spatio temporal grid: for a finite time step and within
artificial cells. At the end of a cycle, time is increased by the time step
and everything is repeated until the simulation time becomes equal to the
duration specified by the user.

Spatial gridding SPIS uses a 3D modeller called Gmsh. It generates
from a geometric description of the model a mesh that covers the different
surfaces (usually the spacecraft) and fills the volume of the simulation. It
is composed of nodes (1 dimensional objects), surfaces built off those nodes
and cells within the volume. The mesh generated by SPIS is unstructured,
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Figure 4.1: 2 dimensional meshing of a spacecraft

which means that it is filled with irregular shapes. The surface cells are
triangles of different sizes and the volume cells are tetrahedrons - those too
have different sizes. All the quantities of the simulation ’live’ on this mesh.
Electric field, charge density, potential are defined either on the nodes of the
mesh or on the cells (surface cells or volumic cells), so the quality of the mesh
is crucial for the simulation. It is possible to ’refine’ the meshing in specific
regions of the simulation: in these regions, nodes will be closer to each other,
so cells will be smaller. This is very useful e.g. in regions where details of
the simulations are much smaller than the characteristic length scale of the
rest of the problem. Close to sources, it is interesting to have small cells
so that the simulation is more accurate. On the contrary, having a coarser
meshing near the boundary of the domain allows the simulation to be faster.

One mesh only is generated for a simulation at initialisation and it can-
not be changed afterwards. The meshing is said to be static as opposed
to dynamic meshing where it can be changed throughout the simulation.
Therefore, the geometry remains identical during a simulation: it is not
possible to change the orientation of the satellite for example. In addition,
groups must be defined in the geometric description of the problem. These
groups represent macroscopic parts of the spacecraft, for example a wing of
the satellite or a radiator. All local properties are defined separately before
the simulation on each group: conductivity, boundary conditions, coefficient
for surface interactions. They also play a major role in the electric config-
uration of the spacecraft. Figure 4.1 displays the 2-d meshing lying on a
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Figure 4.2: Architecture of the different time steps of the simulation from SPIS
online documentation

spacecraft where both the division in groups and in surface cells is visible.

Temporal division in time steps dt however is much more complicated.
SPIS does not have a single time-step, but numerous different dt used for the
successive stages of the simulation, nested within each other: simulation Dt,
plasma Dt, population Dt, interactions Dt. This architecture is presented
in Figure 4.2. Each sub-level is integrated over the duration of its parent
level dttop, with its own dtsub. If it is smaller than the integration duration,
SPIS performs the corresponding number of sub-cycles (loops). Two modes
exist in SPIS:

- The user pre-defines the time step to a fixed value once and for all

- It is left to be determined automatically, with an upper limit Dtmax.
In this case, SPIS will change these time steps at each new cycle,
taking the highest acceptable time step.

Within a single simulation, it is possible to have some fixed Dt and some
that will be determined automatically.

Although time steps are smaller at each level, SPIS has an interesting
capacity called numerical speeding. A speed-up factor can be defined for all
processes. This will result in SPIS actually increasing the Dt that should
have been used by a factor equal to this speed-up factor. This is especially
useful when dealing with populations with different velocities. For exam-
ple, when simulating the injection of both neutral and charged particles at
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Figure 4.3: A typical cycle in SPIS, starting with plasma integration and ending
with the resolution of the spacecraft electrical circuit

high speed, the neutral particles do not need a time step as small as the
charged ones because they are not subject to the electromagnetic fields, and
their trajectory is much more straightforward. Setting a numerical speed-
up factor for the neutral particles will decrease the computation time of the
simulation.

4.2.2 Lifecycle

The main cycle of SPIS is made up of three stages:

Integration of the plasma with the time step Dtplasma and duration
Dtsim. The first step of plasma integration is the calculation of the po-
tential: it is computed on each node of the simulation volume, with one of
the two solver included in SPIS (both detailed in the next sections). On the
spacecraft, the potential comes either from the initial conditions defined by
the user if this is the first cycle or from the spacecraft circuit solver (last
stage of a cycle). The electric field E = −∇V is derived from the potential
within each tetrahedron of the mesh.

29



Then, populations are moved successively with time step Dtpop and in-
tegration duration Dtplasma (or a fraction of that if the plasma integration
requires sub-cycling). Moving a population can mean different things ac-
cording to the population type and will be explained later. The basic rule is
that after a move, the fluxes of particles (to the surfaces of the spacecraft and
to the boundary) should be computed, and the population description up-
dated. If a population is produced by a source (for example when a thruster
is active, or if the population results from an interaction), new particles are
injected in the population.

Finally, all volumic interactions are computed, according to the new
descriptions of the populations they involve. The interacting populations
are modified, and the products are set as source for the next ’move’ of their
population.

Second stage concerns the surface interactions. Photo-emission, sec-
ondary electron emission, erosion, a model of cathode spot and a model
of solar array are currently implemented in SPIS. At the end of this step,
fluxes generated by the interactions should be computed: number of photons
emitted or number of particles eroded for example. Once the interactions
are computed, the emitted current of each of them is evaluated on each
surface cells.

Last stage is the resolution of the electrical circuit. The spacecraft is
formed by different parts that are electrically connected, represented in SPIS
by an equivalent electrical circuit configuration that will be described later.
This circuit is integrated in order to determine the spacecraft floating poten-
tial, and to update the boundary conditions for potential in the next step.
As was mentioned later, time-steps can be changed during the simulation.
It is actually during this step that SPIS determines how they are going to
change, so it is quite critical for the rest of the simulation.

4.2.3 Plasma populations

SPIS can model populations either as Particle-In-Cell (PIC) populations or
analytic distributions. In a simulation, it is possible to have some popula-
tions as PIC and other as analytic, which is why SPIS is said to be a hybrid
code.
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Figure 4.4: For each superparticle, density is distributed over its surrounding node

according to barycentric distance: Node 1 receives a fraction d1
d1+d2+d3+d4 and so

on

The Particle-In-Cell method is to represent the discrete nature of the
plasma without simulating all the particles. In reality, densities of 1013 par-
ticles per cubic meter are low values - in our simulations, it could go up
to 1017 m−3), but even this number cannot be handled informatically. In
PIC a population is represented by a set of superparticles, each one being
the equivalent of a large number of real particles - this number is called the
weight of the particle. Thanks to this method it is possible to take into
account the collective aspects of plasma behaviour. With nowadays compu-
tational power, simulations including up to 10 millions superparticles can
be run. In our simulations, one superparticle had weights going up to a few
109 particles.

These superparticles are subject to the same forces than real particles
and have the same characteristics: mass, charge, velocity. They live in the
volumic mesh and are moved within it. At the beginning of each SPIS cycle,
the fields are computed and the particles transported across the grid, follow-
ing a scheme that depends on the fields and the potential. The integration
of the trajectories of the particles is often exact. The potential is considered
to be step-wise linear in each volumic cell, so the electric field E = −∇V is
constant within those. If there is no magnetic field, the equation of motion
can be known exactly (analytically): a parabolic trajectory, which is now
implemented in SPIS. In some special cases, the potential is not interpo-
lated linearly or the forces are not linear in the cell. The trajectory cannot
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be known analytically and an approximation is computed with the Runge-
Kutta Cash-Karp method [21] which is exact to the 4th order.

Originally, the density of each superparticle was deposited on its neigh-
bouring nodes at the end of its transport with a linear weighing (see Figure
4.4). Charge density is deposited following the same method. However,
particles can cross multiple cells during the time step in which they are
transported. It would be plain wrong to deposit all the density of the su-
perparticles on the last 4 nodes, and nothing on the previous ones.

Prior to this work, an algorithm was implemented in SPIS for moving
particles that takes into account this aspect. When a particle enters one cell,
SPIS evaluates the situation: in the case B = 0, SPIS calculates whether
the particle will cross it. If that’s the case, it computes where the trajectory
of the particle is going to intercept a plane of the tetrahedron (i.e. exit
the cell). It deposits the density linearly along the trajectory on this cell’s
nodes, and weights it in addition with the ratio of the time the particle spent
inside the cell compared to the time step:

wi =
tcell
dt

∫
trajectory

fri(s)ds (4.1)

where wi is the weight deposited on node i, tcell the time necessary to cross
the cell and fri(s) the distance from the particle to the node i along the
trajectory.

Without this way of doing things, it would be necessary to make sure
that with the time step chosen, no particle crosses more than one cell. This
would be particularly troublesome because usually, the mesh is refined close
to the thruster (and/or spacecraft), so a few cells of the simulation would
force time steps to be low.

Another consequence of this deposition method is to reduce the number
of superparticles required for a smooth simulation. Indeed, in order to have
a density defined everywhere, it was previously necessary to have superpar-
ticles in almost all the cells of the simulation (actually, a few superparticles
per cell is better in order to avoid big fluctuations). This requirement was
attenuated by the fact that away from the thruster the cells were growing
but was still rather compelling. Now that particles deposit their density
along their trajectory, this number is substantially reduced. Some other
considerations might however increase it, see volumic interactions.
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Analytic distributions are not constituted by a set of superparticles.
Density, volumic charge and other quantities are defined through functions
of the other quantities of the simulation. Different kind of analytic distri-
butions have been developed in SPIS so the user can chose the one that fits
his situation best. Thanks to the object-oriented approach of java that was
chosen for the SPIS project, it is very easy to add other ones.

Two ’Boltzmannian’ distributions were especially used in our simula-
tions. Both follow for their density an analytic law of the potential. The first
one, called GBM, follows the Boltzmann distribution that was described in
Chapter 3 Equation 3.11. In SPIS lifecycle, this population is moved at the
same time as PIC populations. Therefore, the potential has already been
computed. ’Moving’ an analytic population only means computing across
the simulation density, currents and temperature since there is no super-
particle to move. At each step, density is updated with the latest potential
assessment. GBM is also Maxwellian in that sense that currents are sup-
posed to be thermal only. Maxwellian speed distributions were described in
Chapter 3 and the thermal flux is given in Equation 3.25. This distribu-
tion is supposed to have a constant temperature T. A problem caused by
this is that when electron density goes to zero, the potential goes to minus
infinity according to Equation 3.11. But in-flight data show that the charge-
exchange ions (see below) have energies below 50 V [20]. This means that
the potential drop between high and low density regions does not exceed
a few tens of volts. This behaviour could hardly be reproduced with this
distribution, as the potential was decreasing too quickly.

The second distribution (GBMWN) has been developed to try and find
a solution to this problem. It works not with the Poisson solver for poten-
tial but with the neutrality solver - both will be presented afterwards. Its
temperature is either constant, in which case density is still described by
Equation 3.11; or variable and then the adiabatic model is implemented:
density is described by Equation 3.14. Having a variable temperature pre-
vents the potential from going to very negative values when densities drops.
It is smoothed away from the source and gives much more coherent energies
for the charge-exchange ions. The other difference with GBM is the way
to compute currents to the spacecraft. In GBMWN, it is computed as the
product of the thermal flux and of an exponential function of the potential
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Figure 4.5: For a dielectric material, surface cells are linked to their super node
through electric devices while conductive parts are directly at the potential of the
super node, from SPIS online documentation.

on the surface of the spacecraft:

Γ = Γthermal ∗ exp
(
−qVsurf

kT

)
(4.2)

This is a fundamental difference. Electron currents are the main drivers
of the spacecraft floating potentials, because electrons are lighter than ions
and have a far higher mobility. Density is a function of the potential only
so it is of the utmost importance to have a relevant potential. With neu-
trality, the potential within the plasma is independent of the potential on
the spacecraft. Consequently, it is important that the flux to the spacecraft
is modified directly by spacecraft potential and that is what is expressed in
Equation 4.2.

These currents are treated in SPIS electrical configuration, where two
different levels exist.

4.2.4 Electrical circuit

At the lowest level every surface mesh has a local potential (defined on
the nodes it lies on). All the cells belonging to a common physical group
(see the description of the mesh) are connected to a common ground called
the electrical super node of this group. These cells are called ’continuous
components’ of the electrical circuit. Depending on the group’s material,
this connection is displayed in Figure 4.5

- Some material are considered to be perfect conductors, and all the cur-
rent they collect is directly redirected to their electrical super node.
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Figure 4.6: For a dielectric material, surface cells are linked to their super node
through electric devices while conductive parts are directly at the potential of the
super node, from SPIS online documentation.

Thus, all surface cells have the same potential which is also the poten-
tial of their super node.

- The other materials (dielectrics) are considered to be partly insulating,
and are linked to the electrical super node by a capacitor and a volumic
resistance, as well as to neighbouring cells through a surface resistance.
Each cell, given the current it collects, reaches a potential that will
differ from the super node potential.

The highest level circuit links super nodes with one another. In the
simplest mode, the user defines a capacitance for the spacecraft, that will
be distributed amongst the physical groups linearly as a function of their
area. This situation is displayed in Figure 4.6.

In the other mode, the user defines the entire electrical circuit. Three
different electrical devices connect super nodes to one another. The first
one is a voltage bias V: SPIS will force a potential difference V between two
supernodes connected in that way. The second one is a resistance R between
two nodes. Finally, the last one is a capacitance C. Figure 4.7 shows such a
circuit. Although this mode is more complex, it has the advantage of being
much more flexible: it is possible to isolate some parts of the spacecraft by
setting a very high resistance, to ground groups together by setting a bias
of 0 V or to simulate complex electrical configurations.

Integration of the spacecraft follows a complex scheme, using objects
called current scalers. These current scalers try to predict the voltage
changes that will result of a given current. During the integration, a measure
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Figure 4.7: Electrical super node circuit. In this circuit, spacecraft ground (node
0) has is linked to node 1 through a potential bias (V1 = V0 + V ) while node 2 is
linked to node 1 through capacitor C and resistance R from SPIS documentation

of the validity of these predictions is kept. If predictions match the changes,
then the time step is increased accordingly. In the case the predictions are
too far away from reality (potentials change faster than expected), the inte-
gration of the circuit is stopped and the time step lowered. The integration
in that case is never finished and the time of the simulation is only increased
by a fraction of the simulation time step. This is not self-consistent because
all other processes (population transport, surface interactions) have been
integrated over the complete simulation time step.

4.2.5 Potential solvers

Two potential solvers have been implemented in SPIS. The first one,
called the Poisson Solver, is the most complex of the two. It is called at the
beginning of the cycle, before population are moved. Using the finite element
method [22], it solves the Poisson equation ∇2ϕ = − ρ

ϵ0
in the computational

domain Ω. In order to be solved, boundary conditions need to be provided.
The equation system is:

(a) ∇2ϕ = − ρ
ϵ0

in Ω

(b) ϕ = ϕ0 on SDirichlet

(c) ∂ϕ
∂n = ϕ1 on SNeumann

(d) ∂ϕ
∂n + αϕ = r on SRobin

(4.3)

where Equations 4.3 (b), (c) and (d) correspond respectively to Dirichlet
condition, Neumann condition and Robin condition.

Dirichlet condition is the most precise one and can be used if the po-
tential is completely known. Neumann gives a condition on the normal
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component of the electric field, while Robin condition is used to mimic a
behaviour (for example a 1

r decay) far away from the spacecraft. In theory,
any combination of these conditions can be used to solve Equation 4.3 as
long as all surfaces have one and only one condition. Implementation in
SPIS defines the condition on the spacecraft to always be a Dirichlet condi-
tion, while it can be any of the three conditions on the external boundary.
Numerically, SPIS implements a finite element method, whose theory is de-
scribed in [22]. To solve the system, Equation 4.3 is first expressed in an
equivalent variationnal form [23] which is that ∀v, v = 0 on SNeumann:

∫
Ω
∇ϕ∇v +

∫
SRobin

αuv = −
∫
Ω

ρ

ϵ0
v +

∫
SRobin

αrv +

∫
SNeumann

ϕ1v (4.4)

ϕ = ϕ0 on SDirichlet (4.5)

Projecting the potential ϕ on the function basis constituted by the family
{ϕi} defined on each node nj of the mesh so that ϕi(nj) = δi,j and approx-
imating ϕ linearly within the tetrahedron, Equation 4.5 written for all ϕi

becomes a linear matrix equation M ϕ = N where ϕ is the vector of the
coefficients of ϕ. Solving this system requires the inversion of the matrix

M . This costly operation (in terms of time) can be optimised (see [24]) but
is still very long. Another solver was therefore implemented to allow faster
simulations.

Neutrality solver is simpler. The assumption is that the plasma respects
the quasi-neutrality assumption, so the ion and the electron densities are
equal everywhere. When the potential solver is called at the beginning of
the simulation cycle, instead of solving the Poisson Equation, the potential
is computed analytically. On each node of the volumic mesh the total ion
charge density ρi is evaluated. Assuming that the electron density ρe will be
the equal, the potential can be computed in the case temperature is constant
by inverting the Boltzmann relation:

ϕ =
kT

e
log(

ne

nref
) + ϕref (4.6)

In the isotropic case, this relation becomes:

ϕ =
γkT

e(γ − 1)

[(
ne

nref

)γ−1

− 1

]
+ ϕref (4.7)
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Figure 4.8: (Left) Potential around the biased slab as it is computed with the
Poisson solver. (Right) Potential around the biased slab as it is computed with the
neutrality solver.

Populations are then moved in the same way as before. This solver
is slightly faster and more stable than the Poisson solver, but has a ma-
jor drawback: boundary conditions are not taken into account. Therefore,
the potential within the plasma can be completely unrelated to that of the
spacecraft.

When an object is placed in a plasma, it collects an electron current at
first and begins charging negatively. An ion flux starts then to build up (ions
react slowly because they have a larger inertia than electrons) until both
currents are equal and balance each other. This phenomenon is responsible
for a drop in electron and ion density around the object, forming a sheath
around it. The quasi neutrality assumption is broken within the sheath,
whereas it holds out of it - the plasma shields the surface potential, so outside
of the sheath everything happens as though there was nothing immersed in
the plasma. Using the neutrality solver means that these sheaths around
the spacecraft are not represented. Sheath theory is a domain of its own
and can become very complex, but a general result is that sheaths extends
into the plasma on a typical length called the Debye length:

λd =

√
ϵ0kTe

nee2
(4.8)

Equation 4.8 expresses the fact that electrons shield potentials within
the plasma: the higher the density, the more efficient the screening will be
because a dense cloud will form and the Debye length will be small. On
the contrary, a large Te implies thermal agitation which goes against such a
cloud.
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Figure 4.9: Structure of the mesh around the biased slab.

In the simulations we performed, the density was typically in the range
1013 to 1017 m−3, while the electron temperature was of the order of 5 eV.
The highest value of Debye length is 4 · 10−3 m. The cells of the mesh were
all larger than that, so even if the sheaths could be calculated, it would not
be possible to represent the sheath.

This was tested in a simple case, where a negatively biased (-50 V) slab
of dimensions 10x1 cm2 was placed within the plasma plume of a thruster.
Simulations with both the Poisson and the neutrality solver were run. Fig-
ure 4.8 shows the potential around the slab in both cases. They are very
close from one another. As it was mentionned earlier, this is because the
sheath is too small. Indeed, electron density is of the order of 1015 m−3

which gives a Debye length below 0.5 mm. Figure 4.9 displays the structure
of the mesh around the slab, and we can see that cells are of the order of
the centimetre. This guarantees that the neutrality solver has an adapted
level of precision.

To analyse this aspect generically, SPIS computes for each cell of the
mesh the ratio of the ’local’ Debye length to the cell characteristic size.
Users can analyse if it is relevant or not to use the neutrality solver in any
situation. This was used to analyse implementation of the thrusters’ plume
model that had been done [12]. The ratio is satisfactory everywhere except
very close to the thruster where the cells are the smallest and the ratio is
only 0.5. What this means is that some phenomenon close to the thruster
might not be well represented in SPIS. However, plume models have been
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validated against profile currents in the middle and far field rather than
in the near field where the physics is much more complicated: the goal of
AISEPS was not the study of near field problems.

4.2.6 Collisions

One of the requirements of SPIS was to be able to simulate collisions. In
a plasma, there are many different collisions processes: Coulomb collisions
(electrons colliding with electrons, electrons colliding with ions, ions colliding
with ions), elastic collisions with neutrals, recombination (electrons and ions
associating to form a neutral), ionisation (electrons colliding with neutrals
to create ions), charge exchange collisions... Three particles collisions exist
also but are much scarcer. When dealing with collisions, the most important
quantity is called the cross section σ. It represents the ’probability’ of this
collision to take place, and is usually function of the relative velocity between
the particles that collide.

Charge-exchange collisions (CEX) for Xenon particles have been im-
plemented first in SPIS because they are responsible for the diffusion of
charged particles out of the main beam (Xenon is the main propellant used
in thrusters), and consequently of most of the interactions with the space-
craft. In charge exchange collisions, two particle exchange an electric charge.
The most frequent situation is when a slow neutral takes the charge of a fast
ion, without any modification of their respective velocities. The particles
emerging from the collision are a fast neutral and a slow ion:

Xe+fast +Xeslow
CEX−−−→ Xefast +Xe+slow

Xe++
fast +Xeslow

CEX−−−→ Xefast +Xe++
slow

Charge exchange collisions between Xe++ and Xe+ ions can also hap-
pen, but are less probable and only the two collisions above were implement
in SPIS. Their respective cross sections, taken from [25], are presented in
Table 4.1.

The method to simulate volumic collisions in SPIS is the Monte Carlo
Collisions (MCC) method. The ion population must be modelled by a PIC
distribution. Neutrals are represented either by PIC distribution or analyt-
ically: it can be a lambertian distribution centred on the exit plane, or a
fraction of the first population (for example if the ionisation rate is known,
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this can be an informatically cheap way to represent the neutrals). A back-
ground pressure can be added to any of these representations (with n = p

kTn
).

The ion velocity is usually much higher than the neutral velocity because
they are strongly accelerated in the thrusters, so the approximation made
in SPIS is to consider that the cross section is a function only of the norm
of the velocity of the fast ions. In addition, the neutral population is not
changed. The slow neutrals are not removed and no fast neutral is created.
Neutral particles are of little interest in SPIS, which focuses on plasma in-
teractions. The charge-exchange particles are represented by a separate PIC
distribution. To preserve the total charge within the simulation it is possible
to decrease the weight of the primary ion superparticle by the number of
particles that are created. Its velocity is left unchanged: it represents all
particles that did not experienced a collision.

Each time volumic interactions are computed, the density of the neutrals
is retrieved on each node of the simulation. Then, for each superparticle
of the ion population, this density is interpolated at the position of the
superparticle. The cross section is first computed:

σ = f(v) (4.9)

where f is the function given in Table 4.1 and v is the superparticle’s velocity.
The number of particles created is then:

dn = nneut∆v σ(∆v)wsp Dtinteraction (4.10)

where wsp is the superparticle weight.

This reaction rate is added on the tetrahedron in which is the superparti-
cle, and subtracted to the weight of the primary superparticle. It constitutes
a volumic source for the charge exchange population - reaction rates of all
superparticles are added on each cell and at the next cycle, charge-exchange
particles are injected in the simulation, with 0 velocity.

This model has demonstrated its usefulness by successfully modelling
the current distribution at large angles. However, a rather large limitation
is the fact that it takes place in the cell containing the superparticle. If
the particle has been able to cross many cells, no CEX particles are created
excepted in the last cell. This can lead to mistakes in simulations where
time steps are increased too much. To avoid such situations, the time steps
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Collision Cross section Parameter a Parameter b

Xe+ +Xe a− b log(∆v) 1.71× 10−18 1.18× 10−19

Xe++ +Xe a− b log(∆v) 1.03× 10−18 7.7× 10−20

Table 4.1: Cross section for CEX collisions from [25]

of the charged particles are kept fixed and low enough that they do not cross
too many cells in a single one of them.
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Chapter 5

Developments

5.1 Solar array interactor

Most of the satellites in space use solar arrays. Thanks to the solar flux,
they provide the electrical power required by the satellite’s payload and pos-
sibly electric propulsion. The problem is that solar cells are each linked by
very small metallic interconnectors (a few millimetres long, often in silver)
that are extremely positively biased and face the plasma. The bus (poten-
tial difference provided by the solar array to the satellite) of Smart-1 for
example is at 50 V, while some satellites have a bus at 100 V. Representing
all these interactors would be extremely complicated geometrically (there
may hundreds) but also from a numerical point of view because of their ex-
tremely small size compared to the spacecraft: as it was mentioned in section
4.2.5, SPIS is not good to simulate phenomena occurring on very different
space scales. But in-flight measurements have shown that the floating poten-
tial of a spacecraft is highly dependent of the interconnectors configuration
[20, 26, 27], so it is important to consider their effect.

A numerical approach was chosen to solve this problem, developed in
collaboration with the ONERA (National Office of Studies and Spatial Re-
search). The assumption is that the interconnectors are so small that they
do not affect the plasma on a macroscopic scale. Indeed, their potential is
shielded rapidly (a few Debye lengths). Only the coverglass of the solar ar-
ray (the dielectrics) that takes up most of the surface of the solar array can
have an influence on the plasma. Therefore, the plasma should not be mod-
ified by interconnectors in terms of density, currents or potential. However,
interconnectors can have a strong effect on a microscopic scale, such as local
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Figure 5.1: Scheme representing the way current is directly collected by the ground
of the satellite through the interconnectors, diverting part of the current collected
by the coverglass

variations of the potential or collection of electronic currents. It was there-
fore decided to divert part of the currents collected by the dielectrics at the
microscopic scale to the interconnectors, which are directly connected to the
ground of the satellite. Before the simulation, the solar array configuration
is defined through two aspects:

- A potential analytic distribution across the solar array. The potential
is given on at least one point (this point need not to coincide with the
nodes of the mesh) along with potential variation in two directions
and the rectangle within which this should applied. The potential will
then be interpolated linearly in this rectangle. This process can be
applied for as many rectangles as necessary, allowing a representation
of the potential distribution as precise as one may want (but also
much simpler, which was the reason this approach was chosen in the
first place: avoid the modelling of hundreds of interconnectors). This
potential distribution is static, in the sense that it will not change
throughout the simulation

- A function fcol(Vred) describing the collection ratio of interconnectors.
This will determine the proportion of the current that is collected by
the interconnector and the dielectric (see below)
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The whole process can be seen in Figure 5.1. In the simulation, the currents
globally collected are determined at the level of the dielectrics, when the
different populations are moved. It can be either thermal or (situation of
Figure 5.1) the combination of a potential-depending factor and a thermal
term. In the latter case, the potential taken into account is still the poten-
tial of the dielectric. If the Poisson solver is used to compute potential, the
boundary condition is still a Dirichlet one where V = Vdielectric.

Before the electrical circuit is solved, the current is divided between the
dielectrics and the spacecraft ground. For analytic distributions, samples of
superparticles are generated on each mesh cell lying upon the dielectrics with
speed and weight such that they represent the same current than the analytic
value. For each superparticle of the current, a reduced difference potential
is computed (see Equation 5.1). It is the difference between the sum of the
potential of the supernode potential upon which lies the interconnectors and
the interconnector potential evaluated at the position where the particle was
collected on one hand, and the dielectric potential on which the particle was
collected on the other hand, divided by the particle’s energy:

Vred = −
(Vsupernode + Vinterco)− Vdiel

Epart
(5.1)

The particle’s energy is it’s kinetic energy in Joules divided by it’s charge
in Coulomb, which is equivalent to an energy in electron volts with the sign
of the charge carried by the particle: for a given reduced potential, particles
will react differently if they are ions or if they are electrons. The superparti-
cle has a probability p = fcol(Vred) of being collected by the interconnector.
Finally, the sum of the current collected by the interconnectors is directly
transferred to the spacecraft ground. Consequently it will directly influence
its potential. Because part of the current is diverted from the dielectrics,
their potential will not change as much as it would have so interconnectors
influence also the potential of the coverglass and through it the total current
collected. This approach has the benefit of being light (only two aspects to
define the solar array); flexible - the ratio interconnectors / dielectrics can be
changed at will, takes into account the charge of the particle ; and physically
sound. However, in cases where interconnectors collect a large current com-
pared to the dielectrics, it seems possible that the interconnectors’ influence
on the plasma is not local any more. This would mean that the total current
collected by the spacecraft (dielectric + interconnector) is larger than what
SPIS takes into account, i.e. only the current collected by the dielectric.
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5.2 Probes

SPIS can export maps of densities, fluxes, potentials in the computational
domain but the post-processing was not very flexible. For example, the
time and the frequency at which the measures were made were difficult to
set, point like measures rather complicated and data sets were extremely
memory-consuming. In addition, SPIS could only output mean energies of
particles within cells, whereas superparticles have each different energies.
All these problems made comparisons with in-flight or laboratory measure-
ments complicated.

It was decided to create artificial, easy to use probes. They are artifi-
cial in the sense that they do not disturb the simulation but only ’observe’
a quantity, by opposition with real probes who actually collect particles
and therefore have an impact on what they observe. SPIS probes detect
the superparticles within their domain, read their properties and perform
a measure based on this. They have been successfully tested in simula-
tions. There are two type of probes: some are point-like, whereas other are
spherical. Both type are defined through a list of parameters:

- The nature of the probe, which will determine the quantity it will ob-
serve: density (point-like), potential (point-like), distribution function
in energy (spherical), distribution function in 3 dimensions (spherical),
current (spherical), flux as a function of the energy (spherical)

- The position of the probe, through its coordinates (X, Y, Z)

- The population that will be observed. This gives another degree of
freedom, as quantities can be measured separately for all populations

- The sampling period

- The observation duration. Probes average the value they observe over
a certain time, which helps smoothing their result. This is done by
accumulation of superparticles during SPIS cycles

- The radius of the probe (if it is spherical), which is one of the most
crucial parameter in order to create an efficient probe, as is explained
below

- When the measure concerns energy, the thresholds value (Emin and
Emax) that will trigger the probe. Below and above these value, su-
perparticles are not counted.
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- In the case of fluxes, the normal to the surface through which the flux
is computed (it is always a plane including the center of the probe).

These probes are very useful if they are well configured. As with any
observation, the result is interesting only if the observed sample is large
enough. In reality, this sample would be made of particles and the observer
need to make sure that the probe collects enough particles. In SPIS the
situation is more restrictive because there are far fewer superparticles than
actual particles (a ratio of 108 is not unusual). A small variation of the num-
ber of superparticles detected can lead to a big variations of the output of
the probe, and the result may lose its significance. For point-like probes, the
only parameters that can be tuned to solve this problem are the sampling
period and the observation duration. Increasing the sampling frequency (de-
creasing the sampling period) will give more measurements. Even if there
is some statistical noise, if the simulation has reached an equilibrium state,
the average of these result should be statistically relevant. This is however
not a solution if the measurement at a precise time is desired. Increasing the
duration observation will give fewer measurements, but each of them will
be less affected by statistical noise. However, once again the measure is not
performed at a precise time. The other problem is that the accumulation
of particles slows down the simulation because of the number of operations
required.

For spherical probes, one can also play on the radius of the probe. The
smaller it is, the more localised and relevant to the position of the probe the
measure will be (if the probe has a radius of one meter and is situated at
one meter from the source, the measure is rather meaningless). But fewer
particles will be detected. The contrary is also true: a big probe will collect
more particles. Up to a certain point, increasing the radius is more effi-
cient because the number of particles detected increases as the volume of
the probe which is a function of r3, whereas it increases linearly with the
observation duration. However, the way probes are coded, the computation
is much faster if probes are entirely held inside the cell. That is why ’by
default’ the radius should be increased first if the number of superparticles
detected is not large enough and the cell is large enough. A balance must
then be found to ensure that the output is constant when the simulation is in
a stationary phase, with the radius small enough that the measure is relevant
and the duration small enough that the computation does not take too long.
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Figure 5.2: Comparison of the two yield models

5.3 Erosion

5.3.1 Interaction process and models

SPIS includes the possibility to simulate erosion of materials. Erosion is a
surface interaction, caused by energetic particles impinging on surfaces. The
eroded surface is thinned, which can be responsible for mechanical failures or
properties modification. The second effect is the emission of eroded particles.
These particles can in turn interact with the plasma (acting as dust, thus
generating a complex plasma) or with the spacecraft by contaminating other
surfaces, which can significantly alter the properties of these surfaces (for
example, the smoothness of the surface of a telescope).

Erosion has been studied in details, and different models have been pro-
posed [28] to explain this phenomenon. The idea for most of them is that
particles impinging on a target will interact with the molecules on the sur-
face and possibly tear some of these off the surface. Models try therefore to
predict the probability for one particle to extract a particle from the target,
or more precisely the number of particles of material that one particle will
tear off on average. This quantity is called the sputtering yield: for each
impinging particle, a number of particles equal to the sputtering yield are
supposed to be eroded (on average, yield is not always an integer). Sput-
tering yields are usually functions of the impinging particles’ nature, energy
and speed, and of the target’s material. Erosion interactions can therefore
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be implemented either for populations described by Particle In Cell method
or by analytic distributions. In the last case, a global yield is determined
then the sputtering rate is determined by applying this yield to the flux
going on to the eroded surface.

Studies have been made [29, 30, 31, 32] to characterise the different
materials used in spacecraft. The model originally used in SPIS was a com-
bination of two models: Garcia Rosales [28] gives the energy dependency of
the yield while Oechsner describe the angular dependency. Garcia-Rosales
equation is:

Y0 = Q ∗ sn(ϵ)

(
1−

(
Eth

E

)2/3
)

∗
(
1−

(
Eth

E

))2

(5.2)

In Equation 5.2, Eth is a threshold energy below which there is no erosion,
Q is a function of the material and of the impacting ion, and ϵ is a function
of the energy, Sn being a function of this ϵ:

ϵ = E ∗ mt

mi +mt
∗ 3.255× 10−2

zizt(z
2/3
i + z

2/3
t )

(5.3)

Sn(ϵ) = 0.5 ∗ log(1 + 1.2288 ∗ ϵ)
ϵ+ 0.1728 ∗ ϵ1/2 + 8× 10−3 ∗ ϵ0.1504

(5.4)

Q must be determined experimentally and separately for each material,
which is the reason why a lot of work has been done on erosion.

In the Oechsner model, the yield is a function of θ, the incidence angle
between the velocity of the particle and the vector normal to the eroded
surface. It is computed with the following formula:

Y (θ) = Y0(E)

(
Ymax(E)

Y0(E)
− 1

)
∗ 1.284

(
ϕ

ϕmax(E)

)2
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(
−0.25
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ϕ
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)8
)

(5.5)
Ymax and ϕmax are constants which were determined during experimental
campaign.

We implemented another yield model in SPIS that has shown good fit
with the experimental data in possesion of Astrium, the Bodhansky-2 model:

Y0 = KE

(
1−

(
Eth

E

)2/3
)

∗
(
1− Eth

E

)2

(5.6)
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In Equation 5.6 K is the slope of the model in the high-energy region
where Y0 becomes linear, and Eth is the threshold energy. Experimental
campaigns have been run at Astrium in order to characterise these con-
stants for all relevant materials. The angular dependency is still given by
the Oechsner formula (see Equation 5.5)

The normal sputtering yield (energy dependency of the yield) for a parti-
cle impinging on white paint is shown in Figure 5.2 for both models (Garcia-
Rosales and Bohdansky-2). We can see that they diverge quite heavily at
high energies which can be explained in part but not entirely by different
parameters. Indeed, Bohdansky-2 is linear for high energies whereas Garcia-
Rosales follows a more complicated curve - logarithmic in the beginning. It
has been shown that above the threshold energy, the sputtering yield first
grows as a power function of the energy, then follows a linear trend up
to energies of the order of 100 keV and finally reaches a threshold. The
Bohdansky-2 model fits this description a lot better, which explains why we
implemented and used it.

5.3.2 SPIS Implementation

The implementation of erosion interactions in SPIS was rather straightfor-
ward. First, a new class had to be developed to implement the Bodhansky-2
model. This class computes the yield of a superparticle according to Equa-
tion 5.6 and 5.5. It reads the constants used in Equations 5.6 and 5.5 for
each material in the simulation. Those constants must be given as an in-
put to the simulation by the user. The initialisation of the simulation was
modified in order to be able to:

- Choose between the original yield model (Garcia-Rosales) and the new
one. It is still possible to go back to the former model, although this
is of little interest

- Turn erosion on any PIC population of the simulation. This is done
through user-set parameters. As of yet, it is not possible to turn ero-
sion on populations represented by analytical classes. This is not a
major issue because analytic populations are mostly used for electrons
and erosion caused by ions is far superior to erosion caused by elec-
trons, ions being so much heavier

Finally, new material models including erosion characteristics (Eth, K, ϕmax,
Ymax) for all materials used in simulations were created.
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Integration in SPIS cycle Whenever erosion is turned on a population
in the initialisation phase, SPIS creates a new interactor linked to this pop-
ulation. This interactor includes a yield model (the class we created), an
incoming and an outgoing flux, representing respectively the eroding popu-
lation and the eroded one. During the simulation, when surface interactions
are computed (see SPIS lifecycle description), all erosion interactors are
called successively. Each one retrieves the current to the spacecraft surfaces
of the population it is linked to. A yield is computed for each superparticle
that is a part of these currents, and new particles are added to the outgoing
flux:

N = wsp ∗ Ymat(E, θ) (5.7)

where N is the number of eroded particles wsp is the weight of impinging
superparticle and Y is the yield computed for the eroded material of the
superparticle.

SPIS also includes the possibility to simulate the dynamics of eroded
particles. If so, it generates a PIC population from the outgoing flux which
becomes a surface source. This has however not been used as of yet but
could be interesting for the study of complex plasmas: eroded particles will
act as dust within the plasma. It is also a way to study contamination of
the spacecraft by eroded particles.

It must be noted that SPIS does not change the geometry of the simu-
lation even when erosion actually happens. The volumes remain unchanged
although they would in reality shrink. Modifying the geometry would be
very complex because of the way SPIS works: the unstructured mesh would
need to be recalculated at each step which would be too long and would
create a lot of complexity. The generated outgoing flux of eroded particles
is however monitored. Taking these fluxes at equilibrium alongside with the
material’s density and the mass of the eroded particles, the effect of erosion
is assessed (in term of centimetres of surface removed or eroded mass per
time unit for example).

5.3.3 Comparison with another modelling tool

In-flight erosion reliable data are very hard to get. One reason is that
erosion is usually rather small: some of the critical material are no thicker
than a few centimetres, so the design of the satellite is such that no more
than a few grams of material can be eroded. Detecting such a small varia-
tion of mass in space is very hard, and would require dedicated sensors that
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Figure 5.3: First simulation model, with target at 90

Target at 90 Target at 35
SPIS CIONIC 20 SPIS CIONIC

Mean erosion (m) 6.0E−5 1.4E−4 3.1E−2 2.6E−2

Maximum erosion (m) 1.3E−4 2.1E−4 5.0E−2 4.7E−2

Minimum erosion (m) 1.4E−5 8.7E−4 1.9E−2 1.3E−2

Table 5.1: Comparison of test results

have not yet been taken aboard satellites.

In order to evaluate SPIS performance in modelling erosion interactions,
it was then compared with CIONIC another simulation tool. CIONIC is
Astrium’s reference tool and has been used for many years. Two simple
simulations were performed both with SPIS and CIONIC, then their results
were compared. The set-up for these simulations was:

- One SPT-100 thruster firing in vacuum

- A target of 0.1x0.1 m2 was placed at 40 cm of the center of the
thrusters, at 90 of the plume axis in the first simulation and at 35
in the second one (see Figure 5.3 for the first simulation set-up)

CIONIC models the plasma environment with an analytic distribution.
Based on a current distribution (a fit of the plume model of the SPT-100
deduced from experimental data), an energy distribution (also based on
experimental data) and using a 1/r2 decay model, other quantities such as
densities, temperature etc. are extrapolated in the plasma.
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Figure 5.4: Angular distribution of fast ions impinging of the target in simulation
2 in SPIS

Tests results are given in Table 5.1 for 3000 hours of firing. They show
very good agreement where the CIONIC current model matches SPIS one,
whereas they differ where current models do so. Indeed, in CIONIC current
model, the currents at high angles are two to three times larger than in SPIS.

In the absence of any in-flight data, none of these results can be consid-
ered more relevant than the other. Their consistency demonstrates however
that SPIS simulates erosion coherently. While differences are partially ex-
plained by differences in currents models, two other factors play a role:

- SPIS superparticles each have their own incidence angle. In compari-
son, CIONIC computes one angle for each cell of the target according
to ray-tracing theory: a ray is drawn from the center of the simulation,
usually the center of the thrusters, to the center of the concerned cell
of the mesh. The incidence angle is then the angle between this ray
and the normal to the cell. Figure 5.4 shows the angle distribution of
fast ions populations in simulation 1, at one particular time step

- SPIS superparticles have each their energy. This must be compared
to CIONIC, which considers only one energy for each cell. Figure
5.5 shows the energy distribution of Xe+ charge exchange ions at 90
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Figure 5.5: Energy distribution of singly charged CEX ions impinging of the target
in simulation 1 in SPIS

degrees

These are fundamental differences, as a mean energy and an energy dis-
tribution would not induce the same results. The yield is not a linear func-
tion of energy, especially for energies near the energy threshold (see Fig 5.2).
More importantly, angular dependency of the yield is not even monotonous
as is displayed in Figure 5.6, so having a good angular representation is a
real asset. There we see that the maximum yield 0.9 is reached at 70 degrees
(ϕmax = 70) and varies on a scale of 10 (Ymin = 0.1). Therefore, having a
population with an incidence angle distribution focused in part at 10 degrees
and in another part at 90 degrees (just like in Fig. 3) will yield very different
results than what a population with a unique incidence angle equal to it’s
average would.

The error made by averaging the incidence angle can be estimated. Let
us assume that all particles are impinging on the target with an energy of
100 eV, following either the angle distribution given in Figure 5.4 or the
average of this distribution and compute the total erosion in both cases. At
100 eV, Y0(E) = 7.8 · 10−2. Following the Oechsner model, we get:

- Case 1: Rsputtering =
∑

superparticles(Y0(E) ∗ Y (θsp)) = 52.104
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Figure 5.6: Angular yield model for Xenon ions impacting with an energy of 100
eV on white paint

- Case 2: θaverage = 14.377
Y (θaverage) = 1.55
Rsputtering = Y 0(E) ∗ Y (thetaave) ∗Nb = 44.79

As we can see, case 2 underestimates erosion by a factor 15%.

It is also possible to estimate the error that is made by averaging the
energy. Two situations can happen:

- The case represented in Figure 5.5 where the average of the energy is
below the energy threshold for erosion Eth. In this case, an analytic
distribution would cause no erosion at all whereas an energy distribu-
tion would: here, for a incident flux of 1 moles per second, 6.02 · 10−6

moles are eroded each second (supposing a single incident angle of 70).
In this situation, the difference is 100%.

- The case represented in Figure 5.7 where particles have energy sig-
nificantly higher than the energy threshold (in this case the average
energy is 112 eV). We find that the sputtering yields for the average
energy and for the energy distribution in this case are equal to a pre-
cision greater than 106. As was mentioned earlier, this is because the
energy dependency is very close to a linear one at high energies.
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Figure 5.7: Energy distribution of an arbitrary population.

Both these differences attest that SPIS is a better tool for erosion analysis.
By simulating energy and speed vectors (hence incidence angle) distribution,
errors up to 15% in the general case are avoided. For particles with low
energies, the results are drastically improved because of the threshold effect
that lead an analytic distribution to generate no erosion whereas it does
happen in reality.
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Chapter 6

System applications: Smart-1

6.1 Mission description

Smart-1 mission was started by ESA in 2003 as the first part of the Small
Missions for Advanced Research in Technology (SMART) program. The
purpose of this program is to test new technologies in order to implement
them later on bigger projects [33]. SMART-1 specific goal was to test Solar
Electric Primary Propulsion in flight and was consequently equipped with
a PPS1350, a 70 µN HET designed by SNECMA. Launched in September
2003 on Ariane-5 flight V162 with two other satellites it reached lunar orbit
in November 2004, using only 60 litres of Xenon gas. This was an all-time
low record in terms of fuel per kilometre: about a car gas tank to travel the
hundreds of thousands of kilometre from the Earth to the Moon! There it
performed polar illumination studies and a high resolution coverage of the
Moon, preparing the ground for future lunar exploration missions. After a
one year extension of its mission, it was voluntarily crashed on the Moon on

Parameter Value

Energy (ions) 0 to 400 eV
Energy (electrons) 1.7 to 3.5 eV
Plasma potential −150 to 100 eV
Plasma density 107 to 3 · 108 cm−3

Ion current density 0.002 to 0.05 mA/cm2

Mass deposition 0 to 0.44 mg/cm2

Table 6.1: Parameter range for EPDP instruments from [35]
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Figure 6.1: Smart-1 electric configuration from [36].

the 3rd of September 2006, a date that was scheduled so that observation
conditions of the crash from Earth would be optimal.

Smart-1 was a scientific satellite loaded with instruments, some of which
were in particular dedicated to plasma diagnostics: the Electric Propulsion
Diagnostic Package (EPDP) and the Spacecraft Potential Electron and Dust
Experiment (SPEDE) [34, 35]. EPDP included:

- A Retarding Potential Analyser (RPA) to study the ion energy distri-
bution. It was placed on the top of the satellite on the -Z panel at
about 0.5 m from the thruster, oriented towards the thruster beam

- A Langmuir probe, placed alongside the RPA, to characterise the
plasma parameters: electron density, temperature, plasma potential

- A Quartz Cristal Micro-Balance for contamination analyses

- A Solar-cell Assembly in order to analyse the effect of the plasma
plume on solar cells performance.

Table 6.1 summarises the range of accepted parameters for these instru-
ments.

The SPEDE is made up of two similar sensors, placed at the end of 60 cm
long booms situated on the +X and -X panels of the spacecraft. Each sensor
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can be used in a Langmuir probe mode or in an electrical field probe mode.

Smart-1 electric configuration is displayed in Figure 6.1: all surfaces ex-
posed to the plasma are connected to the spacecraft ground, and a discharge
voltage of 350 V is applied between the internal anode and the external cath-
ode. The potential difference between the spacecraft and the cathode was
measured, first during chamber tests on Earth and then in-flight during
Smart-1 mission. These tests have demonstrated that under regular operat-
ing conditions, the CRP is −18 V [37]. In flight, the cathode potential was
oscilating between small negative and positive values. −2 V and +5 V are
reported in [37] for the limits of the variation, while others mention CRP of
up to +15 V. Data analysis showed that the Cathode Reference Potential
(CRP) was equal to the Langmuir Probe potential with an offset of −18.5 V.
The CRP can therefore be used as a measure of the spacecraft potential.

Assuming that the cathode kept a constant potential with regard to
infinity of −18 V as was the case on Earth, the floating potential of the
spacecraft varied between roughly −15 V and −30 V. This variation has
been correlated with the angle between the wings and the body of Smart-1:
this rotation is incremental and to each step corresponds at the same time an
incremental change in the CRP. One possible explanation is that as wings
rotate, the solar cells and the interconnectors are exposed to a different
plasma: plasma density is lower in the wake of the solar wings. Hence, the
current they collect varies. This in turn modifies the potential at which
positive and negative currents balance each other. This data analysis is the
reason why special work and developments (see Chapter 5) were performed,
in an attempt to reproduce this variation of the floating potential.

6.2 Proposed model

Because Smart-1 is symmetrical, we model the body and only one of the
2 wings of the satellite to reduce computations time. On this wing, we
consider only one of the 3 panels of the wings, because plasma density at
the second and third panel is too low to have a significant influence on the
simulation - the currents collected there are really small compared to the
ones of the first panel. The spacecraft is divided in 9 groups:

- First group comprises the -X, +X and +Z panels of the satellite body.
It is coated with Kapton, to simulate the Multi Layer Insulation (MLI)
blanket used on Smart-1. Kapton is a dielectric, so deploying it slows
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down the simulation (see Chapter 4 about electrical circuit). This
group is directly connected to the ground

- Second group is the -Z face of the satellite body. It is also coated with
Kapton to model the MLI that is deployed on Smart-1. It is grounded
to the rest of the satellite

- Third group is the +Y and -Y panels of the body of the satellite. It
is covered with a type of white paint suitable for space, SG-120. Both
these panels are used as radiators, and use heat pipe to spread out the
heat. SG-120 has a very high conductivity, and is modelled in SPIS
as a perfect conductor (no dielectrics coating deployed). It is directly
connected to the spacecraft ground

- Fourth and fifth group represent the thruster of the satellite, above
the -Z panel. It was noticed during simulations that both these sur-
faces were collecting very high electron currents: the ion density is
the largest there, so in the quasi neutrality assumption, the electron
density is also very high. Because analytic description assumes no
drift, very large electron currents are recollected - larger than what is
emitted by the spacecraft. Both these groups are therefore completely
isolated from the rest of the spacecraft satellite, through very high re-
sistors. They are covered with Indium Tin Oxide (ITO), a very good
conductor assumed to be perfect in SPIS

- Sixth group is the yoke that connects the satellite body to the wings,
built in an aluminium oxide. In SPIS, this aluminium oxide is sup-
posed to be perfectly conducting. This group too is grounded to the
spacecraft

- Fifth group is the back side of the wings of the satellite. It is covered
with Carbon Fiber Reinforced Polymer (CFRP), also modelled as a
perfect conductor, and directly connected to the ground

- Seventh group is the top of the solar array, i.e. the side of the wings
on which are the solar cells. The material used in SPIS is a type of
coverglass with very low conductivity, CERS. The interconnectors are
deployed on this group. It is also connected to the spacecraft ground

- Ninth group is a surface just under the thruster, that is covered with
white paint. It is modelled in SPIS with SG-120 and connected to the
spacecraft ground
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Figure 6.2: Interconnectors connecting two solar cells through a by-pass diode
(courtesy of Tecstar Inc.).

The electron reference temperature is 4 eV. The electron reference density is
3 ·1015 m−3. The PIC populations simulated are the Xe+ and Xe++ source
ions, injected from the thruster, the neutral Xe injected from the thruster
and the charge exchange ions Xe+ and Xe++. The electrons are simulated
with the second analytic distribution described in Chapter 4.

6.2.1 Interconnector model

Interconnectors are distributed all over the wings of Smart-1, connecting
solar cells as shown in Figure 6.2. Smart-1 panels have dimensions 960 ×
1740 mm2, and solar cells configuration on each is described in Smart-1
specifications:

- Each panel has 3× 2 sections of size 303× 870 mm2

- Each section has 3 strings of 33 cells each

- Each string of cells is segmented in 5 columns connected by intercon-
nectors at top or bottom,

- Interconnectors have a very small visible surface, 8× 60 mm2, at pos-
itive potential with respect to the spacecraft potential between 0 and
50 V

There are 10 interconnector for each string so 180 interconnectors when
counting the 3 × 6 strings of the panel and the total area is roughly 4% of
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Figure 6.3: Potential distribution of the interconnectors on the solar array, seen
from top.

the spacecraft.

The potential distribution of the model is therefore a linear distribution
going from 0 V to 50 V across the width of the panel, uniform across its
length, see Figure 6.3.

Collection ratio The geometrical model includes only the -Y wing of the
spacecraft but in reality both wings will collect electron currents. Therefore,
we chose a surface ratio for the interconnectors of 8%. Then, we assume
that the interconnectors and the dielectrics ’see’ the same plasma and that
currents follow an OML law:J = JthSexposed exp

(
− qV

kT

)
if qV < 0

J = JthSexposed

(
1− qV

kT

)
if qV > 0

(6.1)

where Sexposed is the collection surface and Jth the thermal current and V
is the potential relative to the plasma.

The current collected by the dielectric and the interconnector is com-
puted as a function of their potential. With this model, the ratio of current
collected by the interconnectors is not a function of the potential difference
between the interconnectors and the dielectric: for a given difference, the
ratio can take multiple values.

Negative potential difference corresponds to positive currents when in-
terconnectors have a higher potentials than the dielectrics: for these, we
assume that very few ions will actually be collected by the interconnectors.
Given the very small size of the interconnectors and the inertia of ions, it
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Figure 6.4: Interconnectors collection ratio as a function of the reduced difference
potential.

seems unlikely that interconnectors will be able to collect them and even
more when dielectrics have a more negative potentials, thus attracting ions.

For positive potential differences, we assume that the dielectrics will al-
ways be in the exponential part of Equation 6.1, because in-flight data have
shown that the spacecraft potential is negative. We also assume that the
interconnector potential is 0 V. This assumption was made for two reasons:
first, the interconnector distribution goes from 0 to 50 V and the spacecraft
potential is around −25 V with regards to infinity, so about half the inter-
connectors will have positive potentials and half negative ones. The second
reason is that in the configuration chosen, this approximation is quite close
to what the real calculation gives. All potentials are reduced assuming a
temperature of 4 eV, which is the electron reference temperature. Figure
6.4 shows the collection ratio that was implemented for Smart-1.

6.3 Results

Simulations were run with constant temperature, in two situations. First
case is called 0 degree case and has the solar cells, hence the interconnectors,
on the side of the thruster. Second case, called 180 degrees case, has them
on the opposite side of the thruster.
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Figure 6.5: Spacecraft potential, case 180 degrees, constant temperature

Figure 6.6: Currents collected by the different panels of the satellite with solar
array on the opposite side of the thruster with constant temperature. MLI covered
parts in blue are the +X, -X and +Z panels of the body while Radiators in green
are the +Y and -Y panels, case 180 degrees, constant temperature
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Figure 6.7: Density of Xe+ ions ejected by the thruster, case 0 degree, constant
temperature.

6.3.1 Constant temperature

The plume of the thruster in this configuration is displayed in Figure 6.7
and 6.8. Densities of fast ions drop very quickly out of the plume, because
elastic collisions are not implemented in SPIS.

180 degrees The spacecraft potential drops down to −18 V in about 0.2 s
as shown in Figure 6.5. The main drivers of the spacecraft potential are the
positive current collected by the white paint under the thruster of ≃ 10−2 A
and the negative currents collected by the body of the satellite that go from
≃ 10−1 A to a few 10−3 A at equilibrium (see Figure 6.6). At the beginning
of the simulation, all the panels of the satellite collect large electron current.
These currents drop with the potential because of the exponential term in
the expression of the current (see Chapter 4, analytic distributions). On the
contrary, positive current is the result of ion recollection and is not too much
impacted by the spacecraft potential: it remains rather stable throughout
the simulation. The equilibrium is reached when these currents balance each
other.
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Figure 6.8: Density of Xe++ ions ejected by the thruster, case 0 degree, constant
temperature.
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Figure 6.9: Spacecraft potential, case 0 degree, constant temperature

The current collected by the solar array is below 10−4 A and does not
influence significantly this equilibrium - therefore, the interconnectors cur-
rent is also low and with little influence.

This potential is in line with a CRP of 0 - +0.5 V.

0 degrees Spacecraft potential goes from 0 to −20 V in a little less than
0.4 s. In this configuration, the white paint below the thruster still collects
positive currents once it is reached by the charge exchange ions. But in ad-
dition to the electron current collected by the body of the satellite, the solar
array also collects an important current of the order of 8 · 10−3 A. These
currents are displayed in Figure 6.10. Looking at Figure 6.11, we also see
that most of the current collected by the solar array is actually collected by
the interconnectors and directly sent to the spacecraft ground. This explains
why the current collected by the solar array does not decrease as much as
the other currents: the solar cells on the surface of the solar array remain
at rather high potential values. Examining the surface potential, we find
that the maximum potential is nearly constant around 0 V. The potential
in the exponential term of the current remains high and keeps the currents
at their initial values. The negative current that would in theory lower the
potential of the surface is injected in the electrical circuit, as if it had been
collected by the ground. The dielectric does not reach the same equilibrium
value that they would have without the interconnectors: this modelling is
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Figure 6.10: Currents collected by the body of the satellite and the solar array -
the sum of the current collected by the solar cells and by the interconnectors, case
0 degree, constant temperature

Figure 6.11: Currents collected directly by the interconnectors, case 0 degree, con-
stant temperature
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successful in accounting for an effect of the interconnectors on the spacecraft
floating potential.

The spacecraft potential in this configuration is 2 V lower than the pre-
vious one. Although this reproduces the global behaviour of the CRP vari-
ation, it does not match the values that were reported in Smart-1 data
analyses. Two reasons can explain this: first, external parameters such as
ambient plasma may influence the spacecraft charging and are not modeled
in SPIS. This is comforted by the fact that in-flight data show these ex-
treme values are not fixed, but vary with time. Secondly, Figure 6.10 and
6.11 show that the even at the floating potential, which is the minimum
potential the spacecraft takes, most of the current collected by solar array
goes to the interconnectors. This is not surprising because interconnectors
were modelled with potentials as high as 50 V. With electron temperature
of 4 eV and solar cells potentials between 0 and −20 V, reduced potentials
are always above 5 and the collection ratio model used (see previous section)
implements collection ratio near 100 % above 5.5 V. As was explained in
Chapter 5, we might be underestimating the total current collected in these
cases: with higher electron currents, the potential would have to decrease
even more to reach the balance with positive currents.

6.3.2 Comparison with previous modelling

In a previous modelisation of Smart-1, interconnectors were modelled as a
square surface equivalent to the interconnectors total surface on top of the
wing, with a potential of 50 V. The result in term of potentials and electron
density can be seen on Figures 6.13 and 6.14. This model also reproduced
the variations of the spacecraft potential with the rotation of the wings. The
potential goes from −18 V to below −35 V: the amplitude of the variation is
larger than in our model. The difference with our simulations is that in this
model, the potential of the interconnectors is directly taken into account
to compute the total current collected on the wings of the satellite. This
results in high currents being collected by the interconnectors and brings
the potential lower.

The problem is that this creates a singularity at the location of the
equivalent surface and disturbs the simulation. For instance, the electron
density is irregular on the solar wings (see Figure 6.14): it is two order of
magnitudes higher where the interconnector surface is placed than every-
where around. The difference can be seen on Figure 6.12 where the plasma
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Figure 6.12: Plasma potentials, case 0 degree, constant temperature

potential is smoothed along the solar wing. The floating potential is also
probably underestimated: the highest CRP reported is +15 V, while with
the floating potential here, we would find a CRP at least of +17 V (and
probably higher).
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Figure 6.13: Spacecraft floating potentials with previous modelling, constant tem-
perature model, solar array on the same side or on the opposite side of the thruster

Figure 6.14: Electron density, case 0 degree with previous modelling, constant
temperature
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Chapter 7

Conclusion

During this thesis, additional features were developed for SPIS.
First, a new model of erosion yield was implemented. It was tested and

compared with a reference tool, and found to be more accurate in a number
of cases. The PIC method of simulation is more accurate to describe parti-
cle’s energy, velocity and impinging angle on materials. More, it represents
more accurately densities in different regions of the simulation domain, e.g.
behind the thruster, so it can be used for studies that could not be done
before. Since then, erosion analyses have began at Astrium using SPIS.

New output methods are now available and were used to perform more
efficient some measurements: non-regression tests of the plume models that
were implemented, current density measurement in specific regions; as well
as measurements that were not available previously, such as energy distri-
butions of PIC populations.

A model to represent the interconnectors of the solar cells on the wings
of the spacecraft was implemented. It draws on the assumption that the in-
terconnectors do not perturb the plasma on a macroscopic scale, but modify
the collected currents on a microscopic one.

Finally, these developments were used to improve the existing model of
Smart-1, an ESA satellite that successfully tested electric propulsion and
provided many measurements against which simulations can be compared.
The main goal was to see if the interconnectors model could reproduce the
Cathode Reference Potential behaviour in-flight. If the variation pattern
was reproduced, the floating potential in our simulations did not match the
exact values that were reported in the literature. This might come either
from inherent limitations of the way we model the interconnectors, of the
specific model adopted in this case of from external factors that are not
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taken into account in SPIS.

This could however be an interesting way of improving the code. In par-
ticular, investigations of the influence of small positive surface embedded in
large surface with very different potentials on the current collected could
help assessing our model.

Finally, SPIS is a great simulation tool for spacecraft plasma interactions
based on a hybrid code that is under permanent development. Different
projects are under way: model
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