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Electric Propulsion Plasma Simulations
and In� uence on Spacecraft Charging
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Electric propulsion thrusters are gaining increasing importance for both commercial applications, as well as
for scienti� c and interplanetary spacecraft, due to their high speci� c impulse, thrust controllability, and proven
reliability. However, because these types of thrusters emit charged propellant, contamination due to collision
processes inside the beam and in� uence on spacecraft charging is a serious issue. Speci� cally, low-energy charge-
exchange ions that can be attracted by potentials on the spacecraft surface need to be well studied. Several
three-dimensional particle-in-cell numerical models were developed to study Hall, ion, and � eld emission thrusters
covering both high- and low-thrust electric propulsion systems. The various model approaches and different
potential solution implementations (Poisson solver, quasi-neutral plasma assumption) are discussed, depending on
the type of thruster simulated. To investigate the effect of the various kinds of thrusters on spacecraft charging, a
model is derived linking back� ow currents and charge-exchange plasmas with ambient plasma conditions and the
spacecraft’s � oating potential. Simulations suggest that, because back� ow currents are very low for � eld emission
thrusters, a dedicated neutralizer is not always necessary to maintain the spacecraft � oating potential, especially
in low Earth orbits or in combination with a hollow cathode from an ion or Hall thruster.

Nomenclature
ASC, Aram = spacecraft and ram area, m2

e = electric charge, 1:602 £ 10¡19 C
Ii , Ie , IE , IB , IN = ion, electron, emission, back� ow,

and neutralizer current, A
k = Boltzmann constant, 1:381 £ 10¡23 JK¡1

m i = ion mass, kg
ne1 = electron density in in� nity, m¡3

ni , ne , nCEX = ion, electron, and charge-exchange
density, m¡3

n1 = ambient plasma density, m¡3

Te , Te1 , TCEX = electron, ambient electron, and
charge-exchangeplasma temperature, K

V f , VCEX = spacecraft � oating and charge-exchange
plasma potential, V

vSC = spacecraft relative velocity, ms¡1

Á = potential, V

Introduction

E LECTRIC propulsion thrusters are now being used for
many different spacecraft applications, such as interplanetary,

telecommunication, or scienti� c satellites.1 According to mission
requirements,high-, medium-, and low-thrust engines are being de-
veloped.For example, a Hall thrusterwill � y as the primary propul-
sion system on the European moon satellite2 SMART-1 (up to 88
mN), the ARTEMIS3 telecommunicationsatellite is equipped with
ion thrusters(20 mN), and MICROSCOPE4 will use a � eld emission
electric propulsion (FEEP) thruster (100 ¹N) for precise attitude
control.

In additionto neutralpropellant,electricpropulsionthrustersemit
a plasma that can interactwith the spacecraftor the ambientplasma.
The main interaction is caused by low-velocity charge-exchange
ions, produced inside the plume from collisions between fast beam

Received 19 October 2001; revision received 12 March 2002; accepted
for publication13 March 2002. Copyright c° 2002 by ARC Seibersdorf Re-
search. Publishedby the American Instituteof Aeronautics andAstronautics,
Inc., with permission. Copies of this paper may be made for personal or inter-
nal use, on conditionthat the copier pay the $10.00per-copy fee to the Copy-
right Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923;
include the code 0022-4650/02 $10.00 in correspondence with the CCC.

¤Research Scientist, Space Propulsion; also Lecturer, Aerospace
Engineering Department, Vienna University of Technology,A-2444Vienna,
Austria; martin.tajmar@arcs.ac.at. Member AIAA.

ions and propellant neutrals. These ions can � ow back to the space-
craft surface causing sputtering and inducing an additional current,
or can distribute around the spacecraft,which can in� uence plasma
instrumentobservations.Because of chamber wall and rest gas den-
sity limitations, computer particle simulations, veri� ed by ground
and in-� ight measurements, provide the best means to address this
problem.

Because electric propulsion thrusters change the plasma envi-
ronment around the spacecraft, they will in� uence the spacecraft’s
� oating potential.Until now, no comparison has been published ad-
dressing the in� uence and differencesof spacecraftcharging for all
electrostatic thrusters (Hall, ion, and FEEP) in different plasma en-
vironments.This paperdescibesa simple modelusingback� ow cur-
rents and ambient plasma environments to compute the spacecraft’s
� oating potentialusing three-dimensionalparticle-in-cell(PIC) nu-
merical simulations. This PIC code was validated with available
experimentaldata for all typesof thrustersusing virtual plasma sen-
sors with real physical dimensions.5¡10 Monte Carlo collisions are
used to predict charge-exchange ions and to estimate the amount
of current � owing back to the spacecraft. The reader is referred to
Refs. 5–10 for any details about the model and simulation param-
eters used. The thrusters modeled are presently under development
or investigation in Europe. Plasma simulation for most of them
is rare compared to U.S. technology (for example, Wang et al.,11

VanGuilder et al.,12 and references therein).The present paper shall
contribute to more European efforts in this area.

Physical Models
Hall and Ion Thrusters

A Hall thrusteremits an ion beam out of a ring-shapedanodewith
a half-cone divergenceof about 40 deg. Ion thrusters accelerate the
propellant througha grid having a lower half-conedivergenceangle
of around 10–15 deg. Typical operatingparameters are summarized
in Table 1. A schematic is shown in Fig. 1. Electrons from an ex-
ternal cathode act as a neutralizer, creating a quasi-neutral plasma.
Althoughthepropellantef� ciencyfor these typesof thrustersexceed
95%, the neutral density is comparable to the beam ion density due
to the much lower thermal velocities (400 m/s) compared to the ion
velocities gained due to the acceleration potential of 300–1100 V
(20,800–40,000 m/s) between anodeand cathode.Moreover,part of
the propellant is directed through the cathode, thus providing an ad-
ditional � ow of neutral propellant. Up to 20% of the ions are found
to be doubly charged.

A consistent formalism between thrust, ion velocities, and mass
� ow rates could be establishedthat de� nes the conditionsat the exit
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Table 1 Hall and ion thruster performance parameters

Parameter SPT-100 UK-10 RIT-10

Thrust, mN 84 25 15
Voltage, V 300 1100 1000
Mass � ow rate, mg/s 5.6 0.8 0.4
Total ef� ciency,% 51 77 71
Divergence angle, deg 42 12 11
Outer diameter, mm 100 100 100
Inner diameter, mm 56 —— ——

Fig. 1 Hall and ion thruster schematic.

planeof the thrusters.7 Iondistributionsare eitherhomogenous(Hall
thruster) or Gaussian (ion thruster), matching ground-testingdata.

Because these types of thrusters emit a quasi-neutralplasma, the
electrons can be modeled as a � uid, speeding up simulation time.
Under the assumption of a collisionlessplasma, a constant electron
temperature Te , and a Boltzmann distribution of the electrons, the
space charge potential Á can be calculated quickly using only ion
densities:

n i ¼ ne D ne1 £ exp.eÁ=kB Te/ (1)

where ne1 is calculated using exit potential measurements.

FEEP Thrusters
Two types of FEEP thrusters are currently under development:

one using a slit-shaped emitter and cesium as propellant13 and a
needle-type emitter using indium as propellant.14 A schematic of
both thrusters is shown in Fig. 2. Performance data are summarized
in Table 2.

A potential difference on the order of 6–12 kV is applied be-
tween the emitter and accelerator electrode, creating a focused ion
beam squeezed inside a cosine distribution.An importantdifference
between the two designs is that, in the slit con� guration, the accel-
erator electrode is negative (a few kilovolts)with respect to ground,
whereas in the needle design the accelerator is on ground potential.
Typical divergenceangles are between 20 and 60 deg dependingon
the thrust level.

Cesium, like all alkali metals, has a very high vapor pressure of
2 £ 10¡4 Pa at the melting point of 28.6±C. Moreover,a high atomic
neutral � ux of about 1% of the ion � ux was observed,15 suggesting
dissociations of microdroplets that are emitted related to the ef� -
ciency of the thruster. This � ux, together with thermal epavoration
(approximately two order below the � ux), creates a considerable
atomic neutral environment in front of a Cs-FEEP thruster that can
cause charge-exchangeions.9

Indium has a very low vapor pressure of only 5 £ 10¡11 Pa at the
melting point of 156.8±C. Contributionfrom thermal evaporationto
atomic neutrals is, therefore, neglectible. Only sputtering from the
fast beam ions on the microdroplets is considered as an additional
source of atomic neutrals. A volumetric production rate based on
cross section, sputter yields, ion, and microdroplet measurements
was implemented for this case.5 A separate neutralizer is needed to

Table 2 Micro Newton FEEP thruster
performance parameters

Parameter Cs-FEEP In-FEEP

Thrust, ¹N 580 28
Emitter voltage, kV 6.5 7
Accelerator voltage ¡5 kV 0 V
Current, mA 5 0.25
Divergence angle 66 deg perpendicular to slit 50 deg

20 deg parallel to slit

Fig. 2 FEEP Thruster schematic showing a cut through the emitters
and accelerator electrode.

providethe electronsto keep the spacecraftpotentialconstant.16 Un-
like Hall and ion thrusters, the electrons are not needed to maintain
ion emission.

Floating Potential Model
Submerged in an ambient plasma environment, the spacecraft

will charge up to a � oating potential such that the electron and
ion currents will balance. Because of the operation of an electric
propulsion thruster, the plasma environment will be modi� ed sig-
ni� cantly, and, thus, the � oating potential will change. In reality,
many complex phenomena contribute to spacecraft charging, such
as secondaryelectronemissionor photoelectronemission.Also,am-
bient plasmas are not constant but are in� uenced, for example, by
solar activity.By assuming typical ambientplasma conditions(only
one ambient species for simpli� cation), we can estimate spacecraft
� oating potentials to a reasonable extent and investigate the in� u-
ence due to the operation of electric propulsion thrusters.

The total ion current from the environment to the spacecraft con-
sists of the thermal � ux and a ram component, depending on the
spacecraft velocity ºSC. In addition, the thruster will emit a current
IE , and charge-exchangeions that � ow back to the surface will con-
tribute with the back� ow current IB . We can summarize the total
ion current to the spacecraft as

Ii D .en1=4/ £
p

8kB Te1=¼m i £ ASC

C en1ºSC Aram C IB ¡ IE (2)

where m i is the ambient ion mass. We can do the same for the total
electron current, which also consists of a thermal � ux (we assume
an ambient potential of 0 V), the current emitted by the neutralizer
IN , and electrons that are � owing from the charge-exchangeplasma
toward the spacecraft surface:
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where the exponential factor comes, again, from a Boltzmann en-
ergy distribution assumption. The charge-exchangeparameters are
the result of the computer simulation. By setting Ii C Ie D 0, we
can then derive the spacecraft � oating potential V f by a numerical
equation solver.

Numerical Model
A three-dimensional PIC code with Monte Carlo collisions17;18

was developed. For Hall and ion thrusters, ions and neutrals are
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Fig. 3 Simulation domain showing the thruster position in the middle
of the bottom plane.

treated as computer particles (one computer particle represents X
real atoms), and the potential is computed from Eq. (1), assuming a
quasi-neutralplasma.FEEP thrusters emit an ion beam from a point
or slit and, therefore, have very high localized plasma densities.8

The quasi-neutralplasma assumption cannot, therefore,be applied,
and the potentialhas to be solved using Poisson’s equationon every
gridpoint inside the simulation domain. A successiveoverelaxation
solver has been implemented for this purpose. Because of the ab-
sence of space charge (very small emission currents), and because
a neutralizer does not change the potential distribution noticeably,
no electrons were simulated for FEEP thrusters. Gridpoints and the
number of particleswere varied and found not to in� uence the com-
putational results. For details, the reader is referred to the references
describing the model.5¡10

The thruster is modeled on top of the spacecraft surface as illus-
trated in Fig. 3. The grid size is limited by the debye length of the
ambientplasma,and the simulationdomain is restrictedby available
computational resources. For Hall and ion thruster simulations, up
to 1,500,000particlesin a 2 £ 2 £ 2 m domain and 100 £ 100 £ 100
gridpointscan be calculatedon a standard personal computer work-
station.Because FEEP thrusters require additional time to solve the
potential, only 300,000 particles in a 0:1 £ 0:1 £ 0:1 domain and
up to 40 £ 40 £ 40 gridpoints can be simulated. Under these cir-
cumstances, the computational time to reach equilibrium is about
one day.

Plasma Simulations
All electric propulsionsimulationspresentedhave been validated

using available beam pro� le and potential measurements.7;9 In this
paper,we will only concentrateon charge-exchangeplasmaenviron-
ments,distributionof back� ow currents,and in� uenceon spacecraft
charging. Therefore,we � rst assess the plasma environment around
each type of thruster, which will be the input for our spacecraft
charging calculations. All density plots are evaluated through the
middle of the thrusters.

Hall Thruster
The ring-type emission of the stationary plasma thruster (SPT)-

100 Hall thruster causes a maximum ion density in the center, at
a distance of about 20 cm above the thruster exit plane (Fig. 4).
According to our quasi-neutral plasma assumption in Eq. (1), the
potentialdistributionwill follow this trend, also forming a potential
hump in front of the thruster. The neutral density shows a clear
asymmetry due to the propellant � owing through the neutralizer
cathode (Fig. 5). Combining Figs. 4 and 5, we expect most of the
charge-exchange to be produced close to the thruster exit plane.
The potential hump at a distance of 20 cm will re� ect those ions
back to the surface that were created just below it. Moreover, the
positive potential from the ring-type ion emission will focus them
in between. We can see this in the charge-exchangeion distribution
shown in Fig. 6.

Fig. 4 SPT-100 beam ion density in X–Z coordinates at Y = 0.2 m (an-
ode ring emission).

Fig. 5 SPT-100 neutral density in X–Z coordinates at Y = 0.2 m (anode
ring emission and neutralizer cathode emission).

Fig. 6 SPT-100 CEX ion density in X–Z coordinates at Y = 0.2 m.
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Fig. 7 SPT-100 back� ow current distribution in X–Y coordinates at
Z = 0 m. (Black half-circles indicate anode ring.)

Fig. 8 UK-10 beam ion density in X–Z coordinates at Y = 0.6 m.

The back� ow current distribution to the surface in Fig. 7 shows
a clear maximum of current collected between the anode ring and
a slight asymmetry around the anode due to the cathode neutral
propellant � ow. The charge-exchange ion density that covers the
spacecraft structure is only from about one to two orders of magni-
tude below the beam ion density provided. Because electrons keep
this plasma quasi neutral as well, a signi� cant amount of electrons
can interact with the spacecraft, similar to a plasma contractor. As
we will see later, this effect will greatly reduce spacecraft � oating
potentials.

Ion Thruster
Contrary to ring-shapedanodeof Hall thrusters,ion thrustersemit

a circle-area-shapedion beam and do not cause a potential hump in
front of the exit plane (if enough electrons are provided to form a
quasi-neutralplasma, of course).The beamiondensitiesfor the UK-
10 andRIT-10 ion thrustersare shown in Figs. 8 and 9 and the neutral
densitiesin Figs. 10 and 11, respectively.The charge-exchangeions
are again mostly produced close to the thruster exit plane and are
then stronglypushed outward due to the positive space charge from
the beam ions themselves (Figs. 12 and 13). This is what creates
a substantial charge-exchangeenvironment around the thruster and
rather high plasma densities close to the spacecraft surface, again,
of from one to two orders of magnitude below the beam plasma
densities. Most charge-exchangeions are collected just outside the
anode region as shown in Figs. 14 and 15, respectively. We note

Fig. 9 RIT-10 beam ion density in X–Z coordinates at Y = 1.25 m.

Fig. 10 UK-10 neutral density in X–Z coordinates at Y = 0.6 m.

Fig. 11 RIT-10 neutral density in X–Z coordinates at Y = 1.25 m.
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Fig. 12 UK-10 CEX ion density in X–Z coordinates at Y = 0.6 m.

Fig. 13 RIT-10 CEX ion density in X–Z coordinates at Y = 1.25 m.

Fig. 14 UK-10 back� ow current distribution in X–Z coordinates at
Y = 0.6 m. (White half-circle indicates thruster outer diameter.)

Fig. 15 RIT-10 back� ow current distribution density in X–Z coordi-
nates at Z = 0 m. (White half-circle indicates thruster outer diameter.)

Fig. 16 Cs-FEEP beam ion density in X–Z coordinates at Y = 0.025 m
on top of spacecraft structure.

again a slight asymmetry due to the neutral propellant � ow through
the neutralizer cathode.

FEEP Thruster
Cesium FEEP

FEEP thrusters, in general, have a much larger ion beam diver-
gence than Hall or ion thrusters due to their very small acceleration
path of only <1 mm compared to many centimeters for the others.
That is also why the simulation domain and the grid spacing are
much smaller than for Hall and ion thrusters. The beam ion density
for a Cs-FEEP thruster is shown in Fig. 16. As discussed in the
physical model, cesium has a very high vapor pressure. Combined
with the dissociation of microdroplets, the neutral density is even
slightly higher then the beam ion density shown in Fig. 17. How-
ever, the slit geometry causes very high localized densities. The
charge-exchange ions are repelled from the positive space charge
and distributed around the thruster, which causes rather low den-
sities. The charge-exchange ion distribution is shown in Fig. 18.
Because FEEP thrusters use liquid metal as propellant, the back-
� owing ions will stick to the surface.This is differentfrom Hall and
ion thrusters, where xenon ions only collect electrons to become
neutral and are free to leave the surface again.

The back� ow distribution of these ions is shown in Fig. 19.
The negatively biased accelerator electrode tends to collect most
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Fig. 17 Cs-FEEP neutral density in X–Z coordinates at Y = 0.025m on
top of spacecraft structure.

Fig. 18 Cs-FEEP CEX ion density in X–Z coordinates at Y = 0.025 m
on top of spacecraft structure.

Fig. 19 Cs-FEEP back� ow monolayer distribution toward spacecraft surface.

charge-exchangeions, whereas the positive emitter slit repels them.
This what forms a characteristic valley distribution shape. Even
though the back� ow ions initially cover the surface, the high vapor
pressure causes rapid thermal evaporation that causes an additional
neutral environment that is not treated within this simulation.

Indium FEEP
Beam ion and neutraldensities for an In-FEEP thrusterare shown

in Figs. 20 and 21, respectively.Although ion densitiesbetween ce-
sium and indium thrusters are quite comparable, the indium neutral
environment is more that six orders of magnitude below that of
cesium due to the much lower vapor pressure. This what causes a
very low charge-exchangeion environment,10 orders of magnitude
below beam ion densities (Fig. 22). The positive emitter potential
dominates the ion back� ow distributionshown in Fig. 23. However,
because the accelerator electrode is grounded in this case, much
fewer charge-exchangeions are attracted to the surface.

In general,FEEP thrusters cause much fewer space charge poten-
tials due to their lower emission currents compared to Hall and ion
thrusters. FEEP neutralizersusing thermionic cathodes with an an-
ode accelerationpotentialor � eld emission arrays (FEA) cathodes10

have initial energies on the order of 100 to several hundred electron

Fig. 20 In-FEEP beam ion density in X–Z coordinates at Y = 0.01 m.
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Fig. 21 In-FEEP neutral density in X–Z coordinates at Y = 0.01 m.

Fig. 22 In-FEEP CEX ion density in X–Z coordinates at Y = 0.01 m.

Fig. 23 In-FEEP back� ow monolayer distribution toward spacecraft surface.

volts and, hence, do not see charge-exchange or beam ion space
charge potentials.Therefore, FEEP thrusters will not form a quasi-
neutral plasma8 and the charge-exchange plasma will not act as a
plasma contractor to lower spacecraft � oating potentials.

Back� ow and Spacecraft Charging Calculations
The back� ow current distributionwas integratedalong the space-

craft surfaceas summarizedin Table3 for thevariouselectricpropul-
sion thrusters. The SPT-100 Hall thruster has a back� ow to emis-
sion current ratio of about 0.8%. The ion thrusters have slightly
lower ratios of around 0.2%. This is consistent with back� ow pre-
dictions for NASA’s NSTAR ion thruster.19 FEEP thrusters have
much lower back� ow ratios of 2 £ 10¡2% for the cesium and only
7 £ 10¡8% for the indium FEEP, respectively. This is due to the
lower ion and neutral densities produced by the much lower emis-
sion currents compared to Hall and ion thrusters, according to a
square root behavior of charge-exchange production to emission
current.5;9 Moreover, in the indium-FEEP case, the atomic neutral
environment is simply too low to cause signi� cant charge-exchange
collisions.Equation (3) is solved to compute the spacecraft � oating
potential V f , assuming a cubic spacecraft of 1 £ 1 £ 1 m moving at
orbitalvelocityof 8 km/s. Also, the ion emissionand neutralizercur-
rents are assumed to be equal,which is generallynot the case.Three
differentambient conditionsare evaluated:vacuum, low-Earth-orbit
(LEO) and geosynchronous-Earth-orbit (GEO) conditions (param-
eters summarized in Table 4). All spacecraft � oating potentials are
shown in Table 5. In all cases, an electron temperature of 1 eV was

Table 3 Back� ow currents at typical operating conditions

Emission Back� ow
Thruster current IE , mA current IB , mA IB =IE ratio, %

SPT-100 4100 32 0.78
UK-10 440 1.02 0.23
RIT-10 210 0.35 0.16
Cs-FEEP 5 9:3 £ 10¡4 1:9 £ 10¡2

In-FEEP 0.25 1:8 £ 10¡10 7:2 £ 10¡8

Table 4 Ambient plasma conditions

Plasma Electron Ambient ion
Orbit density, m¡3 temperature, eV mass, kg

LEO 1012 0.1 2:66 £ 10¡26

GEO 106 1000 1:66 £ 10¡27
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Table 5 Spacecraft � oating potentials at typical electric
propulsion operating conditions

Spacecraft � oating potential, V

Thruster Vacuum LEO GEO

No thruster 0 ¡0.35 ¡3744.6
SPT-100 ¡16.3 ¡16.2 ¡16.3
UK-10 ¡6.5 ¡5.6 ¡6.5
RIT-10 ¡8.9 ¡7.3 ¡9.1
Cs-FEEP without neutralizer —— ¡0.35 ¡2645
In-FEEP without neutralizer —— ¡0.35 ¡3744.6

assumed for the charge-exchange plasma, which is lower than the
� xed electron temperature in the beam (3–5 eV) due to the lower
charge-exchange(CEX) plasma densities.

With no thruster � ring, the � oating potentials in LEO are slightly
different from those in a vacuum, in our case, V f D ¡0:35 V. Be-
causeof the much higher electron temperaturesof kiloelectronvolts
in GEO (solar wind, etc.), the � oating potentials can obtain several
thousand negative volts. Operating an electric propulsion thruster,
the CEX plasma will act as a plasma bridge between the spacecraft
surface, the ion beam, and the neutralizer electrons. In that case, the
� oating potential is reduced from ¡3744 to ¡16 V, or even down
to ¡6 V for the Hall and ion thrusters, respectively.The difference
between GEO and vacuum thruster operation is negligible due to
the alreadyvery low plasma densities in GEO of 10¡6 m¡3 . Floating
potential values of around ¡10 V have actually been measured in
space experimentsusing ion thrusterson the SCATHA20 and ATS-6
spacecraft.21 In the case of LEO conditions, the CEX plasma con-
tact causes a slightlymore negative � oating potential than the initial
¡0.35 V, due to the lower ambient electron temperature of only
0.1 eV.

The very low ion and back� ow currents from FEEP thrusters do
not change the LEO � oating potentials due to the relatively high
ambient plasma density (the debye length is very small). Unlike
Hall and ion thrusters,a FEEP thrusterdoes not need a neutralizerto
reduce the space charge necessary for operation.Because the FEEP
plasma is not quasi neutral and the neutralizer electrons usually
do not couple to the CEX ions,8 FEEP thrusters do not act as a
plasmacontactor.This makes it impossibleto evaluatethe spacecraft
� oating potential in vacuum because the positive back� ow current
is not balanced by an electron current � owing to the surface. In
reality, electrons will be attracted by changed spacecraft � oating
potentials to counterbalancethis effect. However, due to the limited
simulation domain, this effect could not be modeled. Therefore, the
GEO � oating potential values for FEEP thruster operation are only
partially correct, although the ambient plasma can supply electrons
and ions in this case.

Because the spacecraft � oating potential remains unchanged in
LEO with and without thruster operation, a neutralizer for FEEP
thrusters is not always necessary to maintain the spacecraft � oating
potential. The ambient ion current (order of tens of milliamperes)
is usually at least one order of magnitude higher that the emission
current of a FEEP thruster (in our example, 0.25 for In-FEEP and
5 mA for the Cs-FEEP, respectively).Another possible scenario for
saving a FEEP neutralizer is a spacecraft using ion or Hall thrusters
for high thrusts and FEEP thrusters for precision attitude orbit con-
trol. In that case, the CEX plasma from the bigger thrusters also act
as a plasma bridge to counterbalance the charging effects from the
much smaller FEEP thruster currents. Depending on the spacecraft
orbit, spacecraft size, and the number of FEEP and other thrusters
at certain thrust levels, the model can be used to predict the change
of the spacecraft � oating potential. In case of marginal change, the
additional neutralizer for FEEP thrusters can be abandoned, saving
power, mass, and volume.

Summary
A three-dimensionalnumerical PIC simulation was developedto

model Hall, ion, and FEEP thruster operation onboard a spacecraft.
Back� owcurrentswere shown to bebelow1% of the emitted current
for all thrusters. CEX plasmas produced by Hall and ion thrusters

were shown to act similar to a plasma contactor and are able to
reduce the spacecraft � oating potential signi� cantly, from several
thousand negative volts in GEO to around ¡10 V. FEEP thrusters
do not couple electrons to their CEX ions and, hence, are not able
to reduce spacecraft � oating potentials signi� cantly. Depending on
spacecraft, orbits, and additional electric propulsion thrusters, the
model suggests that a neutralizer is not always necessary for space-
craft equipped with FEEP thrusters.
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