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Modeling of Spacecraft–Environment Interactions on SMART-1
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A three-dimensional numerical model was developed to investigate the interactions of a Hall thruster plume with
the Small Missions for Advanced Research in Technology (SMART-1) spacecraft, which is the � rst of the SMART
missions in the ESA Horizons 2000 Science plan. The main mission objective of SMART-1 is to demonstrate
innovativeand key technologies for scienti� c deep-space missions. One of these key technologies is the use of solar
electric propulsion as primary propulsion. This technology demonstration mission will use a modi� ed Stationary
Plasma Thruster-100 (SPT-100) Hall thruster, which was already the subject of successful modeling using the
particle-in-cell method. Based on these model approaches, the present model simulates the thruster plume together
with the whole spacecraft, includingparts of the solararray.Speci� cally, the present study concentrates on assessing
contamination issues from charge-exchange ions. The model assumes a quasi-neutral plasma using collisionless
electrons in which the magnetic � eld can be neglected. Because of the lack of measurements from the modi� ed
thruster, the model is veri� ed using existing experimental data from the well-studied SPT-100. SMART-1 will
feature several sensors to investigate spacecraft–environment interactions. Finally, the model is used to predict the
plasma densities and ion currents that will be collected onboard the spacecraft.

Nomenclature
A = thruster exit area, m2

B = magnetic � eld, T
E = electric � eld, Vm¡1

e = electric charge, 1:602 £ 10¡19 C
k = Boltzmann constant, 1:381 £ 10¡23 JK¡1

Pm = mass � ow rate, kgs¡1

n ref, ne , ni = electron reference, electron, and ion number
density, m¡3

p = pressure, Pa
T = thrust, N
Te = electron temperature, eV
Vp = plasma potential, V
ve , vi , vn = electron, ion, neutral and velocity, ms¡1

Wion, Wneutral = ion and neutral test particle ratio, real atoms
per test particle

Y = sputter yield, atoms per ion
´a = propellant directed through anode, %
´ p = doubly charged ion percentage, %
´u = propellant ionization ef� ciency, %
¾CEX = charge-exchangecross section, m¡2

Á = potential, V
Á f = spacecraft � oating potential, V
Á1 = reference potential at thruster exit, V

Introduction

T HE � rst of the Small Missions for Advanced Research in
Technology (SMART-1) of the ESA Horizons 2000 scienti� c

program is dedicated to the testing of new technologies for prepar-
ing future cornerstone missions, using solar-electric propulsion in
deep space.SMART-1 will be placed in orbit around the moon using
a Hall thruster (PPS-1350) with a maximum thrust of 70 mN built
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by the Societe Europeen de Propulsion1;2 and will be launched in
2002 as an Ariane 5 cycladelike auxilary payload.

This will be the � rst time using primary electric propulsion on
a European spacecraft. Hence, the evaluation of the Hall thruster
impact on the spacecraft and its instruments is one of the pri-
mary scienti� c objectives.3 In addition to primary beam ions,
electric propulsion thrusters create a low-energy charge-exchange
ion environment. The distribution of these ions is strongly affected
by the potential distribution near the spacecraft being a possible
contamination source for instruments and solar arrays. Although
charge-exchange plasma interactions have been a subject of ex-
tensive experimental and theoretical studies,4¡6 there have been
few comprehensive in-� ight investigations due to the lack of � ight
opportunities. The � rst interplanetary spacecraft using solar elec-
tric propulsion is Deep Space One,6 using the NASA solar electric
propulsion technology application readiness ion engine. SMART-1
will be the � rst interplanetary � ight using a Hall thruster.

Hall thrusters have been extensively tested in vacuum chambers
and abundant data are available to compare with numerical
models.7¡11 Several models have been developed12¡14 obtaining
good agreement between measurements and simulation. Whereas
most models are two-dimensional axisymmetric, only the model
from Oh and Hastings12 enables three-dimensionaland real space-
craft geometries. All previous models do not account for the real
physical dimensions of the instruments such as the Langmuir
probe or the retarding potential analyzer. However, this is espe-
cially necessary if large gradients appear in the data as shown by
measurements.9

Two payload experiments, the electric propulsion diagnostic
package (EPDP) and the Spacecraft Potential, Electron and Dust
Experiment, including Langmuir probes and a retarding potential
analyzer, are dedicated to measure the ambient plasma variables
during the operation of the Hall thruster. The Austrian Research
Centers Seibersdorf, together with the European Space and Re-
search Technology Centre (ESTEC), is currently developing mod-
eling tools to predict and help to interpret instrument data to
study spacecraft–environment interactions on SMART-1. This pa-
per presents a three-dimensional hybrid particle-in-cell15;16 Monte
Carlo collisions (PIC–MCC) model to predict the charge-exchange
ion environment. Ions and neutrals are treated as test particles,
whereas the electrons are assumed to follow a Boltzmann distri-
bution described in a collisionless, isothermal electron momen-
tum equation. By neglecting the magnetic � eld and assuming a
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quasi-neutral plasma, one is able to derive the potential distribu-
tion. Simulations of a Hall thruster in real spacecraft geometries
with virtual plasma sensors of speci� ed dimensions are presented.
The virtual sensors, combined with a full three-dimensional envi-
ronment and a momentum conservingMCC method, sets this simu-
lation approach apart from previously published models by Oh and
Hastings,12 VanGilder and Boyd,13 VanGilder et al.,13 and Bareilles
et al.17 The code has been tested against several ground measure-
ments and showsgoodagreement,evenon a linearscale.Predictions
of the plasma environment around SMART-1 and sensor data from
the EPDP instruments are presented and discussed.

Physical Model
A Hall thruster emits an ion beam out of a ring-shaped anode

with a half-angle divergenceof about 40 deg. Typical operating pa-
rameters are summarized in Table 1. A schematic setup is shown
in Fig. 1. Electrons from an external cathode act as a neutralizer,
creating a quasi-neutral plasma. Although the propellant ef� ciency
for these type of thrusters exceeds 95%, the neutral density is com-
parable 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 350 V (22,500 m/s). Moreover, part
of the propellant is directed through the cathode, thus providing an
additional � ow of neutral propellant.

Theoretical considerations18 and measurements by King10 sug-
gest that most of the high-energy ions will be formed close to the
inner wall of the anode ring. To leave the anode without colliding
with the walls, the ion beam will be directed more outward from the

Table 1 PPS-1350 performance parameters

Parameter Value

Thrust 70 mN
Voltage 350 V
Current 3.8 A
Mass � ow rate 4.2 mg/s
Speci� c impulse 1640 s
Power 1350 W
Total ef� ciency 51%
Divergence angle 42 deg
Outer insulator diameter 100 mm
Inner insulator diameter 56 mm

Fig. 1 Hall thruster schematic setup.

Fig. 2 Ion beam velocity vectors at the thruster’s exit.

center of the anode (Fig. 2). The divergence angle going from ¸left

to ¸right was found to vary linearly with radial position.7;19 About
10–20% of the ions are doubly charged, depending on the type of
Hall thruster.8
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The mass � ow rate of the doubly charged ions can be calculated
accordingly.Axial and radial temperaturesare added to the ion beam
velocity according to measurements7;19 when a Maxwellian distri-
bution is assumed. The distribution of ions along the anode exit is
assumed to be homogeneous.

The neutralsare assumedto followa cosinedistributionat thermal
velocitieswith a temperatureof 1000 K, which is in good agreement
with experiments of a similar Hall thruster.20 They originate both
from the anode and cathode as given by the neutral mass � ow rates

Pmna D Pm ¢ .1 ¡ ´u/ ¢ ´a ; Pmnc D Pm ¢ .1 ¡ ´a/ (6)

Electrons have much higher velocities than ions due to their
lower mass. Hence, full particle PIC simulations require very small
time steps and smaller arti� cial ion masses to solve the numerical
problem in the timescales of days on standard personal computer
workstations.21 In the hybrid PIC model, the electrons are mod-
eled through the electronmomentum equation rather than particles,
which is computationallymuch faster:

mene
dve

dt
D ¡nee.E C ve£B/ ¡ r p ¡ nem evei.ve ¡ vi / (7)

where vei is the collision frequency between electrons and ions
and p the pressure. This approach is similar the models from Oh
and Hastings and VanGilder and Boyd.13 For the plasma densities
and temperatures produced by a Hall thruster, the electrons can be
treated as collisionless.12 Moreover, we can also neglect the mag-
netic � elds to obtain very good comparisons between simulation
and experiments.12;13 Neglecting the left-hand side due to the very
small electron mass, we are left with

neeE D r p (8)

In a perfect gas, assuming isothermal conditions, one obtains
the Boltzmann relationship to express the electron density.
Experiments9 also show that theelectrondensity is followingthe ion
density to a very good extent. Hence, we can assume quasi-neutral
plasma conditions and � nally arrive at

ni ¼ ne D n ref ¢ exp.eÁ=kTe/ (9)

where Te is the electron temperature, Á the potential, and nref the
reference electron density where the potential is set to zero. In our
simulations, the exit ion density and the exit potential measured by
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Haas and Gallimore22 is used to calculate nref . As a simpli� cation,
a � xed electron temperature Te is assumed throughout the whole
simulation domain similar to Oh and Hasting’s12 model. This is
not true in reality because measurements9 indicate a relationship
between the strongvaryingion densityand the electrontemperature.
However, the ion density quickly (>20 cm from the thruster’s exit)
becomes much more homogeneous and the electron temperature
followsthis trendaccordingly.Becausewe are more interestedin the
in� uence of the Hall thruster in the spacecraft environment and not
speci� cally near the thruster’s exit, the � xed electron temperature
model seems to be appropriate.

The sputter yield Y of the charge-exchange ions to a speci� c
surfacedependson the kineticenergy E modeled throughthe simple
expression

Y D E ¢ s1 ¡ s2 (10)

where s1 D 1:275£ 10¡3 eV¡1 and s2 D 0:0675are the constants for
aluminium as given by Rosenberg and Wehner23 in the case of an
ion hitting the spacecraft surface.

Numerical Model
A three-dimensionalhybrid PIC–MCC15;16 model was developed

treating the ions and neutrals as test particles and computing the
potentialfrom the ion density and the � xed electron temperatureand
reference electron density in Eq. (9), when a quasi-neutral plasma
is assumed. At every time step dt , singly and doubly charged ions
are injected at the thruster exit plane according to their mass � ow
rate and velocity, Eqs. (4) and (5). Similarly, propellantneutrals are
injected at the anode and cathode accordingto the mass � ow rate in
Eq. (6). Their thermal velocity vector is randomly assigned from a
cosine distribution.

The Hall thruster can be either modeled alone or on top of a cu-
bic spacecraft with a solar array attached on the side (Fig. 3). The
quasi-neutralassumption avoids having to solve Poisson’s equation
on the grid, and, hence, the gridsize is not limited by the plasma’s
debye length. This enables simulation of a large domain at a very
highprecision.With a standard400-MHzworkstation,a 2 £ 2 £ 2 m
domain using 100 £ 100 £ 100 gridpoints and up to 1,000,000par-
ticles could easily be calculated within one day.

Models by Oh and Hastings12 and VanGilder and Boyd13 ap-
ply the direct simulation Monte Carlo (DSMC) collision method
to compute charge-exchangecollisions between the ion and neutral
beam. This model applies the classicalMonte Carlo method, which
is computationallyfaster and was shown to be equivalent to DSMC
for Hall thruster models.17 In this scheme, a probabilityof collision
P is added at each time step dt to an ion particle:

P D 1 ¡ exp[¡vrelative ¢ ¾CEX ¢ nn.x; y; z/ ¢ dt ] (11)

where vrelative is the relative velocity between the ion and neutral
beam, nn the neutral density at the particle’s position, and ¾CEX

Fig. 3 Simulation setup.

the collision cross section, which is derived from quantum theory
expressed by

¾CEX.vrelative/ D .k1 vrelative C k2/2 (12)

wherek1 D ¡0:882 £ 10¡10 s and k2 D 1:513£ 10¡9 m for XeC¡Xe
according to Rapp and Francis24 and k1 D ¡2:704 £10¡10 s and
k2 D 3:6 £ 10¡9 m for XeCC¡Xe collisions according to Oh and
Hastings,12 respectively. If P is greater than a random number Rn

between 0 and 1, a collisionoccurs. Because the neutral test particle
ratio is usually higher than the ion test particle ratio, another random
number is chosen to decide if the momentum of the ion particle is
exchanged with the closest neutral particle or if the ion particle
velocity is reduced to thermal speeds without changing the ambient
neutral density:

Rn<
Wion

Wneutral
) exchange momentum (13)

This conserves the momentum in the simulation. For ground-test
code validations, the residual gas density of the vacuum chamber
has to be included in the neutral density nn in Eq. (11). Neutral pro-
pellant is assumed to be homogeneously distributed at room tem-
perature accordingto the pressure inside the chamber, similar to the
experiments of VanGilder and Boyd.13

Two different types of instruments are modeled to compare with
ground-test data: a Faraday cup and a retarding-potential-analyzer.
Both are implemented inside the simulation domain with their spe-
ci� c probediameter.Every time step, ions are checkedif they passed
the instrumentlocation,and the collectedcurrent is monitored. If an
ion particle passes through the spacecraft surface, it contributes to
the back� ow current.At the same time, the sputteryield is calculated
using Eq. (10)

Code Veri� cation
Before calculating the SMART-1 environment, we will use

ground-test data to verify the numerical simulation. Unfortunately,
probe data for the PPS-1350 thruster have not been published.
However, abundant data exist for the Stationary Plasma Thruster-
100 (SPT-100) Hall thruster, which only differs slightly in the spe-
ci� c impulse and magnetic � eld. Apart from the difference in the
magnetic � eld (which is neglected in the simulation) the main phys-
ical difference is the higher discharge potential of 350 V for the
PPS-1350 thruster compared to the 300 V for the SPT-100. Hence,
switching the discharge potential will enable us to simulate both
type of thrusters.

The simulation parameters are given in Table 2. Figure 4 plots
a comparison of horizontal Faraday cup sweeps with a probe di-
ameter of 2.4 mm at distances of 10, 100, and 200 mm to charac-
terize the near � eld. The domain size was chosen as 0:2 £ 0:2 £
0:2 m to resolve the probe diameter accuracy using a grid of 100 £
100£ 100. The simulation follows the trendsof the measurementat
several horizontal distances to a good extent. Also, the quantitative
agreement is reasonable.Only the sharppeak at 100 mm seems to be
overpredicted by 100%. However, the data containing large gradi-
ents were obtained from an intrusive measurement, and the authors

Table 2 Code veri� cation simulation parameters

Parameter Simulation value

Grid 100£ 100£ 100
Background pressure 10¡6 mbar
Thrust 84 mN
Mass � ow rate 5.6 mg/s
Cathode position (X , Y , and Z ) 85, 15, and 10 mm
Cathode diameter 7 mm
Cathode split ´c 10%
Doubly charged percentage ´P 10%
Ionization ef� ciency ´U 95%
Neutral temperature 1000 K
®left ¡12 deg
®right 40 deg
Electron temperature Te 4 eV
Reference potential 81 20 V
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Fig. 4 Near-� eld Faraday cup comparison.

Fig. 5 Faraday cup comparison at R = 0.5 m.

Fig. 6 Faraday cup comparison at R = 1 m.

report a discrepancyof the total current integratedalong the thruster
axis.

We next compare the far-� eld Faraday cup measurements with
a probe diameter of 2.3 cm at horizontal distances of 0.5 and 1 m
in Figs. 5 and 6, respectively.10;25 Here, the domain size was set to
1 £ 1 £ 1 m. The agreementis verygoodevenona linearscale(com-
pared to other comparisons published on logarithmic scale12;13 ).
During the simulation, the peak at 0 deg was very sensitive to the
ion distribution at the exit and the ®left parameter. For example,
introducing a Gaussian distribution13 at the thruster’s exit makes
the peak even higher compared to the homogeneous case because
more ions are emitted at smaller divergence angles, thus reaching
the Faraday cup near the thruster axis. Similar behavior was found
for ®left . If this parameter is increased,more ions reach the probe at

Fig. 7 Retarding-potential-analyzer comparison at R = 0.5 m.

Fig. 8 Total ion density on x–z plane of PPS-1350 thruster at 70 mN.

the center, thus increasing the peak. The simulation parameters in
Table 2 represent the best � t to match the experimental data.

Last, we compare the ion energies with data from a retarding
potential analyzer at R D 0:5 m from the thruster z axis and 0 deg
from the x axis in Fig. 7. The simulation agrees well with the data,
indicating the correctness of our ion velocity model in Eq. (4). The
simulation results that were most sensitive were the percentages
of doubly charged ions and temperatures. A higher ´P of 10% as
used in our simulation shifts the � rst knee in our data from 160 eV
to lower energies. The temperatures in� uence the gradient of the
plotted data. Again, our simulation parameters represent the best � t
to the measurements available.

In our comparisons, we veri� ed the ion currents and energies at
various distances for a SPT-100 Hall thruster. The good agreement
encouragesto us apply our model to simulate the PPS-1350 thruster
plume and to put it on a SMART-1 geometry to evaluate its plasma
environment.

Spacecraft–Environment Interactions on SMART-1
Before evaluating the in� uence of the Hall thruster plume on

the whole spacecraft, we will look at the ion and neutral densi-
ties from the thruster only on an x – y plane as shown in Figs. 8
and 9, respectively, that cuts through the middle of the spacecraft
as shown in Fig. 3. The simulation domain was 1 £ 1 £ 1 m with
no background pressure, thus resembling a vacuum environment.
In the neutral density plot, we clearly see the asymmetry due to the
propellant � owing through the cathode located on the right side of
the thruster.This in� uences the productionof charge-exchangeions
coming out from the primary ion beam, as shown in Fig. 8. Because
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Fig. 9 Neutral density on x–z plane of PPS-1350 thruster at 70 mN.

Fig. 10 Back� ow on x–y plane at spacecraft surface (ring represents
hall thruster anode).

most charge-exchange collisions will occur at locations where the
ion and neutral densities are at their maximum, most of the colli-
sions are expected to occur close to the thruster’s exit ring and near
the cathode.The slow ions, initially having only thermal velocities,
will then follow the potential distributionaround the thruster. In our
physical model, we assumed a quasi-neutral plasma and derived
the potential from the ion density.Looking at the ion density plot in
Fig. 8, we note a maximum near the thruster’s exit ring and a density
build up at the thruster’s axis 10 cm above the spacecraft surface.
This is characteristicfor a ring-typeemission.Similar to the ion den-
sity buildup, a potential hump is also expected in our quasi-neutral
plasma model. Hence, the charge-exchangeions below the potential
hump will be de� ected toward the spacecraft surface, and all other
slow ions will be more radially de� ected parallel to the spacecraft
surface. Figure 10 plots the back� ow structure on the surface using
an even smaller domain size of 0:4 £ 0:4 £ 0:4 m. Most back� ow
ions are concentratedon the inner ring thruster area. They originate
from the ion densitymaximum at the thruster’s exit, de� ected by the
potentialhump and the positivespacecharge from the primary beam
ions. On the right side of the peak, we also note an asymmetry due
to the cathode’s neutral density peak. Integrating the back� ow cur-
rent over the surface, we obtain IB D 3:51 § 0:16 £ 10¡2 A, which
is about 0.9% of the beam current (Table 1).

How does this current in� uence the spacecraft � oating poten-
tial? Assuming a Boltzmann distributed ambient electron density

Table 3 SMART-1 domain parameters

Parameter Simulation value

Domain size 2 £ 2 £ 2 m
Solar array (width, thickness) 1, 0.1 m
Yoke (length, diameter) 0.1, 0.1 m

Fig. 11 Total ion density on y–z plane of SMART-1 at 70 mN thrust.

that equals the back� ow current to give the change in the � oating
potential, a simple estimate can be written as

1Á f D 4 ¢ IB ¢ k ¢ Te

e2 ¢ ne ¢
p

8 ¢ k ¢ Te=¼ ¢ me

(14)

Using Eq. (14) to compute thepotentialchange in an ambient low-
Earth-orbit (LEO) plasma (Te D 0:1 eV, ne D 1 £ 1012 m3) yields
Á f D 0:41V.The LEO plasmacase representstheworst casebecause
SMART-1 will be injected much higher in a geostationary transfer
orbit. Even this thruster-induced� oating potential in a LEO plasma
is very small compared to � oating potentials due to the solar wind
or the magnetosheath (Á f D 2–10 V) as listed in Ref. 26, which is
representative for interplanetary space and the SMART-1 mission
trajectory.3 Hence, at least using this simple estimate, the operation
of a Hall thrusterdoes not cause signi� cantchangesin the spacecraft
� oating potential.

We now apply our simulation on the SMART-1 geometry. The
spacecraft cube has the dimensions 1:15 £ 1:15 £ 1 m and has two
solar arrays stretching out from two opposite sides, giving a total
length of 8 m. To include at least part of the solar array, the domain
size was 2 £ 2 £ 2 m. The solar array can rotate around the y axis
during � ight to maintain a maximum solar � ux. This was not im-
plemented in the simulation and only one � xed position, as shown
in Fig. 3, was assumed. The geometry parameters are summarized
in Table 3.

Figure 11 shows the ion density on an x –z plane through the
middle of the thruster and the SMART-1 spacecraft, including the
solar arrays. The initial beam divergence of the primary beam ions
is clearly evident. In this plot, the maximum ion density hump at
the thruster’s exit reaches a value of 1 £ 1017 m¡3 . As outlined,
the back� ow ions form a cone close to the thruster’s geometry.
Other charge-exchangeions radially leave the beam, creatingan ion
density almost four orders of magnitude less than at the thruster’s
exit.Most important,the ion’s spacechargeseemsnot to be suf� cient
to expand the ion beam down in the direction of the solar arrays.
This shows that the operation of the Hall thruster does not cause
contamination to the spacecraft other than at the top surface where
the thruster is located.

This simulationhas been computedassuming an initial spacecraft
� oating potentialof 0 V. As alreadymentioned,fast transientsin the
potentialcan in� uence the distributionof the charge-exchangeions.
However, due to our initial assumption of a quasi-neutral plasma
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Fig. 12 Virtual EPDP-RPA sensor data.

used to derive the potential distribution, charged surfaces cannot
be treated in this code. This would require solving the potential at
every time step using thechargedensityon the grid and theboundary
conditionson the surface.This is computationallyvery expensive.21

All other simulation surfaces like the solar array were also set to 0 V
for the same reason. If � ight data reveal fast potential transientsand,
accordingly, an impact of charge-exchange ions at sensors outside
the top surface, a potential solver and a more sophisticatedelectron
model needs to be implemented in the simulation to avoid the quasi-
neutrality approach. Because code veri� cations with ground-test
data were successful using the quasi-neutrality assumption,12 the
present numerical model does not address problems related to fast
spacecraft � oating potential transients.

We will now try to estimate the electric propulsion diagnostic
package instrument data that we expect to measure in � ight. This
package27 consists of a Langmuir probe, a retarding potential anal-
yser sensor located next to the thruster, and a quartz crystal mi-
crobalance (QCM) and solar cell sample mounted on the ¡X side
panel next to the solar arrays. As expected from Fig. 11, there is no
interaction from charge-exchange ions with the QCM or solar cell
sample (at least in our zero � oatingpotential assumption). However,
we can give some useful estimates for the Langmuir probe and RPA
sensor.

As we know from Figs. 8 and 10, the back� ow ion density is
not symmetric around the thruster axis. Because the exact payload
location is not � xed yet, we will analyze both extreme cases. The
Langmuir probe is located at a radial distance of 470 mm from the
thruster axis and approximately 70 mm above the spacecraft sur-
face.At this location, the electrondensity(quasi-neutralassumption
equalscharge-exchangeion density) is ne D 7 £ 1013 m3 , plasma po-
tential is Vp D ¡2:7 V at the side where the cathode is located, and
ne D 5 £ 1013 m3 and Vp D ¡12:9 V at the opposite side. Hence,
the electron density differs about 40% dependingon the instrument
location.The electrontemperatureis � xed in our model to Te D 4 eV
throughout the whole simulation domain and can not be computed
for a speci� c location. This value corresponds to beam measure-
ments by Manzella.7 Because measurementsby Kim et al.9 indicate
a smaller electron temperature at lower ion densities (such as at the
EPDP location), the actually electron temperature measured by the
EPDP Langmuir probe will most probably be below the assumed
4 eV. The negative plasma potential in our simulation is due to
our choice of the reference density n ref, which de� nes where the
potential is set to zero. Hence, the real measured plasma potential
is expected to be between zero and our reference potential at the
thruster’s exit, which is 20 V. All plasma parameters (electron den-
sity, temperature, plasma potential) appear to be within the design
limits of the EPDP Langmuir probe.27

We nextevaluatetheenergydistributionfroma virtualRPA sensor
at the same locationas the Langmuir probe (Fig. 12). It is a function
of the potentialdistributionand maximum potentialbuilt up in front
of the thruster. The data show a peak around 20 eV between 0 and
35 eV. The 20-V peak corresponds to the potential hump in front of
the thruster (Fig. 8). These data suggest no sputtering on the space-
craft surface, because aluminium has a sputter threshold of 68 eV.
The simulated EPDP instrument data are summarized in Table 4.

Table 4 EPDP instrument simulation results

Parameter Simulation result

Electron density ne 5 £ 1013–7 £ 1013 m¡3

Electron temperature Te 4 eV (input parameter)
Plasma potential Vp 0–20 V
Charge-exchange energy peak 20 eV

Conclusions
A three-dimensional numerical model based on a hybrid PIC

code with MCC was developed to study spacecraft–environment
interactions related to ESA’s SMART-1 spacecraft. The simulation
follows ions and neutrals emitted from a Hall thruster assuming
a quasi-neutral plasma to compute the potential. With ground-test
data, the ion current and energy distribution could be veri� ed suc-
cessfully. Charge-exchange ions are generated and analyzed for
back� ow contaminationand distributionaround the spacecraft.Vir-
tual instrumentsare added to compute plasma parametersof interest
inside the simulation domain.

The simulation was applied on the SMART-1 geometry,
evaluating the in� uence from operating a Hall thruster. The back-
� ow current to the spacecraft surface was found to be 0.9% of the
ion beam current.With a simple estimate, this current would change
the spacecraft � oating potential at least one order of magnitude be-
low solar-wind-induced � oating potentials. The charge-exchange
ion distribution was found to be composed of two parts: a cone of
back� ow ions concentrated inside the inner anode radius area and
radially distributed charge-exchangeions. In the presented compu-
tations, the charge-exchange ions did not in� uence the spacecraft
other than the top surface where the thruster is located, based on the
assumption of a 0-V spacecraft � oating potential. During eclipses,
fast � oating potential transients can occur and the 0-V assumption
is not valid any more, limiting the application of this model. Vir-
tual probes were added to the simulation domain representing the
EPDP Langmuir and RPA probes. The obtained data were found to
be within the respective design limits. The peak charge-exchange
energy was found to be around 20 V, which is well below the sputter
threshold of aluminium.

In general, the computationsdid not show any signi� cant interac-
tion of the Hall thruster plasma and the SMART-1 spacecraft. The
code seems to be valuable to assist future in-� ight data analysis and
instrument calibration. A comprehensive validation of space mea-
surements and simulationpredictionswill lead to a powerful tool to
enable mission designers to evaluate the in� uence of Hall thruster
operations onboard a spacecraft.
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