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A fully three-dimensional computer particle simulation model for ion optics is developed. This model allows
multiple apertures to be included explicitly in the simulation domain and determines the upstream sheath and
downstream beam neutralization through simulations. Simulations are performed for the NSTAR ion-thruster
optics, and results are compared with grid-erosion measurements obtained during NSTAR long-duration test. It
is shown that the simulation not only predicts accurately all of the features in the measured erosion pattern but
also gives excellent quantitative agreement with the measured erosion depth.

Nomenclature
E = electric � eld
nb , nn , ncex = number density for the beam ions, the neutrals,

and the charge-exchangeions, respectively
n0,n1 = discharge plasma and downstream

plasma density, respectively
R = depth erosion rate
Te0 , Te1 = electron temperature in the upstream

and the downstream plasma, respectively
Tw = discharge chamber wall temperature
Y = sputter yield
¸D0 = Debye length in the discharge plasma
¾cex = charge-exchangecollision cross section
8 = electric potential
80, 81 = upstream and downstream plasma

potential, respectively

I. Introduction

I ON propulsion is a critical enabling technology for future deep-
space missions. A key issue in ion-thruster development is grid

design and thruster service life, which is primarily limited by grid
erosion. In recent years ion-optics modeling has become an ever
more important tool to help improve grid design, predict thruster
service life, and understand thruster failure modes.

The nature of plasma � ow in ion optics has rendered computer
particle simulation, which solves plasma particle trajectory, space
charge,and the Poisson’s equationself-consistently,as the preferred
modeling method. Some recent ion-opticssimulation studies can be
foundin Refs. 1–8 and referencestherein.The majorityof ion-optics
models are axisymmetric models. The axisymmetric formulation
does not take into account the hexagonal layout of the ion-optics
aperture array. The currentlyavailable three-dimensionalion-optics
models are all designed for a single grid aperture by considering
the six-fold hexagonal symmetry of the aperture array, and simu-
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lations are performed for a cross section of 1
12 of a single aperture

(30 £ 60 deg right-trianglecross section).Becauseof computational
constraints,almost all publishedstudies limit the simulationdomain
to a relativelysmall regionsurroundingthe optics.Some models use
a predetermined beam ion emission surface to represent the effects
of the upstream presheath.No simulations have explicitly included
the region far downstream of the optics and identi� ed the location
where charge-exchange ions start to back� ow. Obviously, a simu-
lation setup that fails to account for all impingement ions from the
downstreamregion will result in an underpredictionof the accel grid
current.

In this paper we present a more generalized, fully three-
dimensional ion-optics model. The code is designed in such a way
that not only single aperture but also multiple apertures can be in-
cluded explicitly in the simulation domain. In addition, no assump-
tions are made to simplify the upstream and downstream boundary
conditions. The upstream sheath and ion beam extraction from the
dischargeplasma are determinedself-consistentlyin the simulation.
The simulation is extended into the region far downstream of the
accelerator grid. The location where beamlets become neutralized
and charge-exchangeions start to back� ow is resolved. The results
will show that both the three-dimensionalbeamlet structure and the
far-downstreamregion have a signi� cant effect on grid erosion.

This code is applied to model ion-optics plasma � ow for the
NSTAR ion thruster. During the long-duration test (LDT) of the
Deep Space 1 � ight spare NSTAR thruster performed at Jet Propul-
sion Laboratory, both laser pro� lometer measurements and posttest
destructiveexaminationswere performed to obtain the grid-erosion
pattern and erosion depth.9 In this paper we also compare grid ero-
sion obtained from simulation results and that from erosion mea-
surements during LDT. The results will show that this new model
not only predictsaccuratelyall features in the measurederosionpat-
tern but also gives excellent quantitative agreement with measured
erosion depth.

Section II discusses the simulation model. Section III presents
typical simulation results. Section IV compares simulation results
with NSTAR LDT grid-erosionmeasurements. Section V contains
a summary and conclusions.

II. Simulation Model
The simulationmodel includesa set of threeparticle-in-cell(PIC)

codes: an ion beamlet code, a neutral particle code, and a charge-
exchange ion code. In this model propellant ions, charge-exchange
ions, and neutrals are treated as macroparticles. The ion beamlet
code is used to simulate ion beam extraction from the discharge
plasma. As the space charge carried by charge-exchange ions is
negligible compared to that of beam ions, the charge-exchangeions
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have little effects on the beam ion trajectories and are thus not in-
cluded in the ion beamlet simulation. The neutral particle code is
used to track the � ow of unionizedpropellantparticles.We consider
that the unionizedpropellant particles exit through the grids in free
molecular � ow with a temperature close to the thruster discharge
chamber wall temperature (Tw » 500 K). When neutral particles hit
the optics walls, they undergo a diffusive re� ection. Once a steady
state has been achievedforbeam ions and neutralparticles, the beam
ions and neutrals are frozen, and we start charge-exchangeion sim-
ulation. Charge-exchange ions are generated according to the vol-
umetric charge-exchange ion production rate calculated from ion
beamlet and neutral density pro� les.

The major challenge in applying the particle simulation method
as a design tool is to build up a code that is sophisticated enough
so the complex geometry associatedwith the optics can be modeled
properly and yet computationally ef� cient enough so that large-
scale three-dimensionalparticle simulations can be performed rou-
tinely within a reasonable time period. Complex geometries are
usually best handled by tetrahedralcells or unstructuredgrids and a
� nite element based formulation.However, a tetrahedral-cell-based
or unstructured-grid-based particlecode canbe signi� cantlycompu-
tationallymore expensive than a standardorthogonalgrid PIC code.
In a standard orthogonal grid PIC code the location of the memory
of quantities de� ned in neighboring cells can be found trivially via
indexing. This is in contrast to an unstructuredgrid code where the
neighborsof a givencell must be foundby lookupsin a table or other
methods requiring additionalmemory references.Moreover, for ei-
ther a tetrahedral-cell-based or unstructured-grid-based PIC code a
fairly complex scheme is typically needed to determine a particle’s
new cell.10 These added complexities can make large-scale three-
dimensionalion-opticssimulationsprohibitivelyexpensivebecause
a particle code spends a great deal of its computing time pushing
particles and performing particle-grid interpolations.11 Out of con-
sideration for computational ef� ciency for large-scale simulations,
we choose to use orthogonal grids and solve the electric � eld us-
ing a � nite-difference formulation. To resolve the geometry asso-
ciated with optics apertures, a method of subgrid-scale placement
of boundaries12 is used. This method explicitly includes the loca-
tion of the optics wall in relation to the computationalmesh so that
the placement of the object boundary is not restricted to the mesh
points. We � nd that such an approach is suf� cient for this problem
and allows us to retain the computationalef� ciency associatedwith
an orthogonal grid PIC code.

The simulationdomain can be set up to includemultipleapertures
(Fig. 1). To perform local simulations surrounding a few beamlets,
one takes advantage of the boundary conditions presented by sym-
metric surfaces.The “minimum” simulationdomain would be a do-
main with a cross section including two quarter-size holes (Fig. 2).
Note that this minimum cross section fully accounts for the three-
dimensional geometric effects from a hexagonal layout of the aper-
ture arrays. The simulation domain shown in Fig. 2 will be used in
simulations presented in this paper.

Fig. 1 Cross section of a simulation domain with multiple apertures.

Fig. 2 Simulation domain with two quarter-size apertures.

Along theaccelerationdirection(z direction)theupstreambound-
ary represents the discharge plasma, which has a plasma potential
80, density n0 , and electron temperature Te0. We make no assump-
tionson the plasma sheathupstreamof the screengrid.The upstream
boundaryis placedfar upstreamfromthe screengrid.The ioncurrent
is extracted, and the plasma sheath is determined self-consistently
in the simulation.The downstreamboundaryrepresents the neutral-
ized propellant plasma, which has a plasma potential 81, density
n1, and electron temperature Te1 . We make no assumptions on
beamletneutralizationlocation.The downstreamboundaryis placed
far downstream from the accel grid so that the beamlet neutraliza-
tion location is explicitly included in the simulation domain. As the
downstream boundary represents a neutralized plasma, we take the
downstream plasma density n1 to be the average ion density near
the downstream boundary and update n1 at every time step in the
simulation.

The electric � eld, space charge, and ion trajectories are solved
self-consistentlyfrom Poisson’s equation

r28 D ¡4¼ [ni ¡ ne] (1)

and Newtown’s second law applied to macroparticles representing
ions

dmV
dt

D qE;
dx
dt

D V (2)

Similar to the approachused in other ion-opticscodes, the electrons
are assumed to be an isothermal � uid. A Boltzmann relationship
between the electron density ne and local electrostatic potential 8
is used in regions upstream of the screen grid and downstream of
the accelerationgrid: Speci� cally, the electron density in the region
upstream of the screen grid is given by

ne D n0 exp[.8 ¡ 80/=Te0]; 8 < 80 (3)

and that in the region downstream of the acceleration grid is given
by

ne D n1 exp.8 ¡ 81/=Te1; 8 < 81 (4)

’ n1[1 C .8 ¡ 81/=Te1]; 8 > 81 (5)

where Eq. (5) is the approximation of the electron density for the
situation where 8 ¡ 81 becomes slightly positive.

In ion beamlet simulations microparticles representing propel-
lant ions are injected into the simulation domain from the upstream
boundary at every time step. The upstream density and injection
velocity are input variables. How much ion current can be ex-
tracted by the optics is a function of the upstream plasma condi-
tion. In charge-exchange ion simulations microparticles represent-
ing charge-exchangeions are produced in the simulation domain at
every time step according to

dncex.x/

dt
D nbnnvb¾cex (6)

where beam ion densitynb and velocityvb are determinedby the ion
beamlet code and the neutral densitynn is determinedby the neutral
particle code. The charge-exchange ion collision cross section ¾cex

is based on data presented in Ref. 13. The charge-exchange ions
are assumed to initially follow a Maxwellian velocity distribution
with a temperature corresponding to that of the unionized neutral
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propellant.As theneutraltemperatureisonlyabout500K or0.04eV,
the initial charge-exchangeion velocitydistributionhas no effect on
charge-exchangeion back� ow.

To solve the nonlinear Poisson’s equation (1) in a three-
dimensional space, we have employed a dynamic alternating-
direction-implicit(DADI) method14;15 with a defectcorrectionusing
the Douglass–Gunn operator splitting.16 This DADI method was
chosen over other algorithms for its increased stability properties
over fully explicit methods and its relatively simple tridiagonalsys-
tem of equations produced by the partially implicit nature of the
method. This DADI � eld solver is described in Ref. 17.

The Neumannboundaryconditionfor8 is appliedon the fourside
boundaries representing symmetric surfaces and the downstream
boundary, while 8 is speci� ed at the upstream boundary and the
optics walls. As stated earlier, we adopt a method of subgrid-scale
placement of boundaries to de� ne the location of optics walls. For
instance,considerthe edge of object surface is locatedbetween grid
points i and i C 1, where grid point i is outside the conductor and
grid point i C 1 is inside the conductor. The distance between the
conductorsurface and grid point i is ±. We use a linear interpolation
to relate the potential at the edge to that on the neighboring grid
points

8edge D .1 ¡ ±/8i C ±8i C 1 (7)

Note that 8edge is the known surface potential of the conductor, and
8i C 1 is a freeparameterbecauseit is insidetheconductor.By substi-
tuting 8i C 1 in the � nite difference form of Poisson’s equation with
the precedinginterpolationrelation:8i C 1 D [8edge ¡ .1 ¡ ±/8i ]=±,
we obtain the � nite difference equation at the optics wall boundary.
This method extends easily to three dimensions.The linear interpo-
lation is done independently in each direction for which there is a
conducting object boundary.

To properly simulate ion beam extraction from the discharge
plasma, one needs to accurately resolve the sheath upstream of the
screen grid. Thus, the grid resolution needs to be comparable to the
Debye length of the upstream discharge plasma, and the upstream
boundary needs to be placed far enough from the screen grid. To
properly simulate grid erosion caused by impingement by charge-
exchange ions, one needs to account for all charge-exchange ions
generateddownstreamof the accel grid that will back� ow. Thus, the
downstreamboundary needs to be placed far enough from the accel
grid so that it is beyond the beamlet neutralization location where
charge-exchangeion back� ow starts.

III. Simulation Results
This three-dimensionalmodel is used to study ion-optics plasma

� ow and grid erosion for the NSTAR ion thruster.Nominal NSTAR
geometric dimensionsat beginning-of-lifeand operatingconditions
are listed in Table 1 and are used in simulations presented here.
At the end of LDT, the accel hole diameter would change from
da D 1:14 to 1.36 mm as a result of erosion on the wall inside the
aperture. There is little change in other geometric parameters.

The beamlet current, an important parameter used in ion-
optics study, varies with the discharge plasma condition upstream

Fig. 3 Beam ion velocity direction vectors.

of the screen grid. The simulation uses the following upstream
plasma condition: discharge plasma density n0 D 2 £ 1011 cm¡3,
electron temperature Te0 D 5 eV, and upstream plasma potential
80 D 1100 V. The downstream plasma potential is 81 D 0V. The
downstream electron temperature is Te1 D 1:5 eV, based on plume
measurement.18 We � nd that moderate changes in the values of Te0

and Te1 used have little effect on grid-erosion results.
The simulation domain is shown in Fig. 2, which includes two

quarter-size apertures. The beam direction is along the z direction.
The hole centers are located at .x; y/ D .0; 0/ and .x; y/ D (1.1 mm,
1.9 mm). We take the grid resolution to be dx D dz D ¸D0 and
dy=dx D tan 60 deg. For the upstream condition considered here,
¸D0 ’ 3:7 £ 10¡3 cm.

A series of test runs on grid resolution and simulation domain
size is performed to ensure that the simulation results do not depend
on the numerical parameters used. In particular,we performed a se-
ries of runs where the distances between the upstream/downstream
boundaries and the grid is successively increased to search for the
proper simulation domain size. The � nal domain size is determined
by examining the potential gradient and local charge-exchangeion
back� ow rate near the boundary. The number of cells used in the
� nal simulation domain is 30 £ 30 £ 400. The � nal simulation do-
main size is 0 · Ox · 30, 0 · Oy · 51:96, and 0 · Oz · 400, where Ox ,
Oy, and Oz are normalized by ¸D0. The upstream face of the screen
grid is located at Oz D 30, and the downstream face of the accel grid
at Oz D 69:67. Hence, the upstream boundary is located at 30¸D0

from the screen grid and the downstream boundary at 330¸D0

from the accel grid. We � nd that this simulation domain is suf� -
ciently large, and the downstream location where charge-exchange
ion back� ow starts is explicitly included inside the domain. The
number of macroparticles used in beamlet simulation is about 1.8
million, and that used in charge-exchange ion simulation is about
9 million.

Figure 3 shows beam ion velocity direction vectors (normal-
ized by velocity magnitude). The optics extracts ions from the up-
stream discharge plasma and form beamlets. For the parameters
listed in Table 1 with n0 D 2 £ 1011 cm¡3 and Te0 D 5 eV, we � nd
that the current extracted is Ib ’ 0:184 mA/beamlet. The screen
grid transparency is about 73%, and the accel grid transparency is
100%. Figure 4 shows the three-dimensional structure of potential

Table 1 Nominal geometric and operating
parameters for the NSTAR ion engine

Parameters Value

Screen hole diameter ds 1.91 mm
Screen grid thickness ts 0.38 mm
Accel hole diameter da 1.14 mm
Accel grid thickness ta 0.51 mm
Screen to accel grid gap g 0.58 mm
Center-to-center hole spacing l 2.21 mm
Total accelerating voltage 1100 V
Screen grid voltage 1074 V
Accel grid voltage ¡180 V
Propellant utilization ef� ciency 90%
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Fig. 4 Electric potential contours (contour values normalized by 5 V): upper panel, contours on the side boundary surfaces at y = 0 and x = 1.1 mm;
middle panel, contours on a z–y surface cutting through the middle of the simulationdomain;and bottom panel, contours on several x–y cutting planes.
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Fig. 5 Potential pro� les along the beam direction: ——, z axis through
(x; y) = (0, 0) (beamlet center); – – –, z axis through (x; y) = (0, 1.27 mm);
. . . . , z axis through (x; y) = (0.55 mm, 0.96 mm) (hole-to-hole center);
and -.-, z axis through (x; y) = (0.55 mm, 0 mm).

contours. The upper panel shows potential contours on the side
boundary surfaces at y D 0 and x D 1:1 mm. The middle panel
shows contours on a z ¡ y surface cutting through the middle of
the simulation domain. The bottom panel shows contours on sev-
eral x ¡ y cutting planes. Effects from the grid surface potential
and the space charge of the beamlet are apparent in the potential
contours. Figure 5 shows potential pro� le along several character-
istic axes in the z direction. We � nd that the neighboring beam-
lets start to overlap at about 0.75 cm downstream of the accel grid
(Oz » 202).Startingat about1.1 cm downstreamof the grid (Oz » 360),
beamlet mixing is complete, and the potential pro� le becomes � at,
indicating that the beamlets are neutralized by the downstream
plasma.

The unionizedpropellant� ow is relatedto the ionbeamletthrough
propellantutilizationef� ciency. For the operatingconditionconsid-
ered here, we � nd that the neutral density upstream of the screen
grid is nn0 ’ 1:5 £ 1012 cm¡3 , and the neutral � ow rate through
the thruster is 2:67 £ 10¡6 kg/s. These conditions are used in the
neutral particle code to calculate the neutral density distribution in
the simulation domain. The results, coupled with beam ion density
pro� le, are used to generate charge-exchangeion productionrate in
the simulation domain.

To understand the behavior of charge-exchange ions generated
in the downstream region and identify the location where charge-
exchange ion back� ow starts, we � rst examine the local charge-
exchange ion back� ow rate. We divide the downstream region into
slices along the z direction and track the motion of the charge-
exchange ions generatedwithin each slice.Let N .z/ denote the total
number of particles generated in a slice located at z within a time
step dt . Among these particles Nback.z/ number of particles would
eventually back� ow toward the accel grid. Hence, we de� ne the
local charge-exchangeion back� ow rate for each slice as the ratio of
Nback.z/=N .z/. Obviously, one would expect Nback.z/=N .z/ ’ 0:5
if there is no external electric � eld to preferentially in� uence the
motion of charge-exchangeions.

Figure 6 shows the Nback.z/=N .z/ pro� le. We � nd Nback.z/=
N .z/ ’ 0:5 in the region beyond 1.1 cm downstream of the ac-
cel grid (Oz > 360). This indicates that in this region the beamlets are
fully neutralized,and hence the charge-exchangeions are in thermal
equilibrium. On the other hand, we � nd Nback.z/=N .z/ D 1 in the
region within a distance of about 0.15 cm downstream of the accel
grid (Oz < 110). This indicates that all charge-exchangeions born in
this region will back� ow because of the attraction of the accel grid
potential.

A comparisonofFigs. 5 and6 suggeststhatonecandividethe sim-
ulation domain into a near-grid zone and a far-downstreamzone for
the analysisof charge-exchangeion back� ow. The near-gridzone is
the region immediatelydownstreamof theaccel grid where there is a

Fig. 6 Local charge-exchange ion back� ow rate Nback(z)/N(z).

Fig. 7 Charge-exchange ion velocity direction vectors in the down-
stream region of the accel grid; upper panel, charge-exchange ions orig-
inated in the near-grid zone; and bottom panel, charge-exchange ions
originated in the far-downstream zone.

steep potentialgradient with electric � eld pointing toward the accel
grid. The far-downstream zone is the region beyond the near-grid
zonewhere there is a net charge-exchangeion back� ow even though
the potentialgradientmight be very small. For the case shown here,
one can de� ne the near-gridzone as the region within about0.15 cm
(Oz < 110) downstream of the accel grid and the far-downstream
zone as the region between 0.15 to 1.1 cm (110< Oz < 360) down-
stream of the accel grid. Charge-exchange ion back� ow starts at
about 1.1 cm (Oz » 360) downstreamof the accel grid. As one moves
from Oz » 360 toward Oz » 200, the in� uence of the accel grid poten-
tial on charge-exchangeions increases, and so does Nback.z/=N .z/,
which exhibits a dip in 150 < Oz < 200. This nonmonotonicbehavior
is caused by a positive potentialbump inside the beamlet caused by
ion focusing.

Both the � ow characteristicsand impingement characteristicsare
very different for those ions born in the near-grid zone and those
in the far-downstream zone. Figure 7 shows charge-exchange ion
velocity directionvector in the downstreamregion of the accel grid.
We plot separately for those charge-exchangeions originated in the
near-gridzone and those originated in the far-downstreamzone. We
� nd that 62% of the charge-exchange ions born in the near-grid
zone is collected by the downstream face, and the rest is collected
by the wall inside the aperture. On the other hand, 100% of the
charge-exchangeions originatedin the far-downstreamzone hit the
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Fig. 8 Impingement on accel grid downstream surface by the charge-exchange ions originated in the near-grid zone; left, impingement current
density distribution; middle, impingement energy distribution; and right, incident angle distribution.

Fig. 9 Impingement on accel grid downstream surface by the charge-exchange ions originated in the far-downstream zone: left, impingementcurrent
density; middle, impingement energy; and right, incident angle.

downstream face of the accel grid. The charge-exchangeions orig-
inated in the near-grid zone contribute to less than 12% of the total
number of ions impinged upon the accel grid surface in our sim-
ulation domain. Hence, the impingement current is dominated by
charge-exchangeions born in the far-downstreamzone.One can sig-
ni� cantly underpredict the accel grid current if one fails to include
the far-downstreamzone in the simulation domain.

Figures 8 and 9 show contours of the impingement ion current
density, ion energy distribution, and incident angle distribution on
the downstream surface of the accel grid. Again, we plot separately
for those charge-exchangeions originated in the near-grid zone and
those originated in the far-downstream zone. The results shown in
Figs. 8 and 9 are used to calculate grid erosion.

IV. Grid Erosion: Comparison with Measurements
In this section we compare the measured erosion pattern and ero-

sion depth on the downstream face of the accel grid with that cal-
culated based on simulation results. We calculate the depth erosion
rate R from

R D
JY .E; µ/MMo

e½Mo
(8)

where J is impingement current density, Y the sputter yield, E
incident energy, µ incident angle, MMo the mass of Mo, and
½Mo ’ 10220 kg/m3 the density of Mo. The sputter yield, a function
of incident particle energy and angle, is obtained from curve � tting
to measured low-energy sputter yield data.19 The distributions of
impingement current density incident energy and incident angle on
grid surface are obtained from simulation and are shown in Figs. 8
and 9.

During the long-duration test of the NSTAR ion thruster, both
laser pro� lometer measurements and posttest destructive exams
were performed to measure accel grid erosion.9 For comparison,
we select measurement for an aperture at a location where the
measured beamlet current is approximately the same as that in
the simulation. Comparing the value of the extracted beam cur-
rent in the simulation with the measured ion beamlet pro� le over
the NSTAR grid,9 we � nd that the simulation case presented here
corresponds to an aperture at about 5.8-cm radius from thruster
center.

Figure 10comparestheerosionpatternon thedownstreamsurface
of the accel grid. The left panel is a photograph of erosion pattern
after 8200 h of operation, the middle panel shows erosion pattern
calculatedfromsimulationresultsfor the sameoperatingconditions,
and the right panel overlays simulationresultson experimentaldata.
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Fig. 10 Comparisonof simulationresults with experimental data.Grid-erosion pattern on accel grid downstream surface: left, photographof erosion
and deposition pattern after 8200 h of operation; middle, simulation results for the same operating conditions; and right, direct comparison of the
erosion pattern.

Fig. 11 Comparison of simulation results with experimental data. Grid-erosion depth on accel grid downstream surface: upper left, erosion depth
pro� le across the groove (A-A); bottom left, erosion depth pro� le along the groove (B-B); and right, locations of the A-A and B-B pro� le on grid
surface.

The � gure shows that the simulation picks up all of the detailed
features shown in the measured erosion pattern.

Figure 11 compares erosion depth along and across the groove.
The maximum eroded depth from simulation is about 208 ¹,
whereas the pit depth from the long duration test is 220–230 ¹. The
simulation also shows an excellent agreement with the measure-
ment in the groove pattern. The net erosion on the plateau around
the pits and grooves from simulation appears to disagree with the
pro� lometer data. The reason that less erosion is observed in these

locationsis because carbondepositsprotected the grid in these loca-
tionsduring the LDT. Figures10 and 11 showthat the simulationnot
only accurately predicts the erosion pattern but also gives excellent
quantitativeagreement with erosion measurements.

V. Conclusions
In summary, a fully three-dimensionalparticle simulation model

for ion optics has been developed.Out of consideration for compu-
tationalef� ciencyfor large-scalesimulations,this code is built upon
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standard orthogonalgrids and a � nite differencebased formulation.
The three-dimensional optics aperture geometry is handled by a
method of subgrid-scaleplacement of boundaries, which explicitly
includes the location of the optics wall in relation to the grid in the
� nite difference form of Poisson’s equation. Multiple apertures can
be includedexplicitlyin the simulationdomain. Ion beam extraction
from the discharge plasma is calculated self-consistently.The loca-
tion where beamlets are neutralized and charge-exchangeions start
to back� ow is determined from the simulation. We � nd that the ac-
cel grid current and the erosion on the downstreamface of the accel
grid are primarily caused by those charge-exchangeions originated
in the far downstreamregion. This three-dimensionalparticle simu-
lation model is applied to study optics plasma � ow and grid erosion
for the NSTAR ion thruster. Grid erosion predicted by simulation
is compared against erosion measurements taken during the long-
duration test of the NSTAR ion thruster. The simulation not only
resolves accurately all of the features in the measured erosion pat-
tern but also gives excellent quantitative agreement with measured
erosion depth.
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