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Numerical Simulation of Ion Beam Optics
for Multiple-Grid Systems
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A high speci� c impulse ion thruster operated at a voltageof 10 kV hasbeen studied, and the problemsof direction
impingementon the accelerating grid and charge-exchangeion productionand impingementhavebeen considered.
These problems are addressed by considering the use of four or more grids (multiple-grid system). To evaluate
these multiple grid systems, a three-dimensional particle simulation code that employs 1) an energy compensation
method, 2) a simpli� ed sheath de� nition method, and 3) a high-speed coding was developed. It was con� rmed that
results from this simulation are obtained at a high-speed and are in good agreement with experimental data. With
use of this code, several multiple-grid systems were evaluated.

Nomenclature
a = acceleration
h = length between mesh points
I = current
m = mass
n = number density
q = charge density
r , z, µ = cylindrical coordinate
t = time
V = voltage
v = velocity
x , y = Cartesian coordinate
" = dielectric constant
Á = electric potential
¾ = cross section

Subscripts

ac = accelerating grid
b = beam
c = charge-exchangereaction
fast = fast particle
i = ion
n = neutral
N = net
p = plasma
SCLC = space charge limited current
slow = slow particle

Introduction

T HERE is need for propulsionsystems that operate longer, have
greater total impulse capabilities, and can thereby accommo-

date the natural trend of spacecraft missions to become more am-
bitious. Because the propulsion system generally does not capture
its propellant in space, the propellant that can be used is limited
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to that loaded initially. This mission trend translates, in turn, to a
corresponding need for ion thrusters that will make most effective
use of the propellants they carry, that is, will operate at increasingly
higher speci� c impulses.

Generally, an ion thruster has a two- or three-grid system and
operates at a net accelerating voltage of the order of 1 kV (a spe-
ci� c impulse near 3000 s). Increasingthis voltage increasesspeci� c
impulse, in proportion to its square root. For the work described
herein, a high speci� c impulse ion thruster (HiIsp-IT) operated at a
voltage of 10 kV has been studied, and the problems of direct ion
impingementon the acceleratinggrid and charge-exchangeion pro-
duction and impingement have been considered.These phenomena
lead to sputter erosion and sputter coating effects that pose prob-
lems because they can limit thruster lifetime as a result of wear and
electrical breakdown, respectively.

These problems, which might be expected to worsen because of
thehighvoltagesinvolved,are addressedin this studybyconsidering
the use of four or more grids, that is, multiple-gridsystems. Each of
these grids can be biased in variousways to accomplishprecisecon-
trol of ion beam trajectoriesfor the mitigationof the aforementioned
problems. Furthermore, a grid system has many design parameters,
for example, number of electrodes, thickness, aperture diameter,
gap, etc. Because of the large number of parameters involved, the
design of a multiple-grid system is best accomplished using high-
speed numerical analysis to guide an experimentalstudy that would
otherwise be time consuming and costly.

Much numerical simulation of ion beam optics has already been
done by Whealton et al.,1 Hayakawa,2 and others.3¡6 The OPT code
developed by Arakawa and Ishihara7 is a well-known code used
for simulation of ion beam optics. It can be used for high-speed
analysis of conventional ion thruster two- or three-grid systems,
and it has typically yielded results that agree reasonably well with
experimental results.3 To evaluate the HiIsp-IT grid system, in this
study, this code was modi� ed so that it could be used to simulate
multiple-grid systems and model charge-exchangephenomena.

In addition, another high-speedsimulation code (igx) was devel-
oped.This was donewhen it was determinedthat more accuratesim-
ulations of the ion extraction and acceleration processes than those
obtained from OPT are needed for HiIsp-IT applications. The igx
code simulates both the behaviorof beam ions and charge-exchange
ion phenomena.

The objectivesof this study are 1) modi� cation of OPT code and
developmentof the igx code to enable investigationof multiple-grid
systems, 2) comparative evaluation of these codes with each other
and with experimental data, and 3) simulation and discussion of
several multiple-grid options for HiIsp-IT applications.
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OPT Code
The OPT code,7 which simulates ion thruster beam optics, em-

ploys a two-dimensional cylindrical coordinate system. The shape
and positionof the bounding ion extractionsurface or sheath,which
is known to have a critical in� uence on ion optical behavior, is
modeled in the code using a cubic function. Ions are extracted from
this surface, accelerated through the potential difference between
the screen and accelerating grids, and delivered to a downstream
boundary.Some ions impact on the accelerationgrid as an impinge-
ment current. The electrical potential Á of each mesh point within
the grid-system region is calculated using Poisson’s equation:

r2Á D ¡q=" (1)

The simultaneousequationsassociatedwith all of the mesh points
are solved by the successiveoverrelaxation(SOR) method. Ion mo-
tion is describedusing the Runge–Kutta method.This code employs
a � ux-tubeconcept in which an ion is treatedas a � ux, and its charge
is distributed to pairs of mesh points adjacent to its position at the
end of each time interval. The sheath shape expressed in terms of
cubic function coef� cients is iterated until the ion current density
to the sheath from the discharge plasma is equal to space-charge-
limited current densities extracted over the sheath surface. Figure 1
is the � ow chart for this code. Iteration takes place until the beam
current Ib agrees with a value, ISCLC, speci� ed through an input
perveance.

As part of this work, the code was modi� ed so it could describe
1) ion � ow through as many as � ve grids and 2) charge-exchange
phenomena.The charge-exchangereactiondescribesa collisionbe-
tween a fast ion and a slow neutral in accordancewith the following
equation:

AC
fast C Aslow ! AC

slow C Afast

The charge-exchangereactionrate (dnc=dt ) of each cell (surrounded
by eight mesh points) is calculated :

dnc

dt
D nnni vi ¾c.vi / (2)

The number density of neutrals is determined using conductance
values for the grids and assuming radially uniform free-molecular
� ow. The temperature of each grid is 500 K. Each charge-exchange
ion is placed at the centerpoint of the cell in which it is produced
and then moved to a boundary via the electrical � eld using the

Fig. 1 Flow chart of OPT code.

Runge–Kutta method. The in� uence of charge-exchange ions on
the intragrid potentials is neglected.

This modi� ed code, which is in Pascal, uses a memory-saving
methodand requiresonly the same 640-KB memory requiredby the
original code. In addition, the code was modi� ed so that potential
data from a previous similar solution could be used to reduce the
calculation time.

Simulation igx Code
The igx code simulates ion extractionthroughion thrustergrids in

a three-dimensional,cylindricalcoordinatesystem. It also simulates
charge-exchangeion productionand extraction in the same way the
modi� ed OPT code does. To reduce the execution time and describe
ion motion more accurately,this code also integratesparticle-in-cell
(PIC), region sharing, and energy compensationconcepts. Figure 2
shows the � ow chart of the igx code.

Charge Distribution
Ion motion is determined using data from node point potentials,

and the potentials are determined using Poisson’s equation. For the
� rst loop, the sheath is assumed to be at a � at boundaryfar upstream
of the screen grid.The PIC method is used to distributethe chargeof
each ion to the eightmesh points that surroundit at the conclusionof
each time interval used in the analysis. The potentials at each node
point are determined using the SOR method after the motions of all
ions have been traced so that calculation times can be reduced.

Region Sharing
The ion optics simulation assumes the usual hexagonal arrange-

ment of holes. Figure 3 shows the shape of the numerical space
used in the code. Note that point A is a unique point that is common
to all three holes that surround it. To reduce the calculation cost,
the ion motion is described in the triangular column region OAC–
O0A0C0, and the potential � eld is calculated within the cylindrical
sector OAB–O0A0B0. Potentials in the column ABC–A0B0C0 are de-
termined as a mirror re� ection of those in the column ADC–A0D0C0

about the plane AC–A0C0. The ion motion is described in a three-
dimensional Cartesian coordinate system to reduce the calculation
cost further.

Energy Compensation
Particle motion is described in the code using the Euler method

with the Courant condition applied. This is expressed in the

Fig. 2 Flow chart of igx code.
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Fig. 3 Analysis space.

a) Euler method b) Runge–Kutta method c) Energy-compensation method

Fig. 4 Descriptions of uniform circular motion in Cartesian coordinates.

following equations:

v 0 D v C a1t ; x 0 D x C v1t C 1
2
a1t2 (3)

1v £ 1t · 1
2
h (4)

The Courant condition assures a precise descriptionof particle mo-
tion, but it does not assure conservation of total energy, that is,
potential plus kinetic energies, in accordance with the equation

qÁ C 1
2
mv2 D const (5)

Because the region sharing method is adopted in this code as al-
ready noted, the description of ion motion within the cell on/near
the z axis, where the cell volume is small, is critical. To evaluate
the accuracy of the method near the axis, uniform circular motion
in a two-dimensional Cartesian coordinate system was simulated.
Figure 4 illustrates the motion computed using three different nu-
merical approaches. It is assumed for this comparison that there is
a gravitational force acting on a mass from the z axis at x D y D 0.
The conditions (initial velocity, gravitational force � eld, and time
step) are the same for each approach. When the Euler method is
used (Fig. 4a), rapid divergence is obvious, and when the Runga–
Kutta method is used (Fig. 4b), divergence is still apparent even
though the Courant condition was imposed. A precise description
of ion motion is necessary in this simulationbecause this code deals
with ions that experience a vast range of kinetic energies (over the
order of magnitude range from 1 eV to 10 keV). In this simulation,
therefore, compensation is applied to hold total ion energy constant
at the conclusion of each interval of motion. The direction of the
ion velocity vector is not changed, but its length is adjusted to sat-
isfy Eq. (5). Although the momentum is not conserved when this
method is used, the error in the momentum does not become sub-
stantial because the energy is conserved. This method has a kind of
robustness.As shown in Fig. 4c, compensationin this way yields the
best numerical simulation for the uniform circular motion problem.
This method is preferred over the Runge–Kutta method not only

because error accumulation is reduced via compensation, but also
because it requires fewer calculation steps and is, therefore, faster
and more ef� cient.

Note that the Symplectic method8 developed in the 1990s is also
conservative and ef� cient. In the present case, however, a prelim-
inary feasibility study indicated it was unsuitable because of the
large potential differences involved.

Sheath De� nition
As suggested earlier, results obtained from optics simulationsare

strongly dependent on the shape of the ion extraction surface. In
this simulation, a simple approach is used. The plasma upstream
of the ion emitting sheath surface is described in terms of ions and
electrons in equilibrium. The basic concept applied is suggested
schematically in Fig. 5. It is assumed that the extreme left point,
which is far upstream of the screen grid, is maintained at the dis-
charge chamber plasma potential Áp and that the potential of the
other points as determined from the solution of the Laplace equa-
tion are as shown in Fig. 5a. Because ions are injected from the
extreme left (plasma) plane, the potential of the points determined
using Poisson’s equation (1) will rise above Áp , as shown in Fig. 5b.
If the calculatedpotential is over plasma spacepotential,as shownin
Fig. 5c, it is argued that thesehigherpotentialswould draw electrons
(negative charges) from the adjoining plasma to maintain equilib-
rium. This causes the potentials to drop back to Áp , as suggested
in Fig. 5d. The mesh point at Áp that is farthest downstream is
called the plasma internal point, and the boundary connecting these
points is designated the sheath in this study. Ions are extracted ran-
domly from positionswithin the cells near the plasma internalpoints
with an initial velocity determined by the Bohm condition. These
ion extraction positions are determined by the requirement that the
ion-induced potentials not exceed the plasma space potential. The
process of computing the sheath location and shape is repeated us-
ing electrical potentials determined from the subsequent iterations
of � eld calculations when ions are being emitted from the sheath.
The iteration process under which the sheath surface evolves and
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a) Initial potential

b) Charge up

c) Calculated potential

d) Potential adjustment

Fig. 5 Schematic of presheath de� nition.

is coupled to the ion beam formation and acceleration processes is
summarized in Fig. 6.

In a preliminary study, it was determined that the position and
shapeof the sheath surface was independentof the distancebetween
the initial upstream boundary and the screen grid, that is, the line
segment OA shown in Fig. 3, if this distance was greater than 1.5
times the radius OA.

High-Speed Coding
A kind of object-orientedcoding,which requires a lot of memory

but yields rapid, low-cost simulation, was used. To realize reason-
able simulation times the igx code is typically run 14 times with
1000 ions to establish the nominal sheath shape and location and
downstreampotentialsbefore it is runa � nal time with 10,000ions to
obtainedthe � nal solution.It was shown in preliminarystudythat the
results obtained were independent of the number of iteration loops
provided the number loops was over 15 (D 14 C 1/ and the simula-
tion was carriedwith suitableexecutionparameters:The error toler-
ance on potentialcalculationswas less than 0.3 V, the numberof ion
particle extracted from each sheath cell was more than 3, for exam-
ple, 1000> 29 £ 10 £ 3. The igx code is written in FORTRAN77.

a) Presheath de� nition (� rst loop)

b) Ion motion (� rst loop)

c) Presheath de� nition (second loop)

d) Ion motion (second loop)

e) Presheath de� nition (third loop)

f) Ion motion (third loop)

g) Presheath de� nition and ion motion (� nal loop)

Fig. 6 Schematic of presheath development.

Results and Discussion
Evaluation of Simulation Codes

Initial simulation runs carried out to evaluate the codes were
performed on the two-grid HiIsp-IT systems shown to scale with
boundaryconditionsand grid potentials in Fig. 7. The node distance
used was 0.149 mm. There is a large gap between the screen and
accelerating grids (5.5 mm) to prevent electrical breakdown. The
screen grid is relatively thick (1.5 mm) because a thin grid yielded
a high accelerating grid impingement current Iac under some oper-
ating conditions. The accelerating grid is thick (3 mm) and has a
small aperturediameter (3.5 mm) comparedto that of the screengrid
(7 mm) to assure a long life. Furthermore, ions injected from sheath
had an initial kinetic energy of 3 eV. Simulations were performed
using both codes on an 800-MHz personal computer. Experimental
results obtained on a grid set with 19 aperture pairs having the di-
mensions associatedwith Fig. 7 were available so that they could be
compared to simulation results. An example of comparative results
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Fig. 7 HiIsp-IT grid system used for evaluation of codes.

a) Experiment

b) OPT code simulation

c) Simulation of igx code

Fig. 8 Impingement current comparisons.

obtained from this study is shown in Fig. 8. The experimental data
shown were obtained by maintaining beam current constant and
measuring the impingement current as the screen grid voltage was
varied. Figures 8 show the variation in impingement to beam cur-
rent ratio (Iac=Ib) with net acceleratingvoltageVN , and the following
observations are made regarding the data.

OPT Code
Although the OPT code simulation is an appropriate analysis for

conventional ion thrusters, comparison of Figs. 8a and 8b indicates
it does not agree well with experimentaldata in this case. It appears
that the code de� ciency in this high-voltage case is caused by ions
drawn through a screen grid hole from the region over the web
between adjacent holes (point A in the r–µ plane of Fig. 3). The

Fig. 9 Sheath position and shape.

Fig. 10 Trajectory of ion beam.

inherent asymmetry associated with the effects of adjacent screen
holes, which becomes important under high-voltage conditions, is
not adequatelymodeled using a two-dimensionalassumption when
the sheath is far upstream.

igx Code
It is clear from a comparison of Figs. 8a and 8c that the igx code

yields results that agree with the experimental data. Figure 9 shows
the code prediction of changes in sheath position and shape as net
accelerating voltage is varied when the beam current is 11 mA. As
net accelerating voltage is increased, the sheath becomes increas-
ingly concave upstream and farther from the screen grid (Fig. 9).
On the other hand, the sheath is convex(ballooneddownstream)and
positioned farther downstream in the lowest voltage case. These re-
sults are consistent with crossover impingement at higher voltages
and perveance-limited impingement when the voltage is lowest.
These impingementphenomenawere con� rmed in our experiments.
Figure 10 shows the trajectories of ions in the beam, and Fig. 11
shows the three-dimensional features of sheath and the cross sec-
tion of the ion beam at the upstream plane of the acceleration grid
at a typical low-perveanceoperating condition.Figure 12 shows the
beamlet cross section determined by the foil erosion method9 under
conditions similar to those associated with the simulation, and it is
in good agreement with the cross section of Fig. 11. Beamlet cross
sectionsand effects of perveanceon impingementcurrentmeasured
at other operating conditions9 are also in good agreementwith sim-
ulation results. Simulation using the igx code required 6–10 min
per case and used »40 MB of memory. These results suggest that
the igx code simulation is better suited to the analysis and design of
HiIsp-IT grid systems.

Variance of Simulation Results
To con� rm its accuracy, the igx code simulationwas executed 50

timesunderthe same conditionswithoutsupplyingan initialrandom
number (a seed number used for random number generation). This
was done because random numbers used in particle simulation can
affect the result. Through the executions, it was con� rmed that the
varianceof results had a range of §3–5%, and the result was almost
independent of the initial random number. Because the results of
the igx code simulation also agree with the experimental data, as
already mentioned, it is argued that the accuracy of igx simulation
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Fig. 11 Sheath and beamlet cross section.

Fig. 12 Beamlet cross section determined by foil erosion method.

is suitable for evaluationof HiIsp-IT ion beam optics. Furthermore,
it was determinedthat the accuraciesdepend stronglyon perveance,
and the accuracy was found to be within the aforementioned toler-
ance over the perveance range of 0.4–1.5 £ 10¡9 A/V3=2 under test
conditions where the grid holes were aligned with 0.01–0.1 mm.

Discussion of Multiple-Grid Simulation Results
In view of the good agreement obtained between results from

the igx code and experiments, it seemed reasonable to use it for
analysis of HiIsp-IT multiple-grid options. Figure 13 shows the
grid con� gurations that were simulated to obtain results that could
be comparedto eachotherand to the standard(type-O)con� guration
shown in Fig. 7.

Type A
This grid system is a conventional three-grid system with the

same screen and acceleration grid dimensions as the type-O set. It
was determined that the third (decelerating)grid, which is generally
at a potentialnear 0 V, tended to facilitatecharge-exchangeion � ow
away from the acceleration grid and into the downstream region.
Numerical results showed 20–50% reductions in charge-exchange
impingement currents depending on the beam current. Reductions

a) Type A

b) Type B

c) Type C

d) Type D

e) Type E

Fig. 13 Schematic of grid systems for HiIsp-IT applications.

in charge-exchange ion currents were observed on both the barrel
and downstream surfaces of the acceleration grid aperture.

Type B
In this case, another decelerating grid is added to facilitate both

a reduction in total impingement currents derived from charge-
exchange reactions and management of ion beam trajectories in
the downstream region. However, it was determined that this grid
system gave rise to an increase in the total impingement current to
all grids because it reduced the conductance for neutral � ow and
increased the charge-exchangereaction rate. It seemed that this grid
system would not be well suited to HiIsp-IT applications.

Type C
Here a masking grid is added upstream of the accelerating grid

to reduce ion impingement to the upstream surface of this grid.
Althoughmany simulationswere examined in terms of the potential
and dimensions of the mask, none were found that reduced the
impingement current signi� cantly below that for the type-O grid
system.

Type D
This grid system has two screen grids. The second screen grid is

used to enable management of ion beam trajectories. The potential
of the second screen grid is greater than plasma potential (approxi-
mately the discharge voltage plus the � rst screen grid voltage). The
spacing between the two screen grids is equal to the screen grid
thickness for both this and the type-O system. Through numerical
analysis, it was con� rmed that this grid system was able to control
(manage) the beam ion trajectories.Figure 14 shows how the ratios
of thrusts and extracted beam currents (type D/type O) were af-
fected by the ratio of voltages applied to the second and � rst screen
grids.Figure 14 shows that the voltageon the second screen grid can
be used to manage (collimate) the ion beam trajectories, thereby in-
creasing the beam currentand thrust factor.For example, the type-D
grid system operated at a � rst screen grid voltage of 10 kV and a
second screen grid voltage of 10.1 kV can extract approximately
1.15 times current of the type-O grid system operated at the screen
grid voltage of 10.1 kV, and the former grid system also operates
at a slightly greater thrust factor due to a reduction in divergence
angle. It also yielded a modest reduction in impingement current.
This option is complicated by the need to provide another power
supply.
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Fig. 14 Effects of voltage on second screen grid for type-D system.

Type E
This grid system is a combination of the type-A and type-D sys-

tems. Through parametric analysis, it was determined that the im-
pingement current could be reduced while the thrust ratio and/or
beam current could be increased with this option. This grid system
is similar to one described by Aston.10

Although many cases were analyzed in this study, more de-
tailed analysis and discussion of grid design options for HiIsp-
IT grid systems is still needed. In addition, because an HiIsp-IT
grid system has many designs, it is likely that this analysis also
needs a high-ef� ciency optimization method such as the genetic
algorithm.11

Conclusions
1) Modi� ed OPT simulation is not in good agreement with ex-

perimental data measured on HiIsp-IT optics.
2) The new developedthree-dimensionalparticle simulationcode

igx, which uses an energy-compensationmethod, a simpli� ed def-
inition approach, and high-speed coding, yields results that are in
good agreement with experimental data.

3) Simulationusingigx indicatesthe screen–screen–accelerating–
deceleratinggrid systemwill yieldwell-focusedbeamlets,a reduced
impingement current, and increased thrust.

4) More detailed analysis and discussion of grid design options
for HiIsp-IT grid systems is needed.
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