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A numerical code is described that simulates the plumes of ion thrusters and Hall current thrusters. In the
present study, computed � ow� eld results are compared with existing experimental measurements for the UK-10
ion thruster. The experimental measurements consist of ion � ux, ion density, and � oating potential data. The
numerical code combines the direct simulation Monte Carlo method for modeling collisions with the particle-in-
cell method for modeling plasma dynamics. Xenon neutrals and ions are modeled directly. Electrons are described
by the Boltzmann relation. The effect of a � nite back pressure experienced in laboratory experiments is included.
Agreement between simulationand experiment is satisfactory. The simulationresults are found to be very sensitive
to input conditions assumed at the thruster exit plane. In particular, there is uncertainty in specifying the effects
of the curvature of the dished grids of the UK-10 thruster on the ion exit velocity pro� le. The sensitivity of the
simulations to certain model parameters is also examined. These include the cross section for charge-exchange
reactions, the mechanics of charge-exchange reactions, and the electron temperature. The beam ions are found to
be only moderately dependent on these variations, whereas the charge-exchange ions are sensitive to them.

Introduction

I T is necessary to understand the plumes of spacecraft propul-
sion systems for the assessment of spacecraft impingement and

contaminationissues. The plume divergenceangle for impingement
and the charge-exchangeplasma for contaminationby heavy metal-
lic ions are of particular concern for ion thrusters and Hall current
thrusters (HCTs). In these devices, not all of the atoms are ion-
ized before exiting the thruster. Therefore, these neutrals close to
the thruster, having thermal velocities,may collide with ions. Some
of these collisions lead to charge-exchange interactions, in which
an electron is transferred from the neutral to the ion. This process
forms highly energeticneutrals and ions with thermal speeds.These
slow ions may interact with conducting surfaces on the spacecraft,
possibly altering the surface properties. On ion thrusters, they may
be pulled back by the potential grids, causing grid erosion. The
charge-exchangeplasma leads to spreading of the beam and to ac-
celeration of heavy metallic ions into the plume back� ow region.
The behavior of charge-exchangeions is therefore of particular in-
terest. Computational modeling allows the dynamics of the plume
and its interactionwith its environment to be examined. The ability
to simulate the plumes of these devices permits a wider variety of
operating conditions to be tested and also eliminates the in� uence
of the experimental facilities. The goal of the present study is to
establish the aspects of the modeling that are signi� cant in de� ning
the plume pro� le. To validate the computer-modeling capabilities
requires experimental data.

A hybrid direct simulation Monte Carlo1–particle-in-cell2

(DSMC–PIC) code is being developed to understand, in detail, the
plasma behavior of the plumes of ion thrusters and HCTs. The PIC
method determines the trajectoriesof charged particles as predicted
by imposed and self-consistentelectric � elds.The DSMC method is
used to deal with the collisionaleffects in the � ow� eld.Both charge-
exchange and momentum transfer collisionsare modeled. The code
is tested on the UK-10 thruster using xenon as a propellant,because
of the availability of experimental data. The UK-10 is an electron
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bombardment ion thruster with a 10-cm nozzle exit diameter.3 The
acceleration grids are dished inward to focus the ion beam and di-
minish the beam divergence.Concave curvatureallows the intergrid
region to expand when the grids heat up, reducing the possibility
of arcing. The simulation results are compared with measurements
of ion � ux and � oating potential by de Boer,4 and to measurements
of ion densityobtainedby Pollard.5 To model the thrusterplume, as-
sumptions are made to address physicaluncertainties.Among these
are the cross sections for charge-exchangereactions, the mechanics
of the charge-exchangereactions,and the electron temperature.The
sensitivity of the charge-exchangeion pro� le to these assumptions
is examined.

The numerical method is described in the next section. This is
followed by a discussion of both the comparison of simulation re-
sults with experiment and the sensitivity study. The paper closes
with some brief conclusions.

Numerical Method
There are several issues that need to be addressed to simulate

the plumes of ion thrusters.Computationalgrids must be generated,
based on disparate length scales that describe the plasma and colli-
sion phenomena. Appropriate boundary conditions for the electric
� eld must be imposed. The behavior of the charge-exchangeions is
determined by the beam ions, neutrals, electric � elds, and collision
dynamics.The followingsubsectionsdescribe the importantaspects
of the present implementation.

Neutrals

Earlier work by Roy6 employed the PIC method to model ion
thruster plumes. Wang et al.7 modeled ion thrusters using a PIC–

Monte Carlo collision (MCC) algorithm. Each of these studies
used an analytical expression to specify the spatial distribution of
neutralatoms. A source term was then used for the charge-exchange
ions, based on an analytical production rate. The current DSMC–

PIC code tracks the neutrals (and their properties) as well as the
ions. Charge-exchange ions are generated directly from collisions
between neutral atoms and ions. By including the neutrals as par-
ticles, their velocity distribution is better represented. The fast
neutrals created by charge-exchangewould be absent from the an-
alytic representation.Without these fast neutrals, the density would
be overpredicted. The probability of charge-exchange is based on
the relative velocity through the collision cross section given by
Rapp and Francis.8 Experimental work by Pollard9 suggests a
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charge-exchangecross section for xenon, which is 3–8 times higher
than this theory predicts. This would lead to a higher production
rate of charge-exchange ions. A test case assuming the theoretical
value is compared with a case using three times this value for the
cross section.

Propellant utilization ef� ciencies for ion thrusters are generally
well above 50%. Because of their very low velocities, however, the
density of the neutrals is higher than the ion density at the thruster
exit. Therefore, the behavior of these neutrals determines the rate
and locationof thecharge-exchangereactions.The charge-exchange
production rate is linearly dependent on the neutral density. Sonic
conditions for the neutrals are assumed at the thruster exit, based on
a stagnation temperature of 500 K. A related study10 demonstrates
that the assumption of sonic � ow agrees well with experiments of
neutral xenon � ows. It also compares the resulting neutral pro� le
with that given by the analytical model assumed by Roy.6 Lower
neutral densities are predicted by these simulations.

Background Gas

Ground-based experiments have a � nite ground pressure deter-
mined by the capacity of the pumping system. Although this usu-
ally gives a density well below the exit density of the neutrals, the
two values become comparable in the near plume. Thus, the back-
ground densitymust be included in the simulations. It is assumed to
be composed entirely of xenon neutrals, because the beam ions are
moving at much higher velocities, and thus, leave the domain more
easily. These neutrals collide with ions and neutrals that originate
from the thruster. The background particles are not simulated di-
rectly, because it is not necessary to update their positions or know
their exact properties. Instead, in each computational cell, tempo-
rary particles are created every time step with velocities sampled
from a Maxwellian distribution at 295 K. The background density
is assumed to be uniform. This is reasonableaway from the thruster
where its effectsare as signi� cant as the foregroundneutrals. It is not
necessaryto model collisionsbetween pairs of backgroundatoms. It
is assumed that the backgrounddistribution is unchanged with col-
lisions. This assumption is reasonable, because the largest change
would be a result of the fast atoms created by charge-exchange
reactions. The magnitude of their density is about three orders of
magnitude below the total background density for the case under
consideration.

Charged Particles

The PIC algorithm uses charged particles and determines the
charge density at the nodes of the grid cell, based on the proximity
of each particle to the surrounding nodes. The scheme developed
by Ruyten11 has been shown to conserve charge density as well as
charge. The charge density is then used to calculate the potential at
the nodes. By keeping only the dominant terms of the electron mo-
mentum equation and assuming isothermal electrons, the electron
density can be described by the Boltzmann relationship:

ne D nref exp(e v / kTe)

where ne is the electron density, e is the electron charge, v is the
potential, k is the Boltzmann constant, and Te is the electron tem-
perature. This is valid for a collisionless, isothermal plasma, where
the gradients in potential are caused by gradients in density and
magnetic � eld effects are negligible. Because magnetic forces in
the plumes of ion thrusters are small compared with electrostatic
forces, their effects can be ignored.

The difference in magnitudes of the ion and electron velocities
makes it dif� cult to include the electrons as particles in the simula-
tion. Moreover, it is the ion behavior that is of interest.By assuming
that the plasma is quasineutral(n i ¼ ne ), the ion density can be used
to � nd the potential, and the electrons need not be tracked. Based
on measurements of � oating potential and electron energy in the
plume of the UK-10 ion thruster, de Boer4 estimated the degree of
nonneutralization[(n i ¡ ne)/ ne]. In the beam region, it is estimated
to be on the order of 10¡5¡10¡4.

To � nd the potential, a value for the electron temperature is re-
quired. Experimental work with the UK-10 ion thruster4 gives a
value ranging from 0.5 to 3.0 eV, depending on where in the � ow-
� eld it is measured. A value of 1.0 eV is chosen for most of these
simulations, and is compared with a test case with Te D 5.0 eV to
examine the sensitivity. For the plasma to be collisionless with re-
spect to Coulombic collisions, the ratio of collision frequencyto ion
plasma frequency is considered.This is

m ei / x pi ¼ ND / ND

where ND is the number of charged particles in a Debye cube,
and m ei is the electron–ion collision frequency.6 This ratio ranges
from 1.7£ 10¡3 for 1.0 eV to 1.9 £ 10¡4 for 5.0 eV, based on the
average ion density at the thruster exit. Also, m ee ¼ m ei and m ii < m ei

unless Te À Ti ; therefore, this ratio gives a reasonable estimate for
Coulombic collisions. Because these ratios are much less than 1
in the present study, it is reasonable to consider the plasma to be
collisionless.

Experiments have shown that the plume of ion thrusters is com-
posedof 5–15% doublychargedions and trace fractionsof ions with
greater charge.5,12 The ions are assumed to be singly charged, al-
though the code is capable of handling these multiply charged ions.
To examine the behavior of the charge-exchangeions separate from
the beam ions, they are treated as different species in the code.

Collision Dynamics

Charge-exchangereactionscan occurwhen a highlyenergeticion
collides with a neutral atom at a thermal speed. A slow ion and a
fast neutral are the result of this reaction, but the exact postcolli-
sional properties are not clearly de� ned. To capture this behavior,
the simulated particles in the collision merely exchange an elec-
tron and maintain their precollisionvelocities.Although physically,
there would be a momentum change, the extent to which the paths
are altered is unknown.This method is comparedwith one in which
elastic hard-sphere collisions are assumed and the momentum is
transferred between particles. In this case, the scattering angle is
chosen randomly from an isotropic distribution as is done with the
noncharge-exchange collisions. These collisions use the variable
hard-sphere model.1

Grids

The length scale for which a plasma can be treated on a particle
level is given by the Debye length. This length is generally used
to scale the computational grid cells in PIC simulations. Grid cells
used for DSMC are generally scaled by the mean free path, the
length scale for collisions. Both lengths are functions of density.
For the propertiesof ion thrusters, the Debye length is usuallymuch
smaller than the mean free path. Therefore, two different grids are
employedby the code.There is no interactionbetween the two grids.
The underlying DSMC code (MONACO13) is capable of handling
the unstructuredgrids,whereas thePIC part of the codeusesnonuni-
form regular grids. Memory may become an issue with two grids
modeling a large domain. Therefore, the PIC grid is implemented
implicitly. The only values necessary for each node of the cells are
its potential and its electric � eld vector. The positions of the nodes
are stored implicitly in two one-dimensionalarrays, rather than in a
two-dimensional array. This modi� cation does not affect the com-
putational time signi� cantly, but can save a substantial amount of
memory. Figure 1 shows the two grids used for the simulations.
The upper one is the DSMC grid, and the lower one is the PIC
grid.

Boundary Conditions

The exit planeof the ion thrusterhas a physicallyimposed bound-
ary condition given by the potential of the accelerator grid. The
nodes of the PIC grid that lie on the exit plane of the thruster have a
potentialgiven by the sum of the acceleratorgrid’s potential and the
contributionof the nearby ions. The wall of the thruster is assumed
to be biased to the spacecraft potential, which is estimated to be
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Fig. 1 Computational grids.

Fig. 2 One time step of algorithm.

kTe / e.6 The referencedensity de� ned at a locationwhere the poten-
tial is set to zero (nref) is needed for the Boltzmann relationship to
obtain the potential.This value is obtainedby matching the ion den-
sity at the thruster exit nearest the axis with an extrapolationof the
potentialmeasurementstakenalong the axis by de Boer.4 To prevent
the potential from going to ¡1, when no ions are in a PIC cell, a
small perturbationis introduced.A value is added to the term inside
the logarithm.Effectively, this gives a lower bound on the potential.

Experimental results of ion thrusters suggest a Gaussian distri-
bution of current density.4,12 Therefore, the Gaussian ion density
pro� le assumed by Wang et al.7 is used at the exit plane. The
UK-10 ion thruster has both the screen grid and the acceleratorgrid
dished inward to provide mechanical stability and to reduce beam
divergence.3 The extent to which this curvature affects the exit pro-
� le of the ions is unknown. Its effect on the atoms is assumed to be
negligible. By using a dishing depth of 5 mm, various exit pro� les
are tested.

The domain is assumed to be axisymmetric about the thruster
centerline.The main three-dimensionaleffectswould come from the
locationof the neutralizer,but the quasineutralityassumptionmakes
these effects negligible. Near the thruster exit, the electrons from
the neutralizer are not suf� cient for neutrality. The large electric
� eld this leaves is given by the accelerator grid potential boundary
condition. The radial electric � eld is set to zero on the centerline
to satisfy symmetry, but axial variations in potential are permitted.
The upper boundary also allows only axial variations in potential.
The other two boundaries allow radial, but not axial, variations in
potential. This assumption is valid when the domain is suf� ciently
large. Particles that reach boundaries other than the symmetry line
leave the simulation.

Integration of the Two Particle Methods

The DSMC and PIC methodsare compatiblebecausethey require
very little interaction. The collisions are handled by the DSMC al-
gorithms, as are the updating of particle positions and the output of
macroscopic variables. The PIC algorithms determine the electric
� eld vector from the potentials at the nodes. The change in parti-
cle velocities caused by this electric � eld is then combined with
changes caused by any collision, to update the velocities and then
the positions. The initial properties of the particles are based on a
speci� ed distribution function. Work by Oh and Hastings14 com-
bined PIC and DSMC to simulate Hall thruster plumes. Gatsonis
and Yin15 simulated pulsed plasma thrusters that use ablated Te� on
as propellant with a similar algorithm. The present application to
xenon ion thrusters relieson experimentalevidenceto address phys-
ical modeling issues. Figure 2 shows a � ow chart of the algorithm
used here over one time step. The collision algorithm is based on
the scheme proposed by Baganoff and McDonald.16

The main incompatibilityis becauseof scale lengthdiscrepancies.
As mentioned earlier, two separate grids can be easily maintained
by this implementation. This leads to two problems. First, for rea-
sonable statistics, the PIC method needs about 10 ions per cell. This
leads to the use of a larger number of particles per DSMC cell than
is usually needed. Over 1000 particles, including atoms, are used
in some cells. The other issue is the time scale. For both methods it
is desirable to have a particle remain in a cell for a few time steps.
Fortunately, the gradients in ion density in the axial direction are
less pronouncedthan in the radial direction,and the ions are moving
predominantly in the axial direction. This allows larger axial PIC
cell lengths, so that the time scales for the two grids agree. The time
scale of choice is the inverse of the ion plasma frequency, the fre-
quency at which the ions oscillate about their equilibriumpositions.
Because this value is considerablyless than the collision time scale,
very few collisions are computed each time step.

Results and Discussion
The conditions speci� ed for the simulations are � ow rate ( Pm D

0.73mg/s), thrust(18 mN), beamcurrent(0.33 A), andbeamvoltage
(1100 V). The back pressure in the vacuum tank is assumed to
be 2 £ 10¡6 torr. The computational domain is composed of 1400
DSMC cells and 3900 PIC cells. It extends 1.3 m axially and 0.7 m
radially from the thruster exit. Inside the ion beam, the nodes of
the DSMC cells coincidewith nodes of the PIC grid. The execution
time is about 48 h for a 500,000 particle simulation on an R10000
SGI workstation.

The aforementionedGaussian density pro� le is combined with a
uniform ion velocityof 40 km/s at the exit, as predictedby a voltage
drop of 1100 V. This base case is used as a starting point to test
the behavior of the code. Further assumptions include an electron
temperature of 1.0 eV and the theoretical charge-exchange cross
section with no momentum transfer for charge-exchangecollisions.
Figure 3 shows the ion � ux vs radial position at various axial loca-
tions. The shape of the pro� le is maintained throughout the region,

Fig. 3 Radial pro� les of ion � ux at various axial locations for base
case.
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Fig. 4 Integral � ux contours for both electron temperatures.

but the magnitude at the centerline decreases along the axis, as the
beam spreads. Figure 4 shows this contour given as the percentage
of ion current enclosed below the radial position, and a comparison
with the case with an electron temperature of 5.0 eV. Comparing
the two shows that the ion temperature is not the only cause of
spreading. The potential gradients are magni� ed by a larger elec-
tron temperature for similar density gradients.

These results are not surprising if one considers the magnitudeof
the electrostaticforces compared with the hydrodynamicforces. As
the ion beam passes through a cell in the computational domain, it
experiencesan electrostaticforce in the radial direction,because the
gradients in density are steepest in that direction. The ratio of this
to the axially directed force should give a measure of the amount of
spreadingof the beam across a cell. The electrostatic force across a
cell is

FE D N q E D Nq(D v / D y)

where D v is the change in potential, and D y is the radial grid node
spacing. Here, N is the number of ions in the volume represented
by the cell, q is the charge of an ion (Ce), and E is the electric � eld
magnitude. The hydrodynamic force is

Fmv D Pmux D q u Au D Nnmu2
x A

where Pm is the � ow rate, and ux is the axial velocity. The area A is
of the cell face, q is the mass density, Nn is the average ion number
density, and m is the mass of an ion. The ratio of the two is given by

FE

Fmv

D
NqD v

Nnmu2
x AD y

D
qD v

mu2
x (D y/ D x)

Because q and m are known, and assuming that ux ¼ 35 km/s
caused by deceleration close to the grid, this gives a value of
6 £ 10¡4 [D v / (D y/ D x)]. This indicates that the bending of the
beamis only signi� cant for large changesin potentialacrossthe cell.
Using the Boltzmann relationship, the change in potential varies as
Te (n2/ n1), where n1 is the ion density at the lower node, and n2 is
the ion density at the upper node. Inside the beam, this density ratio
is between 1 and 5, which would not make a very signi� cant poten-
tial difference. With a higher electron temperature, the spreading is
more pronounced.

The uniform velocity case is run with and without back pressure.
Figure 5 shows the contours of the density of the charge-exchange
ions for the two cases. In both cases, it is clear that their production
is signi� cant. Ions spread as a result of electric � elds. These forces
are strongest on the edge of the beam where density gradients are
largest. The beam ions are moving so quickly in the axial direction
that they are not affected as much as the charge-exchangeions. The
electrostatic forces pull these charge-exchangeions away from the
beam. This is most apparentnear the thrusterexit, where most of the
charge-exchange reactions take place. These ions are pulled away
from the beam before they spread too much thermally.This explains
the lobe a few centimetersfrom the exit, close to the beam. Also, the
uniform contours above the beam are not what would be expected

Fig. 5 Contoursof charge-exchangeionsfor uniformvelocitycase with
and without back pressure.

Fig. 6 Contours of average axial velocity of thruster neutrals with and
without ions.

Fig. 7 Comparisons of ion � ux along axis for various cases.

from thermally spreading ions. Near the axis, the ion � ux is given
by the beam ions.The effects of backpressureon the magnitudeand
location of the charge-exchange ions are signi� cant. Their density
is lower along the axis without the back pressure, because very few
charge-exchange reactions take place in the far plume. Also, less
charge-exchangeions reach the region behind the thruster exit.

Figure 6 shows the in� uence of the creation of fast neutrals on
the distribution of thruster neutrals. It is a plot of the average axial
velocity of the thruster neutrals. The lower half is without ions, and
the upper half includes the fast neutrals. The increase in average
velocity indicates that a substantial fraction of the neutrals have
undergone a charge-exchange reaction. A comparison of neutral
density shows a correspondingdecrease for the case with ions, but
the effect is less pronounced.

Figure 7 shows the � uxalongthe axis for the variationsof the base
case. Base indicates the base case described earlier, CEX indicates



534 VANGILDER, FONT, AND BOYD

Fig. 8 Comparisons of SV test case with ion � ux from experiment 10
and 15 cm from the exit.

the case where the charge-exchange cross section was increased,
Momentum indicates full momentum transfer for charge-exchange
reactions,No pb is withoutbackpressure,and T D 5 eV is the higher
electron temperature case. As this � gure shows, the experiment in-
dicates a peak in � ux along the centerline near 15 cm from the exit
because of the focusing of the curved grids. In fact, there is a waist
found experimentally4 at this location. It is clear that none of these
cases captures the observed behavior. A uniform velocity pro� le
does not take into consideration the effect of the accelerator grid
curvature. To account for the focusing, the dish is assumed to be
spherical, which, together with the dish depth of 5 mm, speci� es
the focal point at 25.25 cm from the thruster exit. By assuming that
the ion bulk velocity vector at the thruster exit is perpendicular to
a spherical accelerator grid, a spherical velocity (SV) pro� le is de-
� ned, which focuses the beam at this focal point. Use of this SV
pro� le in a simulation provides a peak ion � ux at the focal point
that is well above that of the experiment, and is thereforenot shown
in Fig. 7. The location of the peak falls about 5 cm short of the
focal point because of deceleration of the beam caused by the grid
potential boundary condition. A test case that assumes a parabolic
dish gives similar results.Comparisonsbetween the simulation that
assumes the SV pro� le and ion � ux measurements at two axial lo-
cations near the waist of the beam are shown in Fig. 8. The sharp
peaks near the axis indicate that the focusing of the thruster grid is
much less pronounced than a fully spherical grid predicts. In this
case, as well as the parabolic pro� le case, the bulk of the ions reach
the axis, and the waist is therefore very narrow. Hence, it is con-
cluded that the paths of the ions are not determined exactly by the
dish geometry.

The true pro� le must lie somewhere between this and a uniform
velocity pro� le that provides no focusing. To help quantify the de-
parture from full focusing, the spherical and uniform velocity pro-
� les are superimposed. Mixed pro� les of 5% spherical, 95% uni-
form velocity and 10% spherical, 90% uniform velocity are each
employed. The 5% case agrees well with the magnitude of the ex-
perimental � ux (see Fig. 9), but it too has a very pronounced peak.
Figure 9 also shows that the uniform velocity case agrees well in
shape with the experiment. Figure 10 shows good agreement for
all cases with the experiment 5 cm axially from the thruster exit.
Therefore, the inlet ion pro� les tested are not unreasonable.These
simulations demonstrate that the beam essentially follows its initial
velocity pro� le, as predicted by the ratio of electrostatic to hydro-
dynamic forces.

Pollard5 measured ion density in the plume at various angles at
� xed distances from the exit using a Langmuir probe for a slightly
higher thrust (20 mN). Comparisons of ion density 30 cm from the
thrusterexitbetweenvariousuniformvelocitysimulationsand these
data are presented in Fig. 11. Qualitatively, the simulation results
agree quite well with the measured data.

Figures 12 and 13 show comparisons at 61 and 122 cm, respec-
tively, from the exit. In each case, the uniformvelocitypro� les over-
predict the ion density near the axis. Consistent with these peaks,

Fig. 9 Comparisons of ion � ux from various ion velocity pro� les to
experiment 15 and 25 cm from the exit.

Fig. 10 Comparisons of ion � ux from various ion velocity pro� les to
experiment 5 cm from the exit.

Fig. 11 Comparisons of ion density to experimental measurements by
Pollard5 taken at various angles 30 cm from the center of the exit.

the experiment shows more spreading at large angles away from the
axis. The effect on the charge-exchange ions is apparent in these
plots. They dominate the ion density away from the beam in the
wings of the pro� les. As expected, the ion density is highest for
the case with a larger charge-exchange cross section (CEX). This
case and the base case agree better at these locations with the ex-
periment. The momentum transfer case predicts a lower density,
because the postcollisional velocity of the charge-exchangeions is
substantially higher for this type of collision. The larger electron
temperature predicts more beam spreading (as seen in Fig. 4), but
the agreement with ion density is not as good. These ion density
comparisons and Fig. 7 indicate that the beam ions are only slightly
affected by changing these physical parameters.

Figure 14 shows a typical result for the beam ion � ux for the
different uniform velocity cases. The momentum transfer case is
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Fig. 12 Comparisons of ion density to experimental measurements
taken at various angles 61 cm from the center of the exit.

Fig. 13 Comparisons of ion density to experimental measurements
taken at various angles 122 cm from the center of the exit.

Fig. 14 Comparisons of ion � ux 25 cm from the thruster exit for var-
ious uniform velocity cases.

nearly identical to the base case, because the depletion of the beam
ions by charge-exchange reactions is unaltered. The cross-section
case is only slightly lower because of a higher charge-exchange
collision rate. Closer to the exit, the difference is even less. As
with the ion density comparisons, this indicates that the ion beam is
insigni� cantly changed by these parameters. However, subsequent
plots will show how the charge-exchangeion pro� le is affected.

Figure 15 illustrates the differences in charge-exchange ion � ux
near the exit. It is clear that the experimentally measured � ux is
almost entirely beam ions, because the charge-exchangeion � ux is
two orders of magnitude below that of the beam ions. The behavior
of the charge-exchangeions near the thruster is of particular inter-
est. It is these ions that may be pulled back by the grid’s potential,
and impinge on its surface. This may cause sputtering of grid ma-

Fig. 15 Comparisons of charge-exchange ion � ux at the thruster exit
for various uniform velocity cases.

Fig. 16 Normalized axial velocity distribution functions of charge-
exchange ions at the beam edge (r = 5 cm), 10 cm away from the thruster
exit plane.

Fig. 17 Normalized radial velocity distribution functions of charge-
exchange ions at the beam edge (r = 5 cm), 10 cm away from the thruster
exit plane.

terial. The base case and the cross-sectioncase both show a � ux of
ions back into the grid. Thermal velocities are not strong enough to
overcomethe electric � eld. The magnitudeof the difference in these
two cases corresponds to the factor of 3 difference in the charge-
exchange reaction rate. The momentum transfer case has less ions
being pulled back, because a substantial number of reactions lead
to charge-exchangeions with suf� ciently large axially directed ve-
locities. Away from the thruster exit near the axis, the pro� les are
nearly identical for these cases as well as the Te D 5-eV case.

Comparisons of velocity distribution functions of charge-
exchange ions in the simulation are shown in Figs. 16–18 for the
base and momentumtransfercases.Figure 16 shows the distribution
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Fig. 18 Normalizedvelocity distributionfunctionsof charge-exchange
ions away from the beam (r ¼ 20 cm), 45 cm away from the thruster exit
plane.

Fig. 19 Comparisons of charge-exchange ion � ux in the radial direc-
tion 20 cm from the thruster exit.

of axial velocity at the beam edge 10 cm from the thruster exit. The
base case merely forms charge-exchangeions with the distributions
of the neutrals (both from the exit and the background). The thermal
spread is quite low for both, as indicated by the sharp spike around
zero velocity. The momentum transfer case shows a more uniform
distribution between 0 and 35,000 m/s (the relative velocity of the
collisions). Figure 17 shows the distributionof radial velocity at the
same location. Again, the momentum case is more uniform. Also,
the base case indicates acceleration of these ions because of elec-
tric � elds. The shift of the peak shows an average velocity around
1000 m/s, whereas the thermal velocity is only about 250 m/s. This
accelerationis more apparent in Fig. 18. This shows the distribution
in a computationalcell whose center is about45 cm axially from the
exit and 20 cm from the axis of symmetry. It shows a representative
distribution away from the ion beam. The peak in the base case is
again shifted by acceleration to an average of 2500 m/s, and has a
wider spread than on the beam edge. The momentum transfer case
also shows this acceleration as particles are biased toward a higher
velocity. The axial velocity distributionat this location is similar to
that shown in Fig. 16.

Figure19 showsa radialpro� le of charge-exchangeion � ux20cm
from the thruster exit plane. The � ux in the radial direction gives
an indicationof the depletion of charge-exchangeions from the ion
beam. The cross-section case is higher than the base case, because
the density is about three times higher.This is apparentfromFig. 20,
which shows the radial velocity.The momentumtransfercase shows
how the postcollisional velocity of these charge-exchange ions is
distributed isotropically. Its � ux is comparable with the base case.
The higher temperature case has a higher radial velocity than the
base case, but the � ux is nearly identical.

The back� ow of charged particles may be harmful to spacecraft
components, such as the solar arrays. A plot of total ion current
density 10 cm behind the thruster exit (Fig. 21) shows the variation

Fig. 20 Comparisons of charge-exchange ion radial velocity 20 cm
from the thruster exit.

Fig. 21 Comparisons of total ion current density 10 cm behind the
thruster exit.

Fig. 22 Comparisons of � oating potential along axis for various cases.

for the different cases. The cross-section case is the only one that
is substantially different. This again shows the higher density of
charge-exchange ions. These values are not the only concern for
interaction with the spacecraft. The grid material sputtered by the
charge-exchange ions may be ionized. These heavy metallic ions
would then be affected by the electric � elds created by the charge-
exchange ions. Comparisons of electric � eld for these cases follow.

In Fig. 22, a comparison with experimental measurements of
� oating potential along the axis taken by de Boer4 indicates rea-
sonable agreement. The largest discrepancy is again a result of the
lack of beam focusing. The simulation results are time averaged
over 1000 time steps. In the actual simulations, these values vary
with each time step. The agreement is suf� cient to permit a reason-
able estimate of the electric � elds. A radial pro� le 30 cm from the
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Fig. 23 Comparisons of radial electric � eld 30 cm away from the
thruster exit.

Fig. 24 Comparisons of potential 10 cm above the thruster.

Fig. 25 Comparisons of radial electric � eld 10 cm above the thruster.

exit in Fig. 23 shows a strong radial electric � eld at the edge of the
beam, where the gradients in charge density are most pronounced.
Its magnitude is indicative of the beam thickness. The edge is well
de� ned, because the beam ions are only moderately affected by the
electrostatic forces. Further away from the axis, the � eld is nearly
negligible. A plot of the axial electric � eld shows a similar trend
and is not included.It indicatesa strong � eld pulling ions behind the
thrusterat the edge of the ion beam. Figures24 and 25 show the sen-
sitivity of the potential and electric � eld to model assumptions.At a
� xed radial position 10 cm above the thruster exit, the potential and
radial electric � eld are compared for these cases. Figure 24 re� ects
the differences in ion density in these cases, because v » (n).
The slope of the lines behind the thruster exit indicate the electric
� elds that accelerate the ions in the back� ow region and toward the
spacecraft. The magnitude of this axial electric � eld ranges from
¼10–30 V/m for these cases. Farther away from the axis, this � eld

goes to zero. The values for potential are considerably lower than
those foundexperimentallyby Pollard,5 even though the ion density
values are comparable. The negative potential is an artifact of the
Boltzmann relation. This discrepancy suggests that, away from the
beam, the potential may not be de� ned by the Boltzmann relation.
The radial electric � eld shown in Fig. 25 has more variation than the
previous� eld in Fig. 23. The peaksare where the edgeof the beam is
encountered.These again are more pronounced for the momentum
transfer case, because the charge-exchangeion density is lowest for
this case.

Conclusions
A hybrid DSMC–PIC code was developed for the computation

of plumes from ion thrusters and HCTs. Particles were used to sim-
ulate directly the propertiesof ions and neutral atoms. Both charge-
exchange and momentum transfer collisions between neutrals and
ions were included. Speci� cation of a back pressure is included for
simulation of laboratory experiments.An implicit grid scheme per-
mitted a large number of PIC grid cells without inordinate memory
costs. The two particle methods as well as their grids were main-
tained independentlyto allow modi� cation of one without interfer-
ing with the other.

The code was applied to simulate the plume from the UK-10 ion
thruster. The results compared satisfactorily with available experi-
mental data for ion � ux, ion density, and � oating potential. These
comparisons also indicated the signi� cance of the initial ion veloc-
ity pro� le assumed in the computations. Computations where the
acceleration grid was assumed to be a section of a sphere indicated
that the ion beam, although altered noticeably, followed its initial
pro� le in the near plume. The various uniform velocity simulations
showed very little variation in this region. A better understandingof
the trajectory of the ions between the screen grids is needed to de-
termine their pro� le at the thruster exit more accurately.This pro� le
is necessary to obtain better agreement with the experimental data.

The expectediondynamicswere capturedqualitatively.The beam
ions spread more as a result of the electric � elds than they would
because of purely thermal effects. The charge-exchange ions were
pulledbacktoward the thrusternear the exit and away from thebeam
farther away. The pro� le of the charge-exchangeions was found to
be sensitive to various physical assumptions. Among these were
electron temperature, background pressure, charge-exchangecolli-
sion cross section, and the collision dynamics for charge-exchange
reactions. Comparisons of ion density with experimental data indi-
cated the signi� canceof the charge-exchangecross section,particu-
larly away from the ion beam.Thesecomparisonsalso demonstrated
that the change in momentum after charge-exchangecollisionswas
less pronouncedthan that predictedby hard-spherecollisions.Com-
putations that employed either hard-sphere collision dynamics for
charge-exchange collisions or an increased electron temperature,
underpredicted the ion density in comparison with experimental
measurements.The sensitivityof the charge-exchangeions to these
assumptions indicates a need for better understandingof these phe-
nomena. Along the axis, the various computations gave potential
values in reasonable agreement with experimental data. However,
the potential in the plume away from the beam was underpredicted
by these computations. This suggests that the Boltzmann relation
does not accurately de� ne the potential outside the beam.
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