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Abstract

A computational model is used to caculate the
neutralization lengths upstream and downstream of a
single aperture of the optics in the NSTAR ion thruster.
These data are compared to theoretical results, showing
that the theoretical results are not accurate. The
computed data are then analyzed to find appropriate
curve fits giving the neutralization lengths for a range
of operating conditions. The resulting relations
compare very well to the modeled data
Molybdenum sputtered from the optics is also
simulated. The amount of molybdenum depositing on
the optics is calculated, as is the amount which flows
upstream and downstream of the optics. It isfound that
nearly 25% of the sputtered material deposits on the
accel grid barrel. Results are provided to illustrate the
density and velocity of the sputtered molybdenum.

Introduction
The success of the Deep Space One mission and the
NSTAR ion thruster have led the way to further
research in the operation of ion thrusters. As such,
computer simulation of ion thruster operations is more
important than ever. Experiments on ion thrusters,
especialy life-tests, are costly and time-consuming.
Computer ssimulations attempt to reduce both of these
factors by predicting behavior for ion thrusters
relatively quickly and cheaply. lon thrusters are not
simple to model, so continual improvements and
modifications must be made to ensure that the best
possible results are obtained. Recent advancements in
ion thruster simulation include fully three-dimensional
codes developed by Wang et al* and Nakayama and
Wilbur?. Wang's code focuses on modeling erosion
behavior in the NSTAR thruster, while the code
developed by Nakayama has been applied to high
specific impulse thrusters. The focus of this paper is on
the improvement of a DSMC-PIC code developed to
simulate ion thruster optics. This code has previously
been verified to accurately model ion thrusters by Boyd
and Crofton®, and it is an excellent basis for providing
further modeling of the details of ion thruster operation.

In its present state, the code assumes that the plasma
flow is neutralized a both the upstream and
downstream edges of the computational domain.
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Lengths must be chosen upstream and downstream of
the optics corresponding to the neutralization lengths of
the domain. If these distances are too short, then results
from the simulation are unreliable. If the distances are
too long, the simulation takes longer to run than
necessary. The neutralization lengths are far from
constant, as they vary with any change in the domain
state variables such as beamlet current or discharge
potential. A study is therefore undertaken to find a
general relation involving some of the domain
variables, so that any given simulation can be run with
appropriate neutralization lengths.

Aperture widening caused by erosion of the optics is
the primary mode of failure in an ion thruster. An
accurate method for predicting erosion is therefore
necessary to the modeling of ion thrusters. Some
progress has been made in this area- the model in Ref. 1
predicts erosion on the downstream face of the accel
grid very well compared to experimental data, and Ref.
2 compares very well to experimental measurement of
erosion of the accel grid barrel. However, neither
model has incorporated simulation of the sputtered
optics material, athough it has the potentia to be
important to the operation of the thruster. Sputtered
molybdenum which flows upstream of the optics coats
the walls of the discharge chamber®, and material which
flows downstream can contaminate the spacecraft. |If
the molybdenum deposits on the optics it is possible
that the total amount of erosion is reduced, but this
behavior is very difficult to detect experimentally.
Simulation of sputtered molybdenum is added to the
model to address these concerns.

Presented in the following is the method used to
determine the neutralization lengths as a function of
input beamlet current, discharge potential, and accel
grid voltage. Comparisons are given between the
computed data, derived relations, and theoretical
results. Data is given for the density and velocity of the
simulated molybdenum.  Also computed are the
proportions in which the molybdenum flows upstream,
flows downstream, and deposits on the various parts of
the optics.

Model Operation
The computational code is a 2-D axisymmetric

simulation of a single aperture in an ion thruster. The
grid used is composed of evenly spaced rectangular
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cells. The optics of the thruster are smulated using
boundary cells in the domain. These cells may be
arranged in an irregular way, alowing the simulation of
cusps on the barrels of the grids.

The code uses the Particle-In-Cell® (PIC) method to
simulate xenon ions, xenon neutrals, doubly-charged
xenon ions, and molybdenum. Each computational
particle has a numerical weight which indicates the
actual number of atoms represented by the particle.
Flow field quantities for each cell are obtained by
averaging the properties of al the particles in the cell,
taking into account the weight of each particle. The
potential field accelerates ions self-consistently.
Electrons are modeled as a fluid, and the Poisson
equation is solved using the Alternating Direct Implicit
(ADI) method. Electron densities are retrieved from
the potential using the Boltzmann relation. The Direct
Simulation Monte Carlo (DSMC) method® is used for
processing particle collisions. Both charge exchange
and momentum exchange collision types are simulated.
Collisions are modeled between all species except
molybdenum.

To run a simulation, the optics geometry, beamlet
current, and mass flow rate are first determined. These
are trandated into the computational geometry and the
input ion and neutral densities. The simulation begins
by operating at a high time-step with only neutral
particles in the domain. This alows the slow moving
neutrals to reach a steady state flow much more
quickly. Once a steady-state is reached, ions are
injected at the upstream boundary with the Bohm
velocity and the input density corresponding to the
desired beamlet current. At this point, the time-step is
decreased so that the ions are not able to cross more
than one cell boundary in a single iteration. Some
fraction of the ions impact on the screen grid, reducing
the output beamlet current. This fraction changes with
the beamlet current, so the beamlet currents referred to
below are input beamlet currents.

A typical simulation has approximately 600,000
particles. About 150,000 of these are singly charged
ions and 350,000 are neutrals. There are also on the
order of a few thousand doubly-charged ions. If
sputtered molybdenum is being simulated, the number
of such particles is approximately 100,000. For a
typical domain size, about 3000 iterations are needed to
initialize the neutral particle flow, followed by
approximately 20,000 iterations to initialize the ion
flow before sampling begins. Once a steady ion flow
has been reached, data is sampled from the simulation
over a large number of time-steps, typicaly on the
order of 10,000. On a 500 Mhz Pentium IIl PC, a
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typical simulation has a running time of approximately
eight hours.

Neutralization L ength Study

To determine where neutralization occurs, the
simulation is run with a sufficiently large domain
upstream and downstream of the optics to ensure
neutralization.  The optics geometry for the test
simulations is the standard NSTAR geometry, with
cusps included on the grid barrels. Figure 1 shows the
computational grid, with the white space indicating the
location of the optics. For simulations requiring longer
neutralization lengths, the domain length is increased
accordingly.  For this neutralization study, neutral
particles are not introduced into the domain, and are
only created by ions impacting on the optics. This
greatly reduces the running time of the simulation, from
8 hours to approximately 3 hours.

The code returns output data including the densities of
ions and electrons on the centerline, where the ion
density is normally highest and most difficult to
neutralize. Figure 2 illustrates a typical centerline
electron and ion density profile. The location of the
optics and the two neutralization lengths are indicated
as well. This data is then analyzed to find where
neutralization occurs.

The exact location of neutraization is difficult to
characterize. For the upstream flow, it is the point at
which centerline ion and electron densities are equal,
but some amount of buffer space must be allowed in the
simulation, or else the neutralization is destroyed.
Downstream, the centerline ion and electron densities
do not always reach equality, but instead approach each
other, then remain a fairly constant distance apart, as
Figure 2 shows. Some point of this near approach is
decided to be the point of quasi-neutrality, but this point
is somewhat arbitrary.

The shape of the computed electron density profile
along the axis of an aperture is approximately the same,
no matter the operating conditions, so that it simply
trandates in the axial direction, or increases or
decreases in magnitude. This observation is used to
arbitrarily set a condition to monitor. The centerline
electron density at the upstream edge of the domain is
taken as a reference value, n. . Then, the distance
from the upstream face of the screen grid to the point at
which the centerline electron density first drops below
0.1n. ¢« is determined, as is the length from the
downstream face of the accel grid to where the
centerline electron density first rises above 0.1ng (.
These distances are then increased by a constant
amount to set the neutralization length. The value for
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Ne ¢ and the upstream and downstream 0.1ne |«
locations are also shown in Figure 2.

There are obvious problems with this method.
Foremost is that under certain conditions, the high-
density region of the beamlet diverges from the
centerline, as does the critical region for downstream
neutrality. This can occur with very high beamlet
currents as well as with very high or very low discharge
potentials. However, a beamlet with such a divergence
is most likely not of practical interest, so this problemis
not dealt with at this time. Computed results for
beamlet currents over 1.81x10° A are excluded from
the downstream neutralization length analysis because
of beamlet divergence.

Another problem occurs for simulations with low
beamlet currents, as the ion beam does not converge
enough for the centerline electron density to rise above
0.1n . This can aso occur when the velocity of the
ions is high enough such that the density remains below
0.1ne . This problem can be addressed by observing
that the value of 0.1n. & is somewhat arbitrary, and a
smaller value such as 0.05n, .« can be used just as
effectively in its place. Even though data may not be
collected for simulations with this problem, any general
relations still predict the correct neutralization lengths
for these operating points.

This study focuses on only three of the many domain
variables: input beamlet current, accel grid potential,
and discharge potential. Simulations are run with three
different approaches: first, with varying input beamlet
current and constant discharge and accel potential;
second, with varying discharge potential and constant
accel potential and input beamlet current; third, with
varying accel voltage and constant input beamlet
current and discharge voltage. When the discharge
potential is changed, the voltage drop to the screen grid
is maintained at a constant 26 V. Input beamlet current
is used because, as noted above, the output beamlet
current is some fraction of the input beamlet current,
and that fraction changes as a function of beamlet
current. To keep the analysis simpler, input beamlet
current is used throughout this report.

Three different types of data sets giving the length to
0.1n & Upstream and downstream of the optics are
taken. The first type holds the discharge potential at a
constant 1100 V and the accel grid potential at —180 V,
while the input beamlet current is varied. These data
are shown in Table 1. The second type varies the
reference potential at a constant accel potential of

-180 V. Each set of this type is simulated for a
different beamlet current. Data from these sets is
shown in Table 2 for the upstream length and in Table 3
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for the downstream length. The third type holds the
discharge potential at 1100 V while the accel potential
is varied. As in the second type, each set is run for a
different input beamlet current. Data for the
downstream length to 0.1n. . for this set are given in
Table 4. In all simulations, the electron temperature is
assumed to be 5 eV upstream of the optics and 2 eV
downstream of the optics.

The values to be added to the 0.1n, ¢ lengths upstream
and downstream are determined by examining the
0.1ne (¢ lengths themselves. These lengths change with
the upstream and downstream domain length until the
correct neutralization length is reached, at which point
they remain constant, even if the domain lengths are
increased further. For the upstream side, 0.5 mm must
be added to the 0.1n, . length to obtain neutralization.
On the downstream side, a value of 1.5 mm is found to
be necessary.

Comparison to Theoretical Results

Kaufman’ previously gave relations for upstream and
downstream neutralization lengths based on Child's
Law. Kaufman assumed that the flow was one-
dimensional and had zero velocity at the upstream
boundary. It was also assumed that the potential had
zero slope at the upstream boundary. Kaufman defines
the upstream neutralization length as the distance
between a plane of particle emission and the screen
grid. Downstream, the neutralization length is defined
by Kaufman as the distance from the accel grid to the
point at which neutralization is reached.

For the upstream boundary, the following relation for
neutralization length was given:

o/

where gis defined as:

N
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Here lyeame iS the beamlet current, ry; is the radius of
the screen grid aperture, Vg is the discharge potential,
Vg 1S the screen grid voltage, & is the permittivity of
free space, e is the electric charge, and m is the mass of
the propellent gas. This equation indicates that the
neutralization length increases as the beamlet current
decreases, and this trend is verified by the data
However, as Figure 3 shows, the neutralization length
predicted by Kaufman is an order of magnitude smaller
than the computed data. The theory is also scaled such

American Institute of Aeronautics and Astronautics



that the 4.22x10* A point equals the simulated data
The scaled version shows that while the general trend in
the data is followed, the Kaufman relation increases
more quickly than the data. This indicates that the
neutralization length changes with beamlet current with
a power closer to zero than the inverse square root. The
theory predicts no change in neutralization length when
the difference between the discharge potential and the
screen grid is held constant, regardless of the magnitude
of the discharge potential. However, Figure 4 shows
that the computed data predicts a rise in neutralization
length as the discharge potential increases, while the
theoretical results remain constant.

For the downstream boundary, Kaufman derived the
following expression:

%2 . %
|nem :[ﬁW(l+3R% _4R4j‘| (3)
beamlet

where AV is the difference between the discharge and
accel potentials (VgisVaceer), R IS the ratio Vgd A4V, and
lacca 1S the radius of the accel grid aperture. Again, the
dependence on beamlet current is an inverse root
relation, which is very different from the simulation
data, as Figure 5 shows. The general trend is the same
however- as beamlet current increases, neutralization
lengths decreases. The theory is again much lower in
magnitude than the data, and a scaled version of the
theory aso fails to follow the data accurately,
decreasing too slowly initialy, and then dropping too
much at higher beamlet currents.

Holding Va.e and beamlet current constant and varying
Vgs produces data with a parabolic shape, as shown in
Figure 6. The neutralization length decreases to a
minimum and then increases as the discharge potential
increases. The theory instead predicts an almost linear
variation with discharge potential, steadily increasing
with discharge potential, which clearly does not match
the computed data. If the accel grid voltage is varied
with constant beamlet current and discharge potential,
Figure 7 shows that the computed data predicts a linear
increase in neutralization length as the accel voltage
decreases. The theory is again nearly linear and much
lower than the data. In this case however, a scaled
version of the theory comes very close to the data
because of its linearity.

Overall, the theoretical relations derived by Kaufman
severely under-predict the simulated neutralization
length both upstream and downstream of the optics.
Furthermore, these relations do not vary in the same
way as the computed data. Most likely, the error in the
theory stems from the assumption of one-dimensional
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flow. This assumption does not model the apertures
properly, fixing the potential inside the apertures to the
grid voltages. In redlity, the potentia inside either of
the apertures is affected by the ion flow itself as well as
the potentials upstream and downstream of the grid.
This indicates that the Kaufman theory is unreliable for
use as a predictor of neutralization length.

The computed results are aso compared to
experimental data measured by Monheiser.® These data
were obtained by measuring the neutralization length
downstream of the accel grid in a seven aperture grid
set, with an accel grid aperture diameter of 5 mm. The
accel grid potential had a nominal value of -500 V.
These domain parameters are very different from the
NSTAR thruster, so only a qualitative comparison is
possible.

As seen in the computed results, the experimental data
predicts a sharper increase in neutralization length with
decreasing beam current than predicted by the theory.
The experimental measurements taken as a function of
screen grid potential are somewhat scattered, making
comparison to the computed results difficult. However,
the experimental data clearly show that the
neutralization length increases linearly with decreasing
accel grid voltage, verifying the trend seen in the
computed results.

The Kaufman theory gives values of neutralization
length very close in magnitude to the experimental
measurements, as Ref. 8 shows. This is in direct
opposition to the comparison to the computed values,
which are several times higher than the theory predicts.
This disparity is attributed to the fact that the
experimental measurements were taken over the entire
thruster, at a much larger distance than in the computer
simulation. The domain in the experiments is closer to
being one-dimensional at this larger distance, so that
the 1-D assumption of the theory is closer to being
valid. Asaresult, the theory gives better results.

The theory fails to approach the computed results,
while the trends seen in experimental data match the
trends seen in the computed results. This indicates that
curve fits applied to the computed data are the best
approach for obtaining genera relations for the
neutralization lengths for a single aperture.

Upstream Neutralization Length

For the upstream case, the accel grid potential has no
significant effect, so it is ignored as a variable and the
data from the third set type is not used.

First, the case where input beamlet current is varied
with constant discharge potential is analyzed, and a

American Institute of Aeronautics and Astronautics



curve fit is applied to the data to find a genera relation.
As seen above, the dependence on beamlet current is
weaker than an inverse root curve. It is found that a
combination of a natural log and an inverse power
curve best fits the data, giving the following relation for
neutralization length:

I -1.08 -1.08
f(lbma):Aln(lJ+B(l S

0

A, B, and C are congtants determined by fitting the
curve to data, and | is a reference beamlet current, set
to 0.0754 mA. Figure 8 shows that the lengths given by
this fit match the data very well.

Next, the data sets with varying discharge potential are
examined. Each set produces data for the upstream side
of the domain best fit by a square root relation. The
coefficients of the function change with beamlet
current, but the curve shape remains the same. This
leads to a general relation for the neutralization length
of the following form:

g(vdis) = D(N_\/\TO)-" E

where V, is a reference voltage, set to 1100 V. This
relation provided an excellent fit for each curve
corresponding to a constant beamlet current, as Figure 9
illustrates. The change in the coefficients D and E is
analyzed as a function of beamlet current, and both are
found to change in the same way in which the
neutralization length changes with beamlet current. In
other words, the two coefficient curves are also
described by (4). This indicates that a generalized
relation will simply multiply the function f(I) with the
function g(V), with the proper change in coefficients
such that correct values for neutralization length are
given.

©®)

Following this, equations (4) and (5) are non-
dimensionalized and combined to give arelation for the
upstream neutralization length that is a function of
beamlet current and discharge potential:

:Cl\/rﬁ(f(l)+c2)(g(v)+\/c3ﬁ]+|°

rS:

lneut

r

(6)
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scr Mer

wheref and g are:
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5

(8)

g(V)=\/z—1

a and g are defined as follows:

o= OSCT 9)
ﬂ - Vogorscr (10)
€

Vo and |y are again the reference voltage and beamlet
current, and |y is the neutralization length at the
reference state.  The constants ¢ have the following
values: ¢, = -1.226x10%, ¢, = -2.432x107%, ¢, = -4.336,
c3 = 1.284x10% ¢, = -1.353x10°. The constants ¢, and
¢4 have units of meters; the others are non-dimensional.
Since this relation is simply a combination of the two
separate parts, Figures 8 and 9 illustrate the values
given by the combined function as well.

Downstream Neutralization Length

The analysis for the downstream neutralization length
considers all three data set types. As a result, the
relation for the downstream neutraization length is
somewhat more complicated.

The data for the case with varying discharge potential is
first analyzed. As noted above, data from the sets of
constant beamlet current formed parabolas, which are
fit by the general relation for neutralization length:

f (Vdis) = A(\/d?s _Vd?s,0)+ B(Vdis _Vdis,0)+ c (11)
Here Vg0 IS again 1100 V. Figure 10 compares the
results from this relation to the computed data. The
comparison is fairly good, athough there are some
points at higher beamlet currents which have some
error. Note that at the high beamlet current of .166 mA,
discharge potentials larger than 2700 V produce beam
divergence which changes the computed neutralization
length. Thisalso occursin the .113 mA beamlet current
case for a discharge potential of 600 V, and most likely
occurs similarly at higher beamlet currents for
sufficiently low discharge potentials.

The values of the coefficients of these parabolas are
then analyzed as functions of beamlet current. The first
coefficient, A, is found to vary with the inverse of the
beamlet current. The second coefficient, B, varies
linearly with beamlet current. Finally, C varies as the
square of beamlet current.
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Using the three different functions found above, a
relation is constructed to fit data for varying beamlet
current and constant accel grid and discharge potentials.
However, the fit obtained is not accurate for high
beamlet currents. To provide a better fit a power law
function is added to the previous relation, with an
optimal exponent value of 0.3. The resulting function
for neutraization length as a function of beamlet
current isthen:

g(1)=D(*-15*)+E( -1,) (12)
+|:(| 2_ |§)+G(I 03— I§'3)+ H

lo is again 0.0754 mA. Figure 11 shows that this
function fits the data very well at al points. The
various parts of the function are then combined with the
discharge potential function to obtain a relation for
neutralization length as a function of both beamlet
current and discharge potential:

f(l ’Vdis) = A(I - '61 + B)(Vd?s _Vd?s,o + C)
+ D(I - |O + E)(Vdis _Vdis,O + F)
+6(17=12)+H(1°-199)+ 3

(13)

Note that the coefficients here are unrelated to the
previous coefficients.

Finally, the variation in downstream neutralization
length with accel grid potential is examined. As seen
above, the neutralization length data is fit very well by
a relation which varies linearly with accel potential.
Figure 12 shows that there is some curvature at the
higher and lower beamlet currents however. The sope
and intercept of these lines varies with beamlet current
in the same way as the neutraization length. This
indicates that multiplying the above relation (13) by the
linear variation in accel potential produces the desired
generalized relation. After non-dimensionalizing, this
relation is the following:

[
r

V
=] ,vdis)+c9][vm +cwj+r°“ (14)

accel raccei accel ,0 accel

where f(l , Vdis) is:

R
i)
SR}

The constants ¢; are defined as follows:

_ 4.853x10° 2 (16)
=200 A

y

c, =2.783x107%y -1 17

—15
, = 2.234):10 1 (18)
2
c, =1.694x10 %4 (19
12

¢, = -4.750x10% (20)

y
8
¢, = 7230530 21)
Ve

C, =1.270x10 %y ° (22)

c, =8.341x10 °y 3 (23)

c, =—3.236x10 "« (24)

C, =—2.191x10 2 (25)

_ 6

= 3.091x10° (26)
K

¢, =1, —9.798x10* (27)

7 A, and x are defined as:

— IOracceI gOm

4 = Vasoolard (28, 29)
e? €
K= VacceI ,OgOracceI (30)
€
lo is the neutraization length when Vs = Viiso, | = lo,
and Vaeees = Va0 Figures 10, 11, and 12 again

compare the sampled data with the function. The
computed values for the neutralization length match
very well to the values given by the relation, except at
the points noted above.
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Sputtered Molybdenum Simulation

The modeling of the sputtered grid material,
molybdenum, in the NSTAR thruster is accomplished
as follows. The amount of erosion caused by a particle
impacting on a grid surface is calculated considering
both the energy and the angle of the particle. A linear
fit to data from Weijsenfeld et a° is used to find the
erosion as a function of energy, and the relation given
by Yamamura et a™ is used to find the erosion as a
function of angle of impact. Once the amount of
erosion has been determined, in terms of number of
atoms eroded, several new particles representing
sputtered molybdenum are created in the simulation.
Each particle is given the same numerical weight, such
that al of the particles together represent the total
amount of eroded material. The number of particles is
set large enough to obtain good statistical resolution of
the behavior of the eroded material. Each particle is
given the same initial location as well as a unique
random thermal velocity, assuming diffuse reflection,
determined by the mass of the material and the
temperature of the optics. The particles are then moved
through the domain as neutral particles until they reach
the upstream or downstream boundary, or impact on the
optics.  When a molybdenum particle impacts on the
optics, it is assumed to redeposit, and so is removed
from the simulation after its location is recorded.
Coallisions are not modeled for molybdenum particles,
but this should have very little effect given the expected
low density of molybdenum in the simulation.

For the molybdenum simulation, the 1.76 A operating
point of the NSTAR thruster is considered. The
aperture modeled has a beamlet current of 0.119 mA,
and a mass flow rate of 0.178 pg/s. A Xet+ fraction of
0.124 is used. It is aso assumed that erosion of the
accel grid cusp has taken place, while the screen grid
cusp remains intact, giving the computationa grid
shown in Figure 13.

Contours of the resulting molybdenum number density,
axial velocity and radial velocity are shown in Figures
14, 15 and 16, respectively. As Figure 14 shows, the
number density of the sputtered material in the opticsis
on the order of 1x10™ m? confirming that the
assumption of collisionless flow for molybdenum is
reasonable. The number density is highest near the
accel grid barrel, because that is the originating point
for most of the sputtered material. The magnitude of
the axia velocity is approximately the same both
upstream and downstream of the accel grid, with the
particles moving slowly in the axial direction close to
the accel grid with some acceleration towards the ends
of the domain. The contours of radial velocity show a
velocity towards the centerline for particles which are
sputtered from the accel grid barrel. Also shown is a
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region of outward velocity towards the screen grid
barrel, where particles deposit, but do not originate or
reflect.

The simulation predicts single aperture accel grid
erosion at the rate of 2.22x10™ kg/s, and a deposition
rate of 7.35x10" kg/s. The amount of molybdenum
leaving the domain upstream of the optics is 3.05x10™
kg/s, and 5.00x10™ kg/s flows out downstream. Note
that there is a remaining 6.75x10™ kg/s which is
entering the domain but is not leaving or depositing on
the optics. This material is most likely flowing between
the grids, and would eventually deposit on either the
optics near another aperture or the wall of the thruster.
About 33% of the sputtered material deposits on the
optics. Approximately 14% flows upstream, while 23%
flows downstream, and 30% remainsin the domain.

Figure 17 shows the location for ions impacting on the
accel grid, and Figure 18 shows the amounts of
sputtered atoms that result from all impacts. Nearly all
of the erosion and ion impingement occurs on the
downstream half of the accel grid barrel, with lesser
amounts on the upstream half of the barrel and the
downstream face of the accel grid. Figure 19 shows
that most deposition activity is also seen on the accel
grid barrel, athough it is now evenly spread over the
entire barrel. Small amounts of deposition are found on
the screen grid barrel and downstream face, but no
deposition is computed on the accel grid upstream and
downstream faces, or the screen grid upstream face.
This is expected, as erosion only occurs on the accel
grid, and the sputtered particles do not collide with any
other particles. The sputtered particles have no way to
impact on either side of the accel grid, or the upstream
side of the screen grid.

70.6% of the molybdenum deposits on the accel barrel,
24.8% deposits on the screen grid barrel, and 4.7%
deposits on the screen grid downstream face. Again, no
molybdenum is found to deposit on the accel grid
upstream or downstream faces, or the upstream face of
the screen grid. These data show that erosion may be
slowed significantly by the deposition of the sputtered
material. Nearly one quarter of al sputtered material
deposits onto the high erosion zone of the accel grid.
However, it is not known if the deposited molybdenum
has the same rate of erosion as the origina grid
meaterial.

It must be noted that the above simulation predicts an
accel grid current of 0.83 mA, an order of magnitude
lower than the 8.6 mA accel grid current measured in
the NSTAR 8200 hour wear test.™ The same wear test
measured 10.81 grams of eroded material. The total
erosion over 8200 hours predicted by the simulation,
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without considering redeposition, is 9.68 grams, which
compares very well to the experiment. However, when
the redeposited material is subtracted from the
computed mass loss, the result is 6.48 grams, much
lower than the experimental value. While this does not
necessarily invalidate the results on the behavior of the
sputtered material, it is probable that the mass flow
rates of the sputtered material are larger than simulated,
as is the number density in the domain. Also, it is
assumed that the molybdenum has a 100% chance of
depositing on any surface it comes in contact with, but
it is unknown how valid this assumption is.

Conclusions

Simulated data for the upstream and downstream
neutralization lengths of a single aperture in the
NSTAR ion thruster were generated. Theoretical
results were found to be unable to predict the
neutralization lengths, so curve fits to the computed
data were used to find general relations for the
neutralization lengths.

It was found that the dependence of the upstream
neutralization length on the input beamlet current is a
combination of the natural logarithm of the beamlet
current and a power law with an exponent of —1.08.
The upstream length also depends on the square root of
the discharge potential. These two dependences were
combined to obtain a general relation for the upstream
neutralization length. This relation returns results
which compare very well to the simulated data.

The downstream neutralization length has a parabolic
shape as a function of discharge potential, and the
change in the coefficients of the parabola with beamlet
current led to a relation for neutralization length as a
function of input beamlet current and discharge
potential. The downstream length was aso found to
vary linearly with the accel grid voltage. This was
combined with the first relation to obtain a genera
relation for the downstream neutralization length as a
function of input beamlet current, discharge potential,
and accel grid voltage. This relation compares well to
most of the data, although at higher beamlet currents it
isless accurate.

Modeling of sputtered molybdenum was introduced
into the computational code and a simulation was
performed to obtain results for the behavior of the
sputtered material. The molybdenum was found to
deposit only on the accel grid barrel, the screen grid
barrel, and the downstream face of the screen grid. A
third of the sputtered material deposits on the optics,
30% does not leave the domain, 14% flows upstream of
the optics and 23% flows downstream. 70% of the total
deposited material deposits on the accel grid barrel, so

that 23% of the total eroded material returns to the accel
grid. This may reduce erosion on the accel grid by a
similar factor.
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Table 1. Computed data for the upstream and downstream distancesin millimeters from the opticsto
0.1n,¢, asa function of input beamlet current only.

Beamlet Upstream Downstream Beamlet Upstream Downstream
Current (A) | Length (mm) Length (mm) Current (A) | Length (mm) | Length (mm)

0.2 1.495 2 0.435 0.935
0.3 1.212 21 0.420 0.924
0.4 1.047 2.2 0.408 0.917
0.5 0.934 24 0.381 0.907
0.6 0.852 25 0.369 0.912
0.7 0.787 2.6 0.359 0.918
0.8 0.736 1.904 3 0.318 0.989
0.9 0.694 1.611 35 0.273 1.169

1 0.657 1.426 37 0.260
11 0.622 1.289 4 0.237
1.2 0.596 1.199 4.5 0.207
13 0.567 1.127 5 0.173
14 0.546 1.077 5.1 0.168
15 0.521 1.042 52 0.163
1.6 0.504 1.009 5.3 0.160
17 0.483 0.983 5.4 0.156
1.8 0.466 0.964 55 0.152
1.9 0.453 0.952 5.6 0.147

Table 2. Computed data for the upstream distance in millimeters from the opticsto 0.1n. ¢, as a function of
input beamlet current and discharge potential.

Beamlet Current (A)
Discharge
; 6.03E-05 | 6.79E-05 | 7.54E-05 | 9.05E-05 | 9.80E-05 | 1.13E-04 | 1.36E-04 | 1.51E-04 | 1.66E-04
Potential (V)

400 0.390
500 0.455 0.418
600 0.511 0.442 0.387 0.364 0.321 0.241
700 0.562 0.524 0.491 0.369
800 0.610 0.536 0.479 0.412
900 0.655 0.613 0.577 0.497 0.454 0.400
1000 0.698 0.618 0.558 0.488 0.405
1100 0.736 0.694 0.657 0.596 0.567 0.521 0.466 0.435 0.408
1200 0.775 0.692 0.626 0.603 0.557
1300 0.765 0.725 0.586 0.526
1400 0.760 0.693 0.615 0.521
1500 0.833 0.792 0.694 0.645 0.519
1600 0.822 0.754 0.670
1700 0.634
1800 0.808 0.775 0.622
1900 0.614
2100 0.798 0.726
2200 0.711
2300 0.700
2500 0.811
2700 0.772
3100 0.845
3500 0.912
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Table 3. Computed data for the downstream distance in millimetersfrom the opticsto 0.1ne,¢, asa function
of input beamlet current and discharge potential.

Beamlet Current (A)
Discharge | ¢ yar o5 | 6.79E-05 | 7.54E-05 | 9.056-05 | 9.80E-05 | 1.136-04 | 1.36E-04 | 1.51E-04 | 1.66E-04
Potential (V)

400 1.018

500 1.765 1.608

600 1.695 1.554 1.491 1.506 1.585

700 1.661 1.549 1474 1.343

800 1.669 1.422 1.311 1.228

900 1.726 1.520 1.397 1211 1.153 1.104

1000 1777 1.385 1.215 1.088 1.006

1100 1.904 1611 1.426 1.199 1.127 1.042 0.964 0.935 0.917
1200 2.050 1.490 1192 1111 1.005

1300 1.847 1.582 0975 | 0.867

1400 1.698 1.257 0.960 0.779

1500 2.116 1.822 1157 0.958 0.702
1600 1.958 1.401 0.963

1700 0.762

1800 1.600 1.363 0.661

1900 0.565
2100 1213 | 0.785

2200 0.619

2300 0.472
2500 0.978

2700 0.472
3100 0.742
3500 1.000

Table4. Computed data for the downstr eam distancein millimetersfrom the opticsto 0.1n.,¢, asa function
of input beamlet current and accel grid voltage.

Beamlet Current (A)
Accel Grid
6.03E-05 | 6.79E-05 | 7.54E-05 | 8.29E-05 | 9.80E-05 | 1.13E-04 | 1.36E-04 | 1.51E-04
Voltage (V)
-140 1.336 1.147 1.026 0.952 0.851 0.786 0.732 0.712
-150 1.487 1.257 1.120 1.033 0.921 0.855 0.801 0.770
-160 1.641 1.374 1.222 1.116 0.991 0.916 0.855 0.831
-170 1.758 1.493 1.321 1.205 1.059 0.978 0.911 0.885
-180 1.904 1.611 1.426 1.289 1.127 1.042 0.964 0.935
-190 2.037 1.733 1.538 1.378 1.200 1.100 1.015 0.983
8 e -y
o :
& 30 B
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O 20 B
)
=
2 10
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130

Figurel. The computational grid used for the neutralization study. Thewhite areas represent the opticsin
the smulation.
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Figure 13. The computational grid used for the molybdenum simulation. The white areasrepresent the
opticsin the simulation.
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Figure 14. Contoursof density for sputtered molybdenum. Valuesarein m?, and the black areas represent
the optics.

16
American Institute of Aeronautics and Astronautics



40 =

= g I
& 3 — Zﬁ@ ] s
g8 F :
& - - Lo
0O o = -
E [ L = \25%5
2 - 7 [ L e &
c 10 p= 2 1N o o @ 2T

[ OO N &7y 2 & i = O

OZM IJ/TIH—wIII Ilﬁ.tl IIIJIII IIII (I III (I IIII IIII | IIC‘II IIJ:DII
a 10 70 30 40 50 &0 7a ad ad 100 110
Axial Distance
Figure 15. Contoursof axial velocity for sputtered molybdenum. Valuesarein m/s.
VT o] ]
§ i ‘1 Ué’q \‘\ lr
s ‘| & e 7
° (2 v
o 100
5 - SUTR Gﬁ
= -
] ‘\ 0 [:D a
i - o
i!hl.i‘ & “ h}hh. hk‘. I \n’l =1 3o m.
30 44 50 &0 7 b =] 100 110
Axial Distance

Figure 16. Contoursof radial velocity for sputtered molybdenum. Valuesarein m/s, with positive values
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