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- Numerical Study of Spacecraft Contamination
and Interactions by Ion-Thruster Effluents
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A two-dimensional axisymmetric model was developed to investigate the plasma environment induced by an ion
thruster and to assess plume backflow contamination. Predictions of the propellant charge-exchange plasma and
sputtered molybdenum-grid metal effluents from the NASA 30-cm xenon ion thruster over a wide range of operating
conditions during space operation are presented and discussed. It is verified that previous scaling relationships for
the backflowing contamination, for a given geometry configuration, can be used to scale backflowing currents as a
function of thruster operating conditions. The deposition of sputtered molybdenum-grid ions is computed and is
found to be less than previous estimates. It is shown that the electron temperature plays an important role in the
plume, with the backflow currents increasing with electron temperature. In addition, the effectiveness of 2 plume
shield in reducing backflow contamination is assessed and found to be effective.

Nomenclature
¢ = sputtered grid area, m?
= grid neutral flow through area, m?
= average neutral speed, m/s
= electron charge, C
= thruster beam ion current, A
= beam ion current density, A/m?
k = Boltzmann’s constant (mks)

M = molecular weight, kg/mole

Mg i = electron, ion mass, kg

mr = thruster total mass flow rate, kg/s

N = charge-exchange ion production rate, m=> s~!

Ny = Avogadro’s number

Ny = beam ion density, m~>

Nien = totalion, electron, neutral density, m~3 (a further
subscript 0 denotes reference)

De = electron pressure, N/m?

Q. = electron heating term, W/m®

R, = radius of curvature of grids, m

rr = thruster radius, m

T, = electron temperature, K

Ty = thermal wall temperature of neutrals, K

Upi.e = beam ion, electron drift velocity, m/s

o = beam divergence angle, rad

I, = sputtered-grid material flux, m=2 s~}

np = propellant utilization efficiency

Ke = electron thermal conductivity, W/m K

Owx - = charge-exchange cross section, m’

o, = beam acceleration voltage, V

¢ = electric potential, V

X = charge-exchange ion production scaling factor
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Introduction

O confidently integrate electric propulsion thrusters such as

ion thrusters into spacecraft, it is vitally important to assess
their backflow contamination potential. We have developed a two-
dimensional axisymmetric model of an ion-thruster plume to com-
pute backflow contamination. In a companion paper,* we presented
the motivation for this study and the details of the physical formu-
lation and numerical model. In this paper, we employ the model to
study the plume structure and backflow contamination of the current
NASA 30-cm xenon ion thruster.

Physical Model

The ion-thruster plume and backflow contamination model used
in this study, detailed in the companion paper,! takes into account
the five major thruster effluents: 1) fast (>10 km/s) propellant beam
ions that provide the thrust, 2) un-ionized-propellant neutrals with
thermal energies that flow from both the discharge chamber and the
neutralizer, 3) slow (initially thermal) propellant ions created pre-
dominantly from charge-exchange (CEX) collisions between the
beam ions and neutrals, 4) nonpropellant efflux (NPE) that consists
mainly of eroded grid material, typically molybdenum, of which a
fraction is charged by either CEX or electron bombardment ioniza-
tion, and 5) electrons. We will consider each of these species. The
focus of our model is the production of propellant and NPE ions
within the beam, and their transport outward.

Beam Ions
The thruster grid is assumed to be a spherical segment of radius
rr (convex side downstream), with the velocities of the beam ions
normal to the surface. Hence, the ions appear to be leaving a point
source located at a distance R, (the radius of curvature of the grids)
behind the thruster exit plane. The velocity of the singly charged
beam ions of mass m; is expressed as vy; = (2e®,/m;)!/?. The
radial current density profile of the collimated beam ions [given
in spherical polar coordinates (R, 8) for simplicity] is taken to be
approximated by a parabolic axisymmetric profile given by
Jui(R, ) = evyinpio(R./R*[1 — (6% /aP)] 1)
which is a good approximation for modern thrusters.>® This
parabolic profile in the core of the beam is smoothed at the edges
with an exponential decay. Given the beam ion current density, the
beam ion density is then determined by
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Jui(r. 2)
(29

@

nyi(r,z) =

The effect of doubly ionized ions is neglected, since their density,
depending on thruster operating conditions, is at most an order of
magnitude less than that of the singly charged ions.

Neutral Model

The propellant that remains un-ionized in the thruster effuses out
from the discharge chamber and exits through the grids in free-
molecular flow with a temperature close to that of the thruster
discharge-chamber walls, typically around 500 K for thrusters using
xenon. The average neutral density right at the thruster grids is de-
termined from the beam ion current and the propellant utilization
efficiency by the relation

41, (1—n,
Ay = — —_— 3
n() eCA,, < , ( )

where C is the mean thermal speed given by (8kT,,/7m;)"/%. The
propellant utilization efficiency is based on the total neutral flow
rate (discharge + neutralizer):

np = Up/mr)(m;/e) C))

The neutral density field is modeled as the flow from a single point
source that is located one thruster radius behind the exit plane of the
grids. The neutral gas density! is given by

n.(R,0) = a(n,,()/Z){l -[1+ (rT/R)z]_% ] cos®  (5)

wherea = (1—1/./2)"! isacorrection factorto allow for the shifting
of the point source and R = [r2+(z+77)]"2,0 = tan~'[r/(z+r7)).

CEX Propellant Ions

Slow propellant ions are created both within the thruster grids
and downstream inside the beam by resonant CEX collisions of the
following type between the fast beam ions and the slow thermal
neutrals (e.g., for xenon):

+
- Xeslow

+ Xe! 6)

fast

+ 0
Xefast + Xe

slow

The spatial volumetric production rate of CEX ions is given by
Ncex (%) = 1, (X1 (X)Vp; Ocex (Vp:) @)

where the relative collision velocity is taken to be the beam ion ve-
locity. For plume electron temperatures around 1-2 €V, common in
xenon ion thrusters, CEX is the dominant ion production mechanism
rather than electron impact ionization.! In general, CEX production
rates are low enough that the beam and neutral densities can be taken
to be fixed quantities.

NPE

Neutral molybdenum, sputtered mainly from the accelerator grid,
can become ionized in the plume and flow back towards the space-
craft, presenting a serious contamination hazard due to its low vapor
pressure. The neutral density is computed from the sputtered ma-
terial flux, which is estimated from grid mass-loss measurements.
Given that an amount of mass M is lost over a period of time t, the
average flux is

Ty = (M/TA)WNa/ M) (®)

The spatial distribution of the sputtered neutrals is assumed to be
a cosine distribution as described by Eq. (5). The ejection energy
distribution of molybdenum is close to Maxwellian, and the density
is found by dividing the sputtered flux by the most probable ejection
speed.! The neutral molybdenum can become ionized via CEX and
electron impact—the latter being important at electron temperatures
above 1.5 eV.

Electrons

The electrons emitted from the neutralizer on the thruster are
modeled as a local Boltzmann distribution with a spatially varying
temperature 7,(x):

e (x) } ©)

X) = Re0eXp|
Re(X) = Moo pI:kTg(x)
The electron temperature is determined by solving the electron en-
ergy equation,

nve VKT, +p.V-v.=-V-q.+ Q. (10)

where q, = —x, VT, is the conductive heat flux and p, = n.kT,.
The electron heating term Q, is due to collisional transfer and ohmic
heating. The electron drift velocity is taken to be the beam ion
velocity inside the beam, and zero outside. The electrons, as well as
the ions, are unmagnetized in the model.

Numerical Implementation

Figure 1 shows a schematic of the general computational domain,
which includes a model spacecraft with optional solar-array panels.
Typical axisymmetric domain sizes are 1-3 m. All surfaces of the
spacecraft are either biased at fixed potentials or allowed to floatas a
single isolated conductor. An optional plume shield can be included
to investigate its effect on reducing the backflow. The beam-ion
and neutral-propellant models developed give the beam properties
in the region of the plume, and the volumetric CEX propellant-ion
production model is used to determine the number of propellant
CEX ions that are created per unit time per unit volume within the
plume. To model the expansion of the CEX ions, a hybrid elec-
trostatic plasma particle-in-cell (PIC) technique is employed. The
PIC method follows the propellant CEX ions under the influence of
self-consistent electric fields as they are transported out of the beam
and form a plasma cloud that surrounds the spacecraft. Electrons
from the neutralizer are not treated as particles but are described
by the fluid model expressed by Eq. (9). The NPE ions are also
created volumetrically—either by CEX or by ionization at higher
electron temperatures. However, because the NPE ion density is
much smaller than the propellant plasma densities, the effect on the
potential is negligible. Hence, the NPE plasma propagation is de-
termined solely by ion tracking in the potential determined from the
propellant CEX ion expansion.

The simulation is run until steady state is achieved, when the
number of particles within the domain becomes constant, i.e., the
loss of particles at the boundaries and spacecraft surfaces balances
the production rate within the plume. At steady state, the current
backflowing to biased spacecraft surfaces due to propellant CEX
and NPE ions can be computed, and assessments of surface depo-
sition can be made. In this work, the surfaces are assumed to be
absorbing. The nonlinear Poisson equatjon for the potential and the
nonlinear electron temperature equation (which is strongly ellip-
tic) are both solved throughout the computational domain. The far
right, top, and far left upper boundaries shown in Fig. I are left
open to space, although their potentials can be fixed to simulate a
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Fig. 1 Schematic of computational domain.
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ground testing chamber. At the thruster front, the electron temper-
ature is fixed according to experimental measurements. The lower
boundary of the domain in front of the spacecraft is the plume center-
line; particles that reach this boundary are reflected. A uniform back-
ground plasma density is assumed. Because the thruster-produced
plasma environment is orders of magnitude larger than the ambient,
we ignore the dynamics of the background plasma over the length
scales of interest. :

Results
Contamination Predictions for the NASA 30-cm Xe Ion Thruster

In this section, the backflow contamination is examined for the
NASA 30-cm thruster that was developed as an element in the
NASA Solar Electric Propulsion Technology Applications Readi-
ness (NSTAR) program. The thruster incorporates innovations in
design, materials, and fabrication techniques. Specific development
efforts included thruster design optimizations, component life test-
ing and validation, vibration testing, and performance character-
izations. However, thus far, no detailed plume measurements for
backflow contamination have been conducted.*’ In this numerical
study, emphasis is placed on determining scaling relationships be-
tween the backflow and the thruster operating conditions.

The operating envelope for the thruster is shown in Fig. 2. The
beam current ranges from 0.5 to 3 A, the beam voltage ranges from
550 to almost 1400 V, and the input power envelope ranges from
0.5 t0 4.9 kW. The black circles represent operating conditions used
in NASA~Jet Propulsion Laboratory (JPL) tests,% and the white
squares represent those mapped out by NASA Lewis Research Cen-
ter (LeRC).? The solid curve drawn at the bottom of the envelope
is the thruster perveance limit (space-charge limit of the grids). For
a fixed voltage, the current cannot be increased above the space-
charge-limited flow value.

In this paper, all six of the JPL operating points and a subset of the
LeRC operating points are studied. Points from the LeRC envelope
are chosen that will enable scalings to be studied. Thus, points of
constant voltage of 1090 V, points of constant current of 1.1 A,
and the extreme limits of the operating envelope are examined. The
specifics of the JPL operating points are given in Table 1, and those
of the NASA LeRC points in Table 2.

JPL Operating Points
The rationale for the JPL power throttling operating points shown
in Table 1 is that the maximum-power point is set to be the minimum

Table 1 NASA 30-cm xenon thruster: JPL operating points®

Point Power, I, Dy, Upis m,  Thrust, I,
no. kW A \% m/s np  mgls mN s

M 0.497 05 676 31,500 0.71 0.96 20 2177
2 099 0.72 1107 40,300 0.75 1.31 38 2929
AK] 1.132 081 1119 40,500 081 1.36 43 3194
J4 1.521 1.15 1075 39,700 0.84 1.87 59 3238
15 1.652 123 1100 40,200 088 1.9 64 3450
J6 2304 1.74 1100 40,200 089 2.67 91 3477
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Fig. 2 Operating envelope of NSTAR ion thruster: e, JPLS and a,
LeRCS,

Table2 NASA 30-cm xenon thruster: LeRC operating points’

Point Power, I, &, Upi, m,  Thrust, Iy,
no. kw A v m/s np mg/s mN s
L1 0.7 0.7 552 28,459 078 1.23 28 2290
A\t 1.12 1.1 730 32,728 0.85 1.76 46 2680
V2 1.26 1.1 843 35,170 0.85 1.76 50 2920
V3 1.4 1.1 963 37,590 085 1.76 54 3150
V4,11 1.56 1.1 1093 40,047 085 1.76 59 3400
V3 1.73 1.1 1227 42431 085 176 62 . 3630
V6,12 1.9 1.1 1372 44868 085 1.76 67 3860
12 243 1.8 1094 40,065 085 288 95 3370
I3 3.05 23 1091 40,010 0.82 3.83 122 3250
4,13 3.88 30 1090 39,992 091 45 154 3470
L4 4.88 30 1371 443851 091 45 178 4030
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Fig. 3 NSTAR backflow current for JPL operating conditions.

power necessary to provide significant benefit for small-body ren-
dezvous missions. The other points are selected to maximize thruster
efficiency under the constraints of the propellant feed system design.
The numerical simulation model is applied to these six operating
points for both variable-and constant temperature. The constant-
temperature model does not involve the solution of the electron
energy equation (10), and hence is more computationally efficient
for parametric studies. The role of the electron temperature has been
discussed in Ref. 1. In that work, comparisons with data show that
the isothermal model yields higher, more conservative values for
the backflow than the variable-temperature model. Ambient con-
ditions appropriate to the low Earth orbit environment were used,
with a background plasma density of 10!® m~3, an ambient elec-
tron temperature of 0.1 eV, and no neutral background pressure.
The computational domain was 1 x 1 m, and the thruster body was
taken to be 50 cm long and 20 cm in half width. The beam diver-
gence angle was taken to be 20 deg, and the neutral propellant grid
transparency ratio was 0.24. The spacecraft or thruster body was
assumed to have a floating potential of —1 V, and the beam electron
temperature at the thruster exit was set to 5 eV, although only CEX
collisions were included. This higher electron temperature will give
a more conservative estimate of the backflow. Later in this paper, we
will examine the sensitivity of the plume backflow to beam electron
temperature.

The backflow current was computed on two planes extending
from the top of the thruster body. One plane is located at the thruster
exit plane (plane 1) and another at z = O (plane 2). The planes are
separated by 50 cm, and the radial height of the planes is 80 cm.
These planes do not represent any typical physical configuration but
were chosen so that a large enough variation in the backflow could
be seen. In Fig. 3, the ratio of the computed backflow current on the
two planes to the beam current as a function of the thruster operating
power (points J1-J6) is shown. Results for both the variable- and
the constant-temperature models are shown.

As can be seen in Table 1, a wide range of thruster operating
conditions (i.e., I, n,, and @) is covered as the power is throttled
from 0.5 to 2.3 kW. Kaufman and Carruth’ proposed a scaling re-
lationship for the CEX propellant ion backflow that is based on the



538 SAMANTA ROY, HASTINGS, AND GATSONIS

CEX ion production rate, which is proportional to the beam ion and
neutral densities and is given by

Neex ~ L = 1p)/1p)10cex (Vsi) = X (11)

This relationship was validated by applying the scaling factor to the
numerical results. To do so, given x and the backflow current for the
first point, the backflow current for any other point i, i, is com-
puted by multiplying the backflow current of the first point by x; / x1:

Lt = Ton1 (Xi/ X1) 12)

This procedure has been applied, and the results are overlaid on
Fig. 3, where the x symbols'indicate the scaled predictions of the
backflow current that have been normalized by the beam current. As
an example, with the variable-temperature model, the backflow cur-
rent over plane 1 for point J1is4.13 x 10~* A, and x; = 0.3995. For
point J3, x3 = 0.5459 and the predicted backflow current is found
to be (0.5459/0.3995)(4.13 x 107%) = 5.6 x 10~* A. The numerical
result with the variable-temperature model is 5.3 x 10~* A, which s
very close. Figure 3 demonstrates that this scaling relationship is in
good agreement with numerical predictions. From Fig. 3, it appears
that the ratio of the backflow current to the beam current is almost
constant as a function of power. However, the propellant utilization
efficiency is also changing.

Figure 3 shows that the isothermal-model values are almost twice
those of the variable model at plane 1, and about three times at
plane 2. The spatial distributions of the CEX ions are different for the
two temperature models also. The variable-temperature model gives
a faster decay in the current, as can be seen by comparing the cur-
rents crossing planes 1 and 2. The current crossing plane 2 is about
8-9 times less than that crossing plane 1 for the variable-temperature
model, but about 4-5 times less for the isothermal model. Note that
the scaling relationship (11) is independent of the electron temper-
ature but still follows the numerical results well for both constant-
and variable-temperature models.

Thus far, scalings of a global quantity—the backflow current on
various planes—have been examined. It should be expected that
these currents scale with the rate of CEX ion production, as required
for continuity. However, the structure of the backflow field must be
examined as the thruster is throttled through various operating con-
ditions. Figures 4 and 5 depict the CEX plasma density distributions
computed with the variable-temperature model for all six operating
points. Figure 4 shows a radial cut through the domain along a ray
100 deg from the plume centerline from a point 10 cm downstream

1.040

.960

-800 T T T T

R (m)

Fig. 4 Radial distribution of CEX plasma density. Two-dimensional
plume simulation CEX distribution; six JPL points, variable T, model,
radial distribution along ray 100 deg from CL, origin of ray 10 cm from
thruster front.

1.00
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.00 T T g T T T
180. 120. 60. 0.
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Fig. 5 Angular distribution of CEX plasma density. Two-dimensional
plume simulation CEX distribution; six JPL points, variable T, model,
angular distribution at r = 0.35 from point 10 cm in front of thruster.

of the thruster face. The density has been normalized with the value
of the density at the plume centerline (8 = 0). Within the numeri-
cal noise of the PIC method, all six cases, spanning a power range
of a factor of almost 5, appear to follow the same shape. Figure 5
shows the density distribution along an arc of radius 0.35 m from
the same point 10 cm downstream of the thruster. The CEX density
falls to zero at about 8 = 145 deg, where the top of the thruster body
is intercepted. Figure 5 also shows that within a certain amount of

- scatter, the normalized distributions over an entire sweep of 145 deg

are very similar.

In addition to the CEX ion density, the CEX ion current den-
sity distributions were examined in the same manner.? The distri-
butions were essentially the same, despite larger fluctuations that
were present because the current density is a weighting of both the
particles’ charge and their velocities. Simulations conducted with
the isothermal model for both CEX ion density and current density
yielded similar distributions for all six operating points. However,
current densities predicted with the isothermal model were higher
than with the variable temperature model.

An important conclusion from Figs. 4 and 5 is that the spatial
distribution of the CEX plasma is fairly independent of the thruster
operating conditions. Only the magnitude is dependent upon the
beam current, propellant utilization efficiency, and other parame-
ters, as shown in the scaling parameter x that has been proposed.’
It should be noted that slight variations in the spatial distribution
of the CEX plasma predicted with the variable-temperature model
may be caused by the influence of the temperature field on the po-
tential. Over the operating envelope, the ion-to-neutral density ratio
changes, which affects the thermal conductivity and consequently
the electron temperature and the potential. However, these effects
are not very significant. Note that these conclusions are for the given
geometry, i.e., thruster or spacecraft size. One cannot use the scaling
factor (11) to predict the backflow current if, say, the thruster body
width is doubled.

NASA LeRC Operating Points

The NASA LeRC points shown in Table 2 have been categorized
with alphabetical prefixes: I, V, and L. The four points with I are
points of constant voltage, and the current is varied. The six points
with V are points of constant current, and the voltage is varied. The
four points with L are the four vertices of the thruster operating enve-
lope. Some of the points have multiple labels, because they overlap
in the envelope. For these parametric studies, only the isothermal
model was used. All other variables from the JPL runs, aside from the -
operating conditions listed in the table, were used in the LeRC runs.
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Table 3 Lower and upper limits to backflow
contamination for LeRC points

Point Iy, A Toer /Iy Iy /1y
L1 (lower) 07 1.45 x 1073 3.20 x 10~*
L4 (upper) 3.0 1.77 x 1073 4.05 x 10~*
3.50E-3
—=— I_bft/I_b
é 3.00E-34 —»— Scaled 1
3 082 I_bi2/i_b
€ 2.50E-34 -—o— || _
«
§ 2.00E-3 & —%— Scaled 2
€ 0.85
§ 1.50E-3 0.91
=1
(&)
; 1.00E-34 o085
%
g 5.00E-4 L
0.00E+0 . . .
1 15 2 25 3

Beam Current (A)

Fig. 6 Backflow current vs I;. Numbers on upper points are propellent
utilization efficiencies.
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Fig. 7 Backflow current vs specific impulse (proportional to beam po-
tential). Only voltage — beam ion velocity is being varied; constant
beam current = 1.1 A and constant mass flow rate = 1.76 mg/s.

The backflow currents for variations in beam current for constant
beam voltage were computed over the same two planes as in the
JPL calculations. Figure 6 shows the ratio of the backflow current
to the beam current as a function of the beam current with the beam
voltage constant at 1090 + 4 V. The scaling factor (11) has been
used to predict the backflow currents based on the point I1, and
these values are marked with the x symbol. There is very good
agreement with this scaling relationship. The variations are not only
due to changes in the beam current, but also due to changes in the
propellant utilization efficiency.

In addition, the backflow current for constant beam current and
mass flow rate (hence propellant utilization efficiency) was com-
puted. In this case, only the beam voltage is varied, which changes
only the CEX cross section. Figure 7 depicts the ratio of the backflow
current to the beam current (1.1 A) as a function of the specific
impulse (which is proportional to <I>,1,/ %, it shows a slight decrease
because the CEX cross section is weakly decreasing with increasing
beam ion velocity. The scaling relationship (11) again gives good
agreement.

Last, the backflow currents for the limits of the operating en-
velope are presented to show bounds on the backflow. Two limit
points, L2 and L3, have been computed already as points V6 and
14, respectively. The other two points represent the upper and lower
bounds on the power of the thruster. The backflow current values
are shown in Table 3 for L1, the point with the lowest voltage and
current, and L4, the point with the highest voltage and current. The
ratios of the backflow currents to the beam currents are almost the
same, but the scaling factor for L4 is about 5.56 times larger than
for L1. Hence, the actual backflow current increases by a factor of
5.56 from the lowest to the highest power settings (a range of 7) for
the 30-cm thruster.

10000,

€000, -

Vr {mvs)

-2000. T T T
.00 33 .67 1.00
r{m)

Fig. 8 Radial velocity vs radial position: phase-space plot for beam
electron temperature of 1 eV.
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Vr (m/s)

2000. <
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Fig. 9 Radial velocity vs radial position: phase-space plot for beam
electron temperature of 5 eV.

Effect of Electron Temperature

The sensitivity of the backflow current to the electron tempera-
ture is investigated by examining JPL point J2 using the variable-
temperature model with beam electron temperatures of 1 and 5 eV.
As would be expected, since the potentials scale with the electron
temperature, the higher electron temperature yields higher beam
potential drops, and hence the CEX ions are accelerated to higher
velocities. Figures 8 and 9 show phase-space plots of radial velocity
vs radial position for the CEX ions with beam electron temperatures
of 1 and 5 eV, respectively. For the 1-eV case, the maximum radial
velocity is about 2500 my/s, corresponding to a beam potential drop
of about4 V. For the 5-eV case, the maximum radial velocity is about
7000 my/s, corresponding to a beam potential drop of about 33 V.
Because of the higher velocities, the backflow current is increased.
The integrated current flowing across plane 1 at the thruster exit is
2.3 x 1074 A for the 1-eV case and 5.6 x 10~* A for the 5-eV case.
Across plane 2 at z = 0, the current values are 2.6 x 1075 A for 1 eV
and 6.5 x 1073 A for 5 eV. Thus, the electron temperature in the
beam, which physically is usually determined by the neutralizer cou-
pling voltage, plays an important role in determining the magnitude
of plume backflow. However, there is not an exact linear depen-
dence of plume properties on the beam electron temperature, owing
to nonlinear effects related to the electron thermal conductivity.?
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Sputtered Grid Material

In this subsection, the transport of sputtered grid material from
the NASA 30-cm xenon ion thruster is examined. Patterson et al.’
estimated the in-space accelerator-grid mass loss rate for a number
of operating conditions, and these values are shown in Table 4. The
first point corresponds to point I1 (or V4) in Table 2, the second to
point 12, and the third point is close to I3. Based on these mass loss
rates, the neutral molybdenum density is computed using the model
described previously.

Electron-impact ionization of the neutral molybdenum sputtered
off the grids is important for electron temperatures as low as 1.5 eV
(Ref. 1). In the calculations presented here, for each operating point,
two cases were run for the creation of charged molybdenum. The
high-rate case included ionization with an electron temperature of
5 eV, and the low-rate case considered only CEX collisions with the
xenon ions (valid for electron temperatures near 1 eV or less). These
two limits provide a bound on the creation of molybdenum ions.
The trajectories of the created molybdenum ions are tracked in the
potential fields computed from the propellant CEX ion expansion. !

In Fig. 10, the ratio of the molybdenum to the xenon CEX ion
current density for the I3 point with high ion creation rate is shown.
Within the beam, the ratio is about 10~*; however, in the backflow
region it is below 105, The important point is that the molybdenum
ion distribution is considerably different spatially than the xenon
CEX ion distribution. In previous analytical models of molybdenum
deposition, the spatial distribution of both species was assumed to
be the same, only differing by a constant.” This assumption led to
higher estimates of the molybdenum deposition and increased con-
cern for spacecraft contamination. However, simulations show that
in the backflow region the molybdenum density is noticeably less.
The reason is the higher energy of the molybdenum ions, which
makes them less likely to turn back towards the spacecraft. The
most probable energy of the sputtered molybdenum is about 5 eV,
the average being 15-20 eV. In contrast, the thermal xenon neutrals
only have an energy around 0.02 eV (500 K). Figure 11 shows the
trajectories of a typical xenon and a molybdenum ion released ra-
dially outward from the same point at the bgam edge with energies

Table 4 Anticipated accelerator-grid erosion rates in space for NASA
30-cm xenon thruster’

Power, kW Label (Table 2) Mass loss, g/kh Mo neutrals, m~3
1.1 I1, v4 141 1.10 x 1013
2.40 2 2.89 2.25 x 1013
3.41 Close to I3 4.18 3.250 x 1013
2e-5
r{m)
4e-5
1e-4
‘J High I3 20-4
.00 T T T T
.00 .33 67 1.00

z{m)

Fig. 10 Two-dimensional ion thruster plume simulation ratio of Mo
to Xe CEX ion current density: high I3 case, T, = S eV.
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Fig. 11 Two-dimensional ion thruster plume sinulation comparision
of Xe and Mo trajectories: LeRC I3, T, = 5 eV constant.

1.00

67
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33 4
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Fig. 12 Two-dimensional ion thruster plume simulation molybdenum
deposition (monolayer/year): high I3 case, T, = 5 eV (ionization).

of 0.02 and 5 eV, respectively, with the potential contours super-
imposed. It can be seen that the less energetic xenon ion is turned
back more than the molybdenum ion. Hence, even in a case of equal
Mo" and Xe* production rates, the density of the molybdenum in
the backflow area will be less. In addition, the values in Fig. 10 show
that neglecting the molybdenum ion density in Poisson’s equation
is a good approximation, since the density is negligible compared
to the propellant ion density.

For contamination assessment of the molybdenum, the most im-
portant quantity of interest is the deposition rate.. A useful unit
is monolayers per year, assuming all the molybdenum sticks. In
Fig. 12, a contour map of the deposition rate of the molybdenum
ions is shown for the I3 case with high ion creation rate. These
values, assuming normal impingement, are the ion current density
converted to monolayers per year. Within the plume, the deposition
rates do not take into account the neutral deposition, nor the fact that
the deposition on a surface will be much lower because of sputtering
by the energetic beamions. However, in the backflow region, the de-
position rate is solely due to the charged molybdenum, and is about
0.1 monolayer/year. As the thruster power is decreased, the grid
mass loss decreases, and hence so does the molybdenum backflow.
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Fig. 13 Two-dimensional ion thruster plume simulation molybdenum
deposition (monolayer/year): low V4 case, T, = 1 eV (CEX).

Figure 13 shows the deposition rates for the I1 case with only CEX
as the ion production mechanism. Here we see that the molybdenum
deposition is only around 5 x 10~ monolayer/year in the backflow
region. (For the I1 case with electron-impact ionization, the value
is around 2 x 10~2 monolayer/year.) )

The neutral molybdenum density in Table 4 varies only by a fac-
tor of three over a power range of two. Because the molybdenum is
sputtered by the propellant CEX ions impinging on the grid, it could
be expected that the molybdenum density scales according to the
scaling factor used for the propellant CEX ions. Using Eq. (11), the
scaling factor is about 5.4, which is higher than the numerical value.
The reason for this discrepancy is that the accelerator-grid voltage
is changing, which affects the sputtering yield. The estimates’ in
Table 4 are based on experimental correlations of the grid voltage
and the grid impingement current. Moreover, though the propellant
CEX impingement current may increase by a factor of 5.4, the actual
grid mass loss may not scale as such, because the material sputtered
away is not all ejected completely from the grid but may redeposit
elsewhere. It is therefore of interest to develop a scaling relation-
ship between the molybdenum ijon density and thruster operating
conditions.

The creation rate of the molybdenum ions scales with the neu-
tral molybdenum density, the beam ion density, and a function that
depends on the particular collision process. For CEX collisions,
this function is the product of the beam ion velocity and the cross
section. For electron-impact ionization, this function is solely de-
pendent upon the electron temperature. The neutral density scales
with the sputtering rate (which is given), and the beam ion density
scales with the ratio of the beam ion current to the beam ion velocity
(the beam voltage). Thus, the creation of molybdenum ions due to
CEX can be written as

NcaxMo ~ Fs (I])/vl)i)vbia(ubi) (13)

and the creation rate due to electron-impact ionization as

Nionmo ~ Fs(Iy/vpi) f (Te) (14

Using these scaling factors, the relative molybdenum ion density
in the backflow region between the three operating points can be
determined. Notice that for the three operating points considered
here, T, is a constant, and the beam ion velocity is nearly constant.
Therefore, the molybdenum deposition is expected to scale as the
product of the sputtering loss rate and the beam current. In Fig. 14,
the integral of the molybdenum current density over two planes is
shown. Plane 1 is at the thruster exit, and plane 2 is located 0.5 m be-
hind at z = 0. Both planes reach from the thruster top at r = 0.2 m
to the upper domain boundary at r = 1 m. The backflow has been

5.0x10™!
~ ~m~ High Plane 1
1.0x10°7" 3 -%— Scaled High 1
= 2 ~@— Low Plane 1
[
2 1 - Scaled Low 1
g -2 ] )
Q 1.0x10 E —F+— High Plane 2
) 3
E —>- Scaled High 2
e 1 T e
= 3 e -6~ Low Plane 2
1.0x10°
] - %~ Scaled Low 2

1.0x10™ T T T T
1 15 2 25 3 3.5 4
Power (kW)

Fig. 14 Mo backflow current as a function of thruster power. Constant
T, =5 eV; Low: CEX and High: e-ionization.
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Fig. 15 Effect of ;ilume shield on the CEX ion backflow. Total ion
density ).

expressed in monolayers per year by integrating the current density
to obtain the current, dividing by the area of the annulus over which
the integration occurred [ (12 — 0.2%) m?], and then converting to
monolayers per year. Thus, this value is an average deposition, and
is shown as a function of the thruster power for the three operating
points and the high and low ion creation rates. Superimposed on
the computational values are the scaled values from Egs. (13) and
(14) based on the point I1, which are marked with the x symbol.
Therefore, even though the grid mass loss increases only by a fac-
tor of 3 from point I1 to I3, the beam current has increased by a
factor of 2, and hence the molybdenum deposition increases by a
factor of 6. The difference in deposition rates between the two ion
creation bounds is very large, with electron-impact ionization yield-
ing deposition rates 20-30 times larger than CEX ion creation. This
observation again demonstrates the importance of the electron tem-
perature in the plume. The serious effect of molybdenum deposition
has been investigated,® and even a monolayer of molybdenum can
cause serious degradation in the transmittance of solar-cell cover
glasses.

Effect of a Plume Shield to Reduce Backflow

A possible way to reduce the backflow of ions from an ion thruster
is to use a plume shield. In this section, this effect is demonstrated
by placing a 30-cm-high plume shield of infinitesimal thickness at
the thruster exit perpendicular to the piume axis, as shown in Fig. 1.
To compare the shielded flowfield with experimental data on an
unshielded thruster, a simulation of a 15-cm mercury thruster was
performed. The constant-electron-temperature model was used, and
the shield was biased to +5 V and was assumed to be completely
absorbing.
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Figure 15 shows the computed total propellant ion density, dis-
playing the same contour levels as a computation without a plume
shield (Fig. 6 of Ref. 1). It can be seen that in the backflow region be-
hind the shield, the propellant CEX plasma is completely eliminated
(and hence the molybdenum ions as well). In this ground test, the
density of the background plasma was 102 m™3. Figure 15 shows a
contour of value 10'2 m~3 at the edge of the CEX cloud expansion.
The plume shield is very effective in reducing any backflow con-
tamination from the region behind the shield. However, the shield
adds mass to the spacecraft structure, as well as possibly causing
additional spacecraft contamination due to erosion. In any actual
spacecraft~thruster integration process, the ratio of the mass of the
shield to the effective area protected would have to be minimized.
In addition, other shield shapes, such as a conical geometry, may be
more effective.

Conclusions
A two-dimensional axisymmetric model of the backflow con-
tamination of an ion-thruster plume was developed and applied
to predict the backflow contamination of the NASA 30-cm xenon
ion thruster over the operating envelope of the thruster. The CEX
propellant backflow was computed, as well as the deposition of

sputtered molybdenum from the thruster grids. A previously pro-

posed scaling relationship for the propellant CEX ion backflow was
verified and shown to be useful in scaling backflow contamina-
tion as a function of thruster operating conditions. The ratio of the
xenon propellant to sputtered molybdenum ions was found not to
be a constant throughout the backflow region, a commonly used
assumption in previous studies. Hence, the molybdenum deposition
is not as high as previously expected. The sensitivity of the plume
backflow to the beam electron temperature was examined, and found
to have a strong role due its effect on the CEX ion velocities. Last, a
plume shield was evaluated and found to be effective in reducing the
backflow.
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