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Abstract
The NASA Space Electric Propulsion Technology
Application Readiness (NSTAR) ion propulsion
experiment is a technology demonstration payload
under the New Millennium project and will fly on
Deep Spaceprobe- 1 (DSl). Little data is available on
the impact of ion thruster operation on spacecraft
subsystems and payloads. Only a relatively few ion
thrusters have been flown, and performance has been
mixed. One of the primary objectives of this program
is to evaluate the possible impact of ion thrusters on
spacecraft subsystems and payloads. To this end, the
NSTAR Diagnostics Package will measure the
charge exchange ion current, of both propellant and
non-propellant effluents, back to the spacecraft using
a Retarding Potential Analyzer (RPA). Concern
exists that ionized sputtered grid material will
contaminate solar array surfaces and result in
significant power degradation. In this paper, charge
exchange currents of beam xenon ions and ionized
sputtered molybdenum currents are predicted using
two different models. These values are compared
with each other and the RPA sensitivity.
Additionally, molybdenum contamination levels at
various points on the spacecraft and impact on solar
array power performance are predicted over the
mission lifetime.
Introduction
Solar electric propulsion (SEP) devices have low
thrust and high specific impulse relative to chemical
propulsion devices. In particular, ion thrusters are
well suited for primary propulsion for deep space
missions. The NASA 30 cm ion thruster will be used
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on the Deep Spaceprobe-l (DS 1) satellite. However,
little data is available on the impact of ion thruster
operation on spacecraft subsystems and payloads.
Only a relatively few ion thrusters have been flown,
and performance has been mixed. Effects of possible
concern include changing the system floating
potential thereby increasing parasitic currents to
solar arrays, plume contamination effects on solar
array power performance and absorptivity of thermal
surfaces, grid erosion and contamination from the
eroded materials, and electromagnetic interference
affecting other spacecraft subsystems or payloads.
The NASA SEP Technology Application Readiness
(NSTAR) ion propulsion experiment is a technology
demonstration payload under the New Millennium
project that will fly on DS 1. The NSTAR
Diagnostics Package will measure the charge
exchange ion current, of both propellant and nonpropellant effluents, back to the spacecraft using a
Retarding Potential Analyzer @PA).
We have developed a parametric model of an ion
thruster plume including primary beam and chargeexchange ions, hollow cathode neutralizer ions, and
ionized sputtered grid erosion material. The model is
implemented in the Environment Work Bench
(EWB) integrated analysis tool. EWB is a desktop
analysis tool that models ambient and spacecraft
generated environments and integrates them with
interaction effects models.
Plasma and neutral density results from the EWB
model are compared with self-consistent plume
calculations performed using a two-dimensional,
finite-element code that uses bi-quadratic elements to
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solve Poisson’s equation. The calculations described
here were done with tracked ion densities. The
technique is the same as that used in Reference 1, in
which calculated and laboratory results are
compared. Results from the EWB and the finiteelement calculations agree.
in addition we use NSTAR parameters to perform
EWB calculations over the expected ion thruster
operation time period to determine contaminant
deposition on spacecraft surfaces and resultant solar
array power reduction.
Ion

Thnrster/Hollow

Cathode Neutralizer

Ion thrusters work essentially by bombarding a high2 neutral gas, usually xenon, with electrons to form
ion-electron pairs. The ions pass through an
acceIerating grid, where they are focused into an ion
beam. In order to keep the spacecraft from being
driven to large negative potentials by this loss of
ions, a hollow cathode neutralizer emits electrons
down-stream of the accelerator (see Figure 1).

are created by resonant charge-exchange between
fast moving beam ions and slow moving neutralizer
atoms.
In addition, slow moving charge-exchange ions are
accelerated back to thruster grid surfaces by beam
induced potentials and cause sputtering of the
molybdenum grid. Some of these sputtered neutrals
are then ionized by the 2-3 V thermal energy of the
electrons in the neutralized beam. The density of
sputtered Mo+ions is about two orders of ma,&tude
lower than that of the propellant charge-exchange
ions, causing minimal disturbance in the potential
contours. These non-propellant charge-exchange
ions therefore expand in response to beam potentials
as do the charge-exchange Xe’ ions. Because of the
low vapor pressure of these MO+ions, they can
accumulate on spacecraft surfaces and effect the
transmittance of those surfaces. Additionally, deep
space orbits, such as that for DS 1, do not provide the
atomic oxygen environment of a low earth orbit, so
little oxidation of the molybdenum will take place.
This heavy metal becomes opaque with very thin
layers of material effecting a 50% change in
transmittance with as little as 50 Angstroms of
contaminar?.
Calculational

Tools

EWB
The Environment Work Bench (EWB) is an
integrated analysis tool that models interactions
between spacecraft and the space environment, both
ambient and spacecraft-generated (see Figure 2).

Figure I. Schematic of ion thruster with hollow
cathode neutralizer.
The ion emission of the thruster and electron
emission of the neutralizer automatically adjust
themselves to keep the thruster potential near plasma
ground, with a potential drop of 10 to 20 V due to
resistive losses in the thruster plume contact with the
plasma.
The thruster plasma plume consists of three primary
components: the high ener,T, well-focused ion beam
of the thruster, the low energy ion cloud of the
neutralizer, and a cloud of low energy ions
surroundlne the thruster orifice. The low energv
. . ..__. inns
---. _

Figure 2. EWB models spacecraft-environment
interactions in an integrated analysis tool.
This tool was developed by Maxwell in conjunction
with NASA Lewis Research Center, primarily for the
purpose of analyzing the plasma environment
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interactions for the International Space Station.
EWB can be used to predict system currents and
voltages by modeling the spacecrtiionosphere
interactions including the effect of devices such as
plasma contactors, ion thrusters and solar arrays.
EWB uses point-on-orbit calculations of plasma and
neutral densities, magnetic field strength, particle
fluxes and debris fluxes based on a Brouwer orbit
generator and NASA environment models.
Integrating this environment information with
system geometry, including articulating surfaces
such as sun-pointing solar arrays, allows EWB to
calculate quantities such as the system floating
potential including motion induced potential effects,
solar array parasitic current collection, ion thruster
beam and neutralizer currents, and the effect of
dielectric and insulating surfaces, for each point on
the spacecraft orbit. In addition, an efficient means
of calculating surface to surface view factors for all
spacecraft surfaces, allows for rapid order of
magnitude calculations of particle fluxes on all
surfaces including ram, nozzle and thruster effluents,
surface outgassing, both direct and reflected, and
ram back-scattered flux. EWB also includes
calculations of neutral and plasma densities at points
in the spacecraft proximity including nozzle and
thruster plume contributions, system plasma wake
effects, plasma plume impingement on system
surfaces and a model of hollow cathode current
generated electromagnetic interference.
Figure 3 shows the EWB model of the DS 1
spacecraft. The ion thruster beam model
incorporated into EWB is described in detail
elsewhcre3. The ion beam is modeled as a Gaussian.
The neuualizer ion model includes radial expansion
and acceleration of the ions due to barometric forces.
The charge-exchange ion expansion model is based
on numerical simulation’. The xenon neutral density
from the ion thruster and the neutralizer is modeled
using the EWB nozzle model described elsewhere 4.
The ion thruster portion of the neutral density is used
in the calculations of the total charge-exchange
current.

Figure 3. EwB mode of DS-1 spacecraft.

Finite Element Approach
Self-consistent potential and charge exchange ion
density and kinetics calculations were performed
using a general-purpose, two-dimensional, finiteelement plasma analysis code that uses bi-quadratic
elements. (Gilbert) This code can be used to solve for
the electrostatic potential about an object, with
flexible boundary conditions on the object and with
space charge computed either fully by particles, fully
analytically, or in a hybrid manner. The space about
the NSTAR ion engine was divided up into a 5 m by
5.5 m, R-Z grid. There are 1316 elements and 4105
nodes. The maximum distance between nodes in the
smallest element (the minimum resolution) is
9.2 mm. The grid is illustrated in Figure 4. It is
oriented with the ion thruster in the lower left comer
pointing up. The left side is the axis of symmetry.
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Figure 4. Outline of computational grid used in
finite-element calculations. Dimensions in
meters.
The neutral density is computed assuming isotropic
emission of the gas from a 30 cm diameter disk.
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n,(r, 2) = %iYi
+ ni
n
where I, is the neutral particle flow rate in Ampereequivalent, v, is the velocity of the neutrals, A is the
exit plane area, Q is the viewable solid angle, and

Table 1. Calculational parameters.
mid
po~uower

units high

low
power

n”, is the background density.
We used the parabolic ion beam profile as suggested
by Samanta Roy, et al.’
The charge exchange ion density was calculated by
computing the charge exchange rate from the neutral
density and the ion beam density and then tracking
newly created charge exchange macroparticles in the
computed electric fields. There are up to 36 particles
created per element for a total of 3697
macroparticles (except for the thermal distribution
calculation, which has 29576 macroparticles.)
The potentials were computed using Poisson’s
equation and a charge density including beam ions,
charge exchange ions, and electrons originating at
the neutralizer and thermalized within the beam. In
these calculations the electron density is obtained
from a formula that takes into account that the high
energy tail of the Maxwellian distribution escapes to
balance the ion beam current”. Ion density and
potential calculations were iterated until selfconsistency was reached.
Ion Density Calculations
Table 1 shows the parameters used in both sets of
calculations.
The EWB hollow cathode neutralizer model includes
a model of orifice ionization that computes the
temperature of electrons emitted from the
neutralizer7. This model balances ionization with
ionization loss, and ohmic heating with cooling by
ionization, radiation, and convection. The resulting
electron temperature , 1.8 eV, is somewhat higher
than that measured in the lab. However, we expect
that the electron temperature in the laboratory will
be somewhat cooler than in space, due to energy
exchange with the lab’s higher density neutral gas
and plasma background.

Neutral temperature

eV

0.05

0.05

0.05

Beam radius

m

0.15

0.15

0.15

Beam current

A

1.76

0.66

0.54

Beam divergence

rad. 0.26

0.26

0.26

Beam voltage
Charge exchange
cross section

V

1088

m2

5e-19 5e-19 5.3e-19

1088 638

The case labeled “high-power” models the highest
power operating point of the NSTAR engine,
2.2 kW. The cases labeled “mid-pow&” and ‘lowpower” model the 0.9 kW and 0.5 kW operating
points respectively.
We assume initial charge exchange ion energies
corresponding to half the electron temperature. This
is necessary to have Bohm stable, quasi-neutral
expansion. This ion energy results from the high
turbulence in the neutralizer generated plasma.
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Table 2. Charge exchange plume calculation
results
units

high mid
low
power power power

EWB

Peak neutral density

m-j 1.2e17 8.8e16 5.4~16

Peak ion density

mV3 7.Oe16 2.6e16 2.8e16

Ion density at detector

mb3 5e13

Charge exchange current

mA

20

5

2

Finite-Element

Peak neutral density
Peak ion density

me3 1.2e17 7.2e16 6.2e16
.__I
m-j 7.8e15 2.9e15 3.le15

Ion density at detector

m-’

Charge exchange current
Peak charge exchange
-.ion density

nL4

Maximum ion potential

V

le13
13.4

3.2

2.4

mm3 2.8e14 lSe14 1.5e14
6.7

6.7

7.3

Figure 5. compares the neutral density for the highpower case for the EWB and finite-element models.
The thruster is in the upper left corner facing down.
Even though the models are somewhat different, the
contours are similar in shape. While the peak
densities are close, away from the peak, EWB gives
neutral densities two times larger than the fmiteelement model.
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Figure 5. Neutral densities in inverse cubic
meters for the high power case.
Figure 6 compares the total ion density for the
converged solution from EWB and the finite-element
model for the high power case. Figure 7 shows some
sample trajectories of charge exchange ions from the
finite-element calculation. The ion beam model used
in the finite-element calculations gives a broader,
lower-density beam by a factor of about two. The
highest density portions of the charge exchange
plume lobes have about the same extent in the two
models, and the densities from the EWB model are
about twice those in the finite-element model. The
total charge exchange ion current as computed by
EWE is higher than that computed by the finiteelement model. Also note that EWB only includes
the xenon gas from the thruster when computing the
charge exchange rate. In the finite-element
calculations, the xenon gas from the neutralizer is
also included when computing the charge exchange
rate. The EWB model assumes that all of the charge
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exchange takes place near the orifice while, as
shown in Figure 7, the finite-element model is able
to include charge exchange throughout the beam.
Therefore, the charge exchange plume is much more
spread out in the finite-element model.
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Figure 7. Sample trajectories of charge exchange
ions for the high power case.
It is of particular interest to know the energy and
direction of the ion flux at the NSTAR RPA. The
detector is located at (r = 0.75, z = 0) in the fmiteelement geometry and (x = -0.45, y = 0.75) in the
EWB geometry. The ion density at this point is four
times higher in the EWB model. For the high power
case, at (0.5, 0.05) the ion density is 6 x lOI mw2.
With an average energy of 5 eV, the ion current is
0.026 A m-‘, which is similar to the value of near
0.02 A mm2measured by a Langmuir probe in a
laboratory test8. Figure 8 and Figure 9 show the flux
as a function of incident angle and energy as
computed by the finite-element model near the
detector. From the figures we can estimate the flux to
be approximately 4 x 10m3A-s. This is within the
instrument resolution of 2 x IO-’ to 4 x IO-’ A m-‘.
0.004 -

Y Fr~s<:{m)

Figure 6. Self-consistent ion densities in inverse
cubic meters for the high power case.
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Figure 8. Differential energy flux of macroparticles
near the point (0.75,O) m for the high power case.
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with respect to the thruster direction. We calculate
the flux to surfaces and integrate over 200 days to
get a measure of total fluence over the expected
thruster operation time. We assume a grid mass loss
rate of 4 gm&hr, an ionization cross-section of 2 A’,
and a characteristic length of 0.2 m. Less than 1
percent of the molybdenum is ionized. Using a
deposition density of 10.2 gm cm -3, we calculate the
deposition thickness from this fluence, assuming a
sticking coefficient of one.
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Figure 9. Flux of macroparticles as a function of
incident angle near the RF’Afor the high power
case.
Deposition of Sputtered Ions

Slow moving (2-3 eV) charge-exchange ions can be
caught in the potential well formed by the ion beam
potentials and accelerated back to thruster
accelerating grid surfaces, which are typically at
potentials of hundreds of volts negative with respect
to the plasma.
Grid erosion has been the cause of thruster failure
on-orbitg. Grid erosion has also been observed in the
lab where measurements of grid mass loss rates have
been made”. Grid mass loss rate is strongly
dependent on the density of neutrals and is therefore
expected to be significantly lower on-orbit than in
the lab. While some charge-exchange of these
neutrals will occur, the cross-sections for nonresonant charge-exchange with Xe” are estimated to
be orders of magnitude less than that of the resonant
xenon propellant charge-exchange cross-section”.
Therefore, we do not model this effect here. Instead,
we look at the effect of ionization of the MO neutrals
by neutralizer and thruster electrons. The model used
is described elsewhere’.
To calculate estimates of contamination effects from
these heavy metal ions, we use EWB with the model
of the DS 1 spacecraft shown in Figure 3.To get a
more accurate picture of molybdenum deposition on
the solar arrays, the model has eight separate panels
for each array. For deep space orbits, the articulation
of the solar arrays will be such that their normals are
90” to the thruster direction much of the time. We
did calculations for solar arrays pointing 90’ and 45”

Figure 10 shows the spacecraft surfaces displaying
molybdenum &position amounts after 200 days of
high power thruster operation for solar array
normals 45” from the thruster direction. When the
solar arrays are pointing 90” with respect to the
thruster direction, the calculations predict much less
molybdenum deposition.
Using a numerical model of molybdenum
transmittance as a function of film thickness”, we
calculate the effect of contamination on the solar
array power efficiency. As Figure 10 shows, the
amount of molybdenum deposition on solar array
surfaces after 200 days is under 2 A.This results in a
transmittance reduction less than one percent. In
fact, the average power reduction over the solar
arrays after 200 days of thruster operation is just
0.06 percent. This value was calculated using a grid
mass loss rate of 4 gm/Khr and an ionization crosssection of 2 A.There is obviously some uncertainty
in both these parameters. The mass loss rate is the
maximum rate predicted for on-orbit grid 10~s’~.
The ionization cross-section is estimated based on
published values for other metals14.
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Figure 10. Thickness of sputtered Molybdenum
layer
Conclusions

We have analyzed the charge exchange plume from
the NSTAR thruster using two dlfferent models: a
self-consistent, two-dimensional, finite element
plasma code and EWB, a general-purpose
engineering tool, that uses analytic approximations.
Calculations were done for three operating
conditions. Where the same calculation can be done
with both codes, the results differ in detail, but the
character and magnitude of the solutions is similar.
The two approaches are complementary. There are
some calculations, i.e., sputtered ion deposition, that
can best be done using the EWB approach. There are
calculations, i.e., ion trajectory calculations, that can
best be done within a multi-dimensional, finiteelement framework. Using the two approaches
together we can make predictions with greater
confidence.
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