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Surface Modi� cation Measurements
in the T5 Ion Thruster Plume

L. Najeeb Ahmed* and Mark W. Crofton†
The Aerospace Corporation, El Segundo, California 90245-4691

The measurement and analysis of thruster-induced surface modi� cations of a variety of materials in
the T5 (UK-10) xenon ion engine environment has been performed. Surface modi� cation because of
impinging contaminants in the thruster ground-test environment was studied for about 50 collimated
spacecraft material samples at � xed sites, including solar cells, paints, and optical solar re� ectors. Emit-
tance and solar absorptance properties were determined pretest and posttest. Elemental composition was
determined for the deposition surface layers accumulated during the 65-h exposure of the various samples,
to obtain mass deposition rates for individual elements. While a number of samples acted as simple
sputter monitors, behavior of the paints was complex, showing strong dependence of posttest surface
deposition layer on paint chemistry. Angular distributions of the total mass deposition rate were obtained
with a rotatable, collimated quartz crystal microbalance (QCM). Results from most samples and the
QCM show increasing deposition of molybdenum with increasing observation angle. Deposition increased
rapidly from 20 to 35 deg off the grid plane, and observed deposition rate peaked at approximately 45
deg. The variation of deposition rate with accelerator and decelerator grid voltages, propellant mass
utilization, and facility background pressure was also investigated. The results are relevant to the impact
of thruster operation on spacecraft surfaces and the evaluation of thruster grid lifetime as a function of
operating point.

Nomenclature
A = quartz crystal microbalance crystal area exposed to

mass � ux
F = � ow rate of xenon propellant
Iacc = accelerator grid current
Ib = beam current
Idec = decelerator grid current
jce = production rate of charge exchange ions
jdr = deposition rate
ni = Xe density
n0 = xenon neutral density
S = quartz crystal microbalance mass sensitivity,

g cm 2 Hz 1

Va = anode voltage
Vacc = acceleratorerator grid voltage
Vb = beam voltage, screen voltage
Vdec = deceleratorerator grid voltage

= absorptance
s = solar absorptance

= absorptance at wavelength
f = change in beat frequency
M = change in mass
h = hemispherical emittance

= emittance at wavelength
m = mass utilization ef� ciency

= angle from decelerator grid exit plane
i = Xe velocity

= re� ectance
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ce = charge exchange cross section
= transmittance

Introduction

A PPLICATION of ion propulsion devices for auxiliary pro-
pulsion raises concerns about unforeseen risks. The pri-

mary advantage of ion engine propulsion is a reduction in pro-
pulsion system wet mass for many missions, which can be
used to improve payload effectiveness, extend satellite life-
time, and/or reduce launch costs.1– 3 Other potential bene� ts
include reduced trip time for geosynchronous longitude shift-
ing, improved accuracy of spacecraft pointing and station-
keeping, and greater allowance for unanticipated maneuver-
ing.4 On the other hand, ion engines carry a higher risk than
several alternatives with lower performance speci� cations, be-
cause of more limited � ight experience.5

An ion thruster interacts with its host spacecraft and the
surrounding space plasma. The impingement of neutral and
ionized atoms originating from the thruster is the primary
means by which optical, thermal, and other properties of
spacecraft surface materials are modi� ed. Results of the pres-
ent study, which investigates the surface modi� cation for a
variety of materials in the thruster-induced environment, apply
speci� cally to the British T5 ion engine, but are of general
importance for the integration of electrostatic gridded ion en-
gines.

Spacecraft surface contamination is a critical issue that can
affect the performance of both the spacecraft and its payload.
Thruster-induced contamination has been an occasional prob-
lem even for chemical thruster systems, which are generally
less prone to these effects. NASA’s Long Duration Exposure
Facility (LDEF) exposed many different types of materials to
surface modi� cation effects in space on a platform designed
to accommodate technology, science, and applications experi-
ments measuring the effects of long-term exposure to the space
environment.6

A number of previous studies have examined the thruster
lifetime and spacecraft contamination issues associated with
mercury ion engines7,8 before the international changeover to
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Table 1 Exposure test parametersa

Day
Beam
hours

Hours at
Ib = 457 mA

Equilibrium
Iacc, mA

Equilibrium
Idec, mA

Equilibrium Va,
anode voltage

Hours at
Idec 1.2 mA

1 2.8 2.8 1.19 0.96 43.2 0.5
2 7.3 7.3 1.18 0.92 43.4– 44.0 0.4
3 11.6 11.6 1.16– 1.21 0.87– 0.92 43.5– 44.5 0.15b

4 12.6 12.4 1.16– 1.21 0.88– 0.91 43.4– 44.3 0.5
5 12.1 11.3c,d 1.14f

– 1.28e 0.86f
– 0.96 42.5e

– 44.6f 0.3
6g 7.6 7.2 1.16– 1.20 0.41h – 0.93 43.9– 44.4f 0.1
7 10.7 10.7 1.25– 1.32 0.46h

– 0.65 42.8– 43.6 0.0
a
Anode (discharge) current = 3.02 A, cathode keeper current = 0.5 A, cathode keeper voltage = 10.5 V, magnet current

= 150 mA, accel grid at 225 V, decel grid at 50 V, Vb = 1100 V, nominal m = 89 2%. Flow rates were measured
by rate of pressure rise in a known volume, with thruster off, to an accuracy of about 2%. All m values given in this
study neglect neutralizer � ow.
b
28-min delay between start of main discharge and beam.

c
Thruster was operated in the Ib = 420– 456-mA range for 0.8 h to control decel grid current.

d
During several hours of unsupervised operation, m climbed by several percent and beam extraction was lost for

nearly an hour.
e
The � ow rate was increased slightly after the event described in note c. During the cool evening hours the utilization

dropped further.
f
Estimated parameter.

g
Room temperature was as high as 30&C on this day because of lack of air conditioning, causing reduced propellant

� ow rate and a recycle event.
h
The decel current dropped dramatically toward the end of day 6; it remained low on day 7, it is not understood why

this occurred.

Fig. 1 Typical location of rotatable quartz crystal microbalance
and � xed-position materials samples with respect to the T5
thruster. The angle , given at several positions, is referenced to
a plane intersecting the centerpoint of the inwardly dished decel-
erator grid and perpendicular to the grid axis.

xenon propellant. Several � ight tests of mercury ion thrusters
have been conducted, of which the most important was the
SERT II experiment.9

Development of xenon ion engines has accelerated recently,
with several experimental and operational uses planned. Al-
though short-duration � ight operations involving xenon ion en-
gines have been conducted,10,11 the Hughes XIPS-13 engine is
the � rst gridded ion thruster to enter routine operational service
(1997).12

A 500-h test on a T5 xenon ion thruster, in two- and three-
grid con� gurations, found the erosion rate of the accelerator
grid to be the life-limiting component of the thruster.13,14 In
that study, witness plate deposits were analyzed and � xed
quartz crystal microbalance (QCM) measurements were made
during the test. Laser spectroscopic measurements of molyb-
denum atom density in the plume as a function of operating
point have been made for T515 and XIPS-1316 thrusters. Con-
tamination characteristics of a 30-cm xenon ion engine are
under investigation for the NSTAR spacecraft.

Experiments detailed in the present study17 were performed
to re-examine the interaction between thruster plume and sam-
ple spacecraft materials as a function of spatial coordinate.
Total mass deposition rates were measured using a QCM, and
emittance and absorptance property changes as well as surface-
layer elemental composition were determined following a con-
trolled exposure of 49 witness samples.

Test Con� guration
The test article was an engineering model British ion

thruster, designated T5 Mk3, operating on xenon propellant. A
� ight version incorporating several design improvements and
the necessary subsystems is known as the UK-10 ion propul-
sion system. The T5 was con� gured with a triple grid set of
similar design to that now slated for use on the Advanced
Relay and Technology Mission (ARTEMIS) but differing in
several important respects.18 Flight hardware was not available.
The decelerator grid had a thickness of 0.75 mm, and the ac-
celerator– decelerator separation was 1.0 mm at center, large
enough to lead to substantial direct impingement of beamlet
ions under some conditions. Screen grid and accelerator grid
thicknesses were 0.25 and 0.75 mm, respectively. Details of
the T5 design may be found elsewhere.19

Experimental testing was performed in a test chamber 5.5
m in length and 2.4 m in diameter. Two custom 1.2-m CVI
re-entrant cryopumps of combined 70,000-l/s pumping speed
on xenon hung inside the chamber, suspended from � anges.

During thruster operation at a nominal thrust level of 25 mN,
the chamber pressure was maintained at 2 10 6 torr.

Table 1 indicates the test parameters during a 65-h exposure
of spacecraft materials samples to the thruster environment.
The QCM measurements were obtained before and after the
sample exposure period.

Because of the marginal supply rate of liquid nitrogen to the
cryopump shrouds, chamber pressure as high as 2.7 10 6

torr occurred on some days after 8 h of continuous operation.
The thruster was mounted on a � xed stand in a side chamber
with the ion beam directed across the main chamber. All plume
measurements were taken at 54 cm distance from the decel-
erator grid centerpoint. Rotatable platform mounting of the
QCM permitted positioning over angular ranges = 8– 55 and
130– 165 deg, 54 cm downstream from the decelerator center.
Various spacecraft materials were stationed along the arc =
10– 50 deg, with additional samples stationed at the edge of
the engine plume � eld at 65 deg, and aft of the thruster at 40
deg (Fig. 1).

Mass Flux Measurements

Mass deposition rates measured as a function of plume co-
ordinate, ion beam current, vacuum chamber background pres-
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Table 2 Spacecraft materials samples exposed to the thruster environment

Solar absorbers:
(MH) MH21S/LOt black paint on 25-mm aluminum disk
(SC) Edmund Scienti� c SuperCellt Solar Cell, 2.5 6.2 cm
(K) Dupont Kaptont � lm, 0.05-mm on 25-mm aluminum disk

White paints:
(YB) YB-71/PS-7t white paint on 25-mm aluminum disk
(ZP3) Z93t white paint on 25-mm aluminum disk
(Z93P) Z93Pt white paint on 25-mm aluminum disk
(S13) S13GP/LO-1t white paint on 25-mm aluminum disk

Solar re� ectors (second-surface mirrors):
(CMX) indium-tin-oxide-(ITO-)coated CMX, 20 20 0.15 mm, Pilkington
(ST) silver te� on, FEP/Ag/Inconel, 0.13 mm on 25 mm aluminum disk
(OSR) fused silica optical solar re� ectors, 40 20 0.20 mm

Fig. 3 Sample holder assembly.

Fig. 2 Collimator ray-tracing diagram.

sure, and extraction grid voltages were accomplished with the
use of a collimated quartz crystal microbalance. The 15-MHz
QCM, supplied by QCM Research, had a mass sensitivity S
of 1.96 10 9 g/cm2-Hz, with exposed sense crystal and
shielded reference crystal mounted in a stainless-steel module.
The change in beat frequency between sense and reference
crystals is related to QCM signal output by the relation f =

M/SA.
The QCM was collimated to improve the precision of its

measurements. Data taken at high angles with respect to the
thruster axis could be affected by material sputtered from vac-
uum chamber walls. To reduce this as a possible source of
contamination, a 3.2 10.2 cm aluminum collimator, de-
signed for the 54-cm radial distance, was lined with tantalum
foil and attached to the QCM. The single-aperture collimator
was designed using ray tracing to view an area slightly larger
than the grids at = 90 deg (see Figs. 1 and 2).

Spacecraft Materials

To investigate the effects of the thruster plume on various
spacecraft materials, an array of samples was mounted about
the thruster. Constrained to positions similar to those where
QCM mass � ux measurements were taken, each sample-holder

assembly provided � ve collimated stations for exposure to the
thruster-induced environment, as shown in Fig. 3. Additional
samples were placed in regions not explored by the QCM, near
the core of the engine plume (65 deg), and aft of the grid plane
( 40 deg).

The samples were mounted between two aluminum plates,
with O-rings on either side to secure their positions in the
assembly without damage. The center position of each assem-
bly, station 3, was in the horizontal plane of QCM rotation
and of the thruster (containing the decelerator centerpoint).
Those materials on either end of the assembly, the top (station
1) or the bottom (station 5), were properly adjusted to maintain
their line of sight with the thruster. Samples placed in station
3 were 54 cm from the decelerator grid center. Samples placed
in stations 1 and 5 viewed the grid center from 9 deg off
the horizontal plane and 0.6 cm greater distance. Because of
the high radial symmetry observed in the T5 ion beam and the
small variation of viewing distance and viewing angle on the
station number of individual samples, the effect of the station
number on the sample environment was assumed to be insig-
ni� cant. Table 3 of Ref. 17 relates the position of each of the
samples within the witness plate assembly.

The 49 samples exposed to the engine plume were repre-
sentative of typical materials found on spacecraft. These ma-
terials may be divided into three groups: solar absorbers, white
paints, and solar re� ectors, as shown in Table 2, members of
each class having similar functions.

The CMX samples were cerium dioxide-doped borosilicate
glass with an indium– tin– oxide (ITO) conductive coating on
the front surface to reduce static buildup. Details of spacecraft
materials properties and functions may be found elsewhere.20

Procedure
Quartz Crystal Microbalance

Trial runs were made to determine an appropriate duration
for QCM bakeout prior to each day’s measurements and the
wait interval following repositioning from one viewing angle
to another. Although the QCM was designed to minimize tem-
perature effects, it was found that the QCM signal was clearly
dependent on the thermal characteristics of the object in view.
With grid voltages off, the equilibrium beat frequency varied
substantially for many minutes after the main discharge or neu-
tralizer was switched off and also when the viewing angle was
altered. To investigate the QCM response a number of mass
gain dependence vs location plots were generated at various
operating points. It was found that a 15-min time interval was
necessary for the QCM to reach stability after being reposi-
tioned. As seen in Fig. 4, a substantial drift in the QCM signal
is evident during this 15-min period. The pretest results were
used to block out regions of the data � le where mass � ux
measurements were likely to be affected by a change in set-
tings.

A typical QCM data run started with an initial 120-min pre-
test delay, to bakeout contaminants from the sense crystal at
80&C. This was followed by another 60-min delay, to drop the
unit’s temperature to 60&C and stabilize it for data collection.
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Fig. 4 Typical QCM settling behavior following repositioning.

Table 3 Pretest solar absorptance and
emittance measurements

Sample

s

Set A Set B Average

h

Set A Set C

Solar absorbers:
MH 0.968 0.970 0.969 0.827 0.828
SC 0.835 0.819 0.827 0.796 0.796
K 0.623 0.627 0.625 0.800 0.799

White paints:
YB 0.146 0.168 0.157 0.834 ——
Z93 0.128 0.129 0.129 0.867 ——
Z93P 0.127 0.146 0.137 0.865 ——
S13 0.216 0.213 0.215 0.844 0.847

Solar re� ectors:
CMX 0.102 0.098 0.100 0.773 ——
ST 0.069 0.072 0.071 0.748 0.749
OSR 0.063 0.066 0.065 0.760 ——

Table 4 Midtest solar absorptance analysisa

s

MH SC K S13 ST

Pretest 0.969 0.827 0.625 0.215 0.071
Midtest 0.969 0.812 0.664 0.210 0.075
a
Pretest � gures are average of set A and set B results; midtest

� gures are set C results.

A 15-min stabilization period accompanied each rotation of the
unit. This was followed by an interval of about 10 min, when
mass � ux measurements were obtained.

Pretest Sample Calibration

Measurements were also made on unexposed sample mate-
rials to indicate variations within the batch of each material.
Solar absorptance measurements were made on two sets of 10
samples, sets A and B, with a Perkin– Elmer Lambda 9 Spec-
trophotometer utilizing a wavelength range from 250 to 2500
nm. A small error in determination of the solar absorptivity
constant s can result from the limited wavelength range.

Realizing there was very little variation between sets A and
B of the test materials, as seen in Table 3, all remaining tests
were carried out on set A. However, a slight discrepancy was
noticed within the YB-71 and Z93P white paint samples, along
with the solar cell samples. The batch variations within the
white paints were attributed to surface damage and contami-
nation from the machining process necessary to cut each sam-
ple to the appropriate size for testing. The solar cell discrep-
ancy was attributed to the fact that the lot was military surplus,
without detailed speci� cations and, therefore, subject to vari-
ation between samples. Having the bene� t of two sets of mea-
surements, an average was taken to be the actual pretest solar
absorptance value for each of the materials.

Pretest emittance measurements were made on set A and an
additional limited number of materials, set C. Values of normal
emittance were determined using a Gier-Dunkle DB100 in-
frared re� ectometer.21 Hemispherical emittance values were
calculated directly from normal emittance values using the
theoretically and empirically derived correlation between
hemispherical and normal emittance.22 As seen in Table 3,
there is very little variation between sets A and C; therefore,
emittance pretest � gures from set A were used for all 49 sam-
ples.

Pretest x-ray photoelectron spectroscopy (XPS) measure-
ments of elemental surface composition were made on all sam-
ples from set A, excluding the solar cell, which was too large
for introduction into the XPS analysis instrument.

Midtest Vacuum Exposure

Sample set C (consisting of MH, SC, K, S13, and ST), was
introduced to the vacuum chamber to measure possible con-
tamination effects from the chamber. All � ve samples were
mounted in a sample holder (see Fig. 3) without collimators,
during chamber pump-down, and left under cryopump vacuum
( 2 10 7 torr) for approximately 46 h. Solar absorptance
and XPS measurements were then made on all samples, ex-
cluding the solar cell.

Pretest absorptance and XPS measurements were not ob-
tained for sample set C. The midtest results from set C were
therefore compared with pretest results obtained from sets A
and B.

Averaged set A and B pretest measurements of solar ab-
sorptance were compared with similar measurements on set C
after exposure to the vacuum environment (see Table 4).

All midtest solar absorptance � gures were consistent with
pretest results to within experimental error and expected sam-
ple variation, except for the Kapton � lm. XPS pretest results
for set A (XPS pretest analysis was not performed on set B)
and midtest results for set C were obtained (see Table 6 of
Ref. 17). The Kapton results were again anomalous, with low
concentrations of Cl, Na, and S showing up in the midtest
sample. Because other samples did not show comparable con-
tamination, it is believed that the vacuum exposure was not
the source of these contaminants. The difference in S13GP/
LO pretest and midtest XPS results can probably be attributed
to the variation in the pigment-to-binder ratio between sam-
ples.

Duration Test

All samples were exposed to the ion thruster plume during
normal beam extraction at a nominal 25-mN thrust level, for
65 h (see Table 1 for operating parameters). Because of a tech-
nical dif� culty, QCM data collection could not be performed
during the 65-h sample exposure period, and in any case would
have been limited to the 130- to 165-deg range.

Posttest Analysis

Following the duration test all samples were removed from
their holders and underwent analysis to determine absorptance,
emittance, and elemental surface composition. These samples
were exposed to the atmosphere for up to 1 week prior to the
conclusion of analytical testing. Each solar cell was truncated
to obtain a sample size suitable for the XPS instrument.

Results and Discussion
Mass Flux Measurements

Two series of mass � ux QCM measurements were taken,
separated by approximately 400 beam hours on the screen,
accelerator, and decelerator grids, accumulated at widely vary-
ing operating points. The decelerator grid was the same one
used in a prior 500-h triple grid lifetest.13 The screen and ac-
celerator grids, also operated previously, had a different history
than the decelerator grid. They were operated over a range of
operating points, with most of the elapsed time at a nominal
25-mN, 80– 85% propellant mass utilization.
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Fig. 5 Angular dependence of deposition rate measured by QCM
for various beam current settings (F = 611-mA equivalent, Vacc =

225 V, Vdec = 50 V, Vb = 1100 V).

Fig. 6 Dependence of QCM signal, accelerator and decelerator
grid currents on background pressure ( = 40 deg, Ib = 457 mA,
Vb = 1200 V, Vacc = 225 V, Vdec = 50 V, m= 75%).

The 500-h lifetest results had indicated a very large decrease
of QCM deposition and grid erosion rates with accumulated
beam time. These rates were an order of magnitude lower at
the conclusion of the lifetest than at the beginning.13 Because
the decelerator grid had been aligned and attached to the
screen/accelerator grid assembly less than 50 beam hours prior
to the start of our QCM testing, it was of value to measure
and compare deposition rates, before and after a long interval,
because of the possibility of ion machining.

The measurements investigated mass deposition rates as a
function of angular coordinate, ion beam current, and extrac-
tion grid voltages. For historical reasons, the propellant mass
utilization � gures were quite different for the two series.

The � rst series of measurements was taken on the port side
of the plume, and the second was taken on the starboard side
(see Fig. 1) after the additional 400 h of accumulated beam
time. Figure 5 shows a peak in mass deposition rate at about

= 45 deg, regardless of beam current level. At 50 deg,
QCM output was anomalous, exhibiting sudden frequency
jumps during repositioning and the data acquisition period.
This behavior was caused by the impingement of beam ions
at extremely low � ux levels relative to beam centerline. At

40 deg ( = 50 and 140 deg) from the beam axis the beam
ion � ux is down by a factor of about 5 10 5 for the 25-mN
operating point.23 The deposition � ux at these angles corre-
sponds to 4 1011 atoms cm 2 s 1, assuming the mass deposit
is entirely molybdenum. The ion � ux, after applying the ap-
proximate inverse square correction for distance, is roughly 8

1011 cm 2 s 1 for a similar operating point. With a sputter
yield of about 1 molybdenum atom/xenon ion at Vb = 1100
V,24 erosion and deposition rates are comparable. The beam
ion � ux varies by more than an order of magnitude per 10-
deg rotation in either direction, and varies with the operating
point. The erosion rate is therefore dramatically lower at 50
deg off the beam axis than at 40 deg. Independent mea-
surements of molybdenum density in the plume indicate it does
not have a sharp angular dependence from 0 to 45 deg off-
axis.15 The expected distribution is a cosine function.25 As a
result, surface erosion strongly dominates for = 60– 90 deg,
whereas the deposition is dominant for 50 deg in Fig. 5.

For beam current levels in the 200– 300-mA range, deposi-
tion rates were considerably higher. The total charge exchange
ion production rate can be estimated from

j = n n dV (1)ce 0 i i ce

where multiply charged ions have been ignored. Substantial
variation of ni and particularly n0 occurs with spatial coordi-
nate, i varies in the intergrid region, and ce is energy depen-
dent. In the simplest picture, the maximum value of jce will
occur at about 50% propellant mass utilization at a given F

and i, because the product of the average values of ni and n0

is highest for that operating point. 50% utilization corresponds
to 305 mA for the data of Fig. 5. The maximum deposition
rate actually occurred at a beam current of approximately 80
mA. This large discrepancy is believed to be a result of a
defocusing effect associated with the ion extraction process at
low beam currents. Analysis of the ion trajectories using a
numerical modeling code,26 high observed Idec (2.5 mA) at Ib

= 80 mA, and the plume density of sputtered molybdenum,
directly measured over a wide range of beam current at con-
stant F,15 are all consistent with a direct impingement (DI)
effect on the decelerator grid because of beamlet defocusing.
Direct decelerator impingement would chamfer the down-
stream end of the aperture barrel, biasing the measured mass
gain curve in Fig. 5 toward lower as observed for Ib = 230
and 490 mA.

The effect of beam voltage and vacuum chamber back-
ground pressure on the QCM signal at m 75% was ex-
plored. The background pressure was elevated by bleeding xe-
non directly into the vacuum chamber. An ion gauge, known
to have absolute accuracy better than 30% on nitrogen, was
corrected for xenon sensitivity. Figure 6 shows that the effect
of background pressure was rather small up to 15 10 6 torr,
with only a slight increase in the QCM signal. The rapid rise
in decelerator current and relatively � at accelerator current was
expected.27 The sputter yield of molybdenum at 50-eV impact
energy is very small, and triple-grid systems can operate with
reduced accelerator and total grid erosion relative to twin-grid
systems.

It was found that Idec was a strong increasing function of Ib

in the 420- to 457-mA range (23- to 25-mN nominal thrust).
At about 450-mA beam current, an increase in beam voltage
from 1100 to 1200 V had little effect on accelerator grid cur-
rent but it did have a dramatic effect on decelerator current.
At Vb = 1100 V, the onset of direct decelerator impingement
occurred at about 450 mA. Decel current above 10 mA was
observed for Ib 500 mA. The elevated beam voltage was
able to raise the onset of decelerator grid DI by about 40 mA.
The threshold Ib associated with DI also increased with accu-
mulated beam hours. After an additional 400 h of beam time,
Ib = 457 mA at Vb = 1100 V was just above the threshold at
normal operating temperature. A higher Idec level was still ob-
served during the 65-h test for more than 30 min after each
start of beam extraction. A longer warm-up period with main
discharge on but without the application of ion extraction volt-
ages reduced the duration of high DI effects following beam
turn-on.
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Fig. 8 Observed QCM mass deposition rate as a function of pro-
pellant mass utilization ( m), at 400-h point (series 2), ( = 40 deg,
IB = 457 mA, Vb = 1100 V, Vacc = 225 V, Vdec = 50 V).

Fig. 7 Observed QCM mass deposition rate as a function of grid-
extraction voltages [ = 40 deg, Ib = 457 mA, Vb = 1200 V and m

= 72% at start of test (series 1); 1100 V and 90% at 400-h point
(series 2), Vacc = 225 V, Vdec = 50 V].

The effect of extraction voltages on mass deposition rates
was explored at the start of QCM testing and after 400 h of
accumulated beam time. Vb and m differ in the two cases, but
Ib was the same. Both data series show that an increase in
absolute value of the decelerator grid voltage produces a small
increase in deposition rate. This is accompanied in most cases
by a substantial decrease in accelerator current and an increase
in decelerator current (for example, in one case Iacc/Idec = 1.74/
1.27 mA at Vacc = 300/Vdec = 0 became 1.56/1.36 mA when
Vdec was reset to 50). Because of a high redeposition factor
for accelerator grids, decelerator current at a given impinge-
ment energy will produce considerably higher QCM mass
gain. The decelerator voltage may in� uence the relative im-
pingement probability on accelerator and decelerator grids of
high-energy charge exchange ions formed in the intergrid re-
gion. While the Vdec = 0 operating point produces slightly less
deposition material at spacecraft surfaces, the effect on accel-
erator grid lifetime is presumably negative because the grid
current is higher.

The upper series of Fig. 7 clearly shows sharp increases in
the deposition rate with an increasing absolute value of accel-
erator grid voltage. There is a dramatic difference in deposition
rate jdr dependence on accelerator grid voltage for the two data
sets. The propellant mass utilization m was about 72% for the
� rst (upper) series of QCM measurements in Fig. 7 and about
90% for the second. For a constant beam current, Eq. (1) pre-
dicts a deposition rate (1 m)/ m, corresponding to a ratio
of 3.5 between these cases if charge exchange erosion domi-
nates. Dividing the series 1 curves in Fig. 7 by this factor,
reasonable agreement is obtained for Vacc = 400 and 300,
and a substantial discrepancy for Vacc = 225 (2.3 10 11 vs
1.2 10 11 g cm 2 s 1). Examination of the grid currents
indicates puzzling results, however, even for Vacc = 400. For
the Vacc = 400, Vdec = 0 case, Iacc and Idec were 1.82 and 1.33
mA, and 1.34 and 0.77 mA, respectively, for the low- and
high-utilization � gures. If the energy distribution of charge
exchange ions was the same in the two cases and charge
exchange erosion of the accelerator grid dominates the QCM
mass gain, a ratio of about 4 between measured accelerator
currents would have been expected at the two utilization � g-
ures. Complications include 1) DI effects (impingement at
beam energies where a perveance limit has been reached), 2)
the contribution to an observed QCM mass gain of molybde-
num atoms derived from the screen grid and plume iron atoms
from the thruster interior (see next section), 3) variation of
impingement location and energy distribution on grid surfaces
with m, and 4) the ion impingement contribution to the ob-
served grid currents from processes independent of charge
exchange (PIC ions) below the grid perveance limit. It does

not appear that items (1) and (2) provide a complete expla-
nation in this particular example. Iron accounts for only 5

10 12 g cm 2 s 1. Screen grid erosion also cannot provide
an adequate explanation. As suggested by Fig. 6, charge
exchange with background gas from the facility effect contrib-
utes little under normal operating conditions. Signi� cant PIC
or DI contributions would mean that 3 is an important factor.
Also, in a ground test facility the ratio of charge exchange ions
formed in the plume to those produced in the intergrid region
depends on m.

While the dependence of jdr on accelerator grid voltage is
reasonable in the low m case according to known sputter
yields, the high m case has the 225-V deposition rate above
both 300- and 400-V rates. The implication is that decel-
erator DI effects are very signi� cant when Vacc = 225 V and
Vb = 1100 V at a nominal 25-mN thrust level. As a result, a
properly designed grid set may be expected to achieve a plume
deposition rate reduced by some 50% at a 25 mN, m 90%,
Vacc = 225 V, Vdec = 50 V, Vb = 1100 V operating point,
with further gains at lower beam voltage, as a result of a re-
duction in decelerator direct impingement. It was predicted in
Ref. 17 that without DI effects on the decelerator, the QCM
would have gained mass at the rate of about 1.8 10 11 g
cm 2 s 1 at this operating point (including the contribution
from iron), about half the observed rate. Newly designed grids
employing straightforward improvements have been fabricated
and tested.28 The new test results show that this prediction was
valid.

A substantial dependence of beamlet divergence on accel-
erator voltage was found in trajectory simulations, which was
consistent with an increased DI effect for the Vacc = 225 V,
Vb = 1100 V case, relative to the other operating points. Te-
lemicroscopy data for the twin-grid con� guration indicate that
the grid spacing decreases with time when the ion beam is
initially switched on,29 consistent with the observed reduction
in DI current. The grid system design, with a thick decelerator
spaced far from the accelerator grid, caused the decelerator
perveance limit to be reached at a beam current substantially
below the corresponding accelerator limit.

The dependence of jdr on m at the 400-h point is shown in
Fig. 8. The rate becomes about 5.5 10 11 g cm 2 s 1 upon
extrapolation to m = 72%. Comparison with the operating
points of Fig. 7 at both low and high m indicates good agree-
ment even where data are separated by 400 h of operation. It
is concluded that the effect of the additional 400 h of grid
wear on the deposition rate ( jdr) variation with accelerator volt-
age was relatively minor. The DI effect was more obvious at
the higher m because of a much lower grid erosion rate by
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Fig. 9 a) Solar absorptance of exposed materials as a function of and b) emittance of exposed materials as a function of .

charge exchange ions, which resulted in a higher percentage of
depositing molybdenum associated with direct impingement.

Spacecraft Materials Modi� cation

After being exposed to the thruster-induced environment for
65 h at the operating conditions of Table 1, all 49 samples
were subjected to an array of posttests, which included solar
absorptance, XPS, and emittance measurements. The following
relations describe fundamental relationships between materials
properties examined in this study:

= 1 (2a)

= (2b)

For each sample, the transmittance is essentially zero, so that
= 1, and = 1 . Absorptance and emittance � gures

for the 49 samples do not add to unity because these properties
apply to different wavelength intervals; absorptance applies to
the solar radiance wavelength interval, and emittance applies
to the infrared wavelength interval within which the materials
emit over the normal range of spacecraft temperatures. The
ratio of solar absorptance to emittance is critical in determining
spacecraft surface temperature.

One of the most obvious conclusions to be drawn from Fig.
9 and Table 5 is that materials with low or high initial absorp-
tance or emittance tend to gravitate toward � gures in the mid-
range upon exposure to the ion thruster depositional environ-
ment ( = 10– 50 deg). The properties of some materials in the
erosional environment (for example, = 65 deg, where erosion
rate dominates deposition rate), however, will remain virtually
unchanged because of the sputter cleaning by high-velocity
ions. Examples of the latter are CMX, optical solar re� ector
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Table 5 Posttest solar absorptance and emittance measurementsa

, deg Property

Sample

Solar absorbers

MH SC K

White paints

YB Z93 Z93P S13

Solar re� ectors

CMX ST OSR

Pretest
s 0.969 0.827 0.625 0.157 0.129 0.137 0.215 0.100 0.071 0.065
h 0.827 0.796 0.800 0.834 0.867 0.865 0.844 0.773 0.748 0.760

40&

s 0.961 0.799 0.665 —— —— —— 0.218 —— 0.083 ——
h 0.822 0.792 0.802 —— —— —— 0.841 —— 0.745 ——

10
s —— 0.804 0.653 —— —— —— —— 0.170 0.110 0.181
h —— 0.792 0.805 —— —— —— —— 0.765 0.744 0.754

15
s 0.956 —— —— 0.208 0.187 0.185 0.267 —— —— ——
h 0.826 —— —— 0.831 0.859 0.856 0.845 —— —— ——

25
s 0.950 —— —— —— 0.651 0.294 0.343 —— —— ——
h 0.830 —— —— —— 0.857 0.847 0.848 —— —— ——

30
s —— 0.726 0.683 —— —— —— —— 0.591 0.625 0.608
h —— 0.710 0.721 —— —— —— —— 0.685 0.740 0.699

35
s 0.921 —— —— 0.473 0.695 0.379 0.586 —— —— ——
h 0.828 —— —— 0.834 0.857 0.840 0.846 —— —— ——

40
s —— 0.670 0.635 —— —— —— —— 0.575 0.640 0.591
h —— 0.654 0.662 —— —— —— —— 0.614 0.711 0.640

45
s 0.778 —— —— 0.196 0.638 0.188 0.717 —— —— ——
h 0.744 —— —— 0.829 0.858 0.855 0.747 —— —— ——

50
s —— 0.629 0.615 —— —— —— —— 0.572 0.668 0.579
h —— 0.589 0.622 —— —— —— —— 0.582 0.694 0.582

65
s —— 0.799 0.643 —— —— —— —— 0.100 0.599 0.067
h —— 0.793 0.795 —— —— —— —— 0.773 0.696 0.798

a
Pretest results shown for comparison.

(OSR), and perhaps to a lesser degree, the solar cells and Kap-
ton. The solar cells originally had a multilayer antire� ection
coating, which would eventually be lost in an erosional envi-
ronment. An obvious clustering of posttest absorptance � gures
in the 0.65 0.1 region occurs for = 30– 50 deg. There are
clearly exceptions to these behavior patterns, however.

The division of materials into solar absorber, solar re� ector,
and white paint classi� cations is a natural one, based on ab-
sorptance and emittance properties. The solar re� ectors CMX
and OSR, for example, show nearly identical behavior with
respect to both absorptance and emittance. Their behavior with
respect to emittance is also similar to that of Kapton and the
solar cells. This is not the case with respect to absorptance,
probably because of the large difference in initial value for the
low-absorptance CMX and OSR vs the high-absorptance Kap-
ton and solar cells.

The paints are the most complex materials from a chemical
standpoint.30,31 The white paints YB71, Z93, and Z93P have a
potassium-silicate binder, whereas S13GP/LO-1 and MH21S/
LO have an elastic methyl-silicone binder that makes the paint
much more � exible and less susceptible to cracking. The white
paints YB71 and Z93P show very similar behavior with respect
to absorptance and emittance at all angles; Z93P, the less ex-
pensive paint, is slightly better despite the fact that different
pigments are involved: YB71 uses zinc ortho-titanate pigment
(Zn2TiO4) and Z93P uses ZnO.

Each paint designated with a P uses a slightly different po-
tassium-silicate formulation because of the production shut-
down of the original supplier. For example, Z93P is a rec-
ommended successor to Z93, with all aspects of their
manufacturing process as identical as possible, except for the
starting potassium-silicate material. The S13GP/LO-1 paint

still uses a methyl-silicone binder, but the ZnO pigment is
encapsulated in the new potassium-silicate formulation.

Dramatically different behavior was found between Z93 and
Z93P, despite the nearly identical composition. The XPS re-
sults for these samples, discussed later, only make their con-
trasting behavior more mysterious. Because Z93 and Z93P
were placed at adjacent stations in the sample holders, with
the same angle , they should have experienced similar envi-
ronments.

From the standpoint of smallest , YB71 and Z93P
showed better performance than Z93 and S13GP/LO-1. The
properties of the latter paints were highly degraded, except for
Z93 emittance, which was very stable.

Concerning emittance, much smaller effects were deter-
mined in the posttest analyses. Figure 9 and Table 5 show that
the white paints had a very small , except for S13 at 45
deg, retaining their very high emittance � gures. The solar re-
� ectors and absorbers, which had a slightly lower starting
emittance, exhibited a larger . For every sample of set A,
the posttest emittance was lower than the pretest � gure. The
QCM data of Fig. 5 indicate that the paint samples of set A,
which were stationed at 45 deg, would have experienced a
somewhat higher � ux (the station number is considered to be
insigni� cant, as already discussed) than the other set A mate-
rials located at 40 deg. The magnitudes of run counter to
the trend expected on the basis of � ux to the samples, indi-
cating that a material-dependent effect is likely involved. If
there are indeed material-dependent effects, the paint samples
might be expected to exhibit the widest variability because of
their chemical complexity. There is a very large change in S13
and Z93 s � gures, and a much smaller s for YB71 and
Z93P.
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Table 8 Solar re� ectorsa

Atom

CMX (Indium– tin – oxide coated)

Pre 10 30 40 50 65

Silver Te� on

Pre 40 10 30 40 50 65

Optical solar re� ector

Pre 10 30 40 50 65

C 22 39 22 24 31 20 27 35 45 32 27 37 29 13 33 22 20 28 18
O 49 45 55 53 46 47 0.4 16 34 45 49 42 7.1 59 47 56 56 51 54
Si 0.6 2.1 2.9 1.4 —— 9.6 1.1 2.0 2.5 1.5 —— —— 28 2.9 2.9 2.0 0.5 16
In 25 —— —— —— —— —— —— —— —— —— —— —— —— —— —— —— —— —— ——
Cu 2.6 —— —— —— —— —— —— —— —— —— —— —— —— —— —— —— —— —— ——
Ag 0.7 —— —— —— 0.2 —— —— —— —— —— —— —— 0.7 —— —— —— —— —— ——
Mo —— 6.3 12 13 16 2.5 —— 0.1 4.4 9.9 11 14 1.1 —— 6.8 12 12 14 3.1
Fe —— 4.6 4.8 4.5 5.2 0.9 —— —— 3.9 4.2 4.7 3.6 —— —— 5.3 3.8 4.1 5.2 1.1
Ni —— 0.4 0.3 2.5 1.2 —— —— —— 0.5 0.2 0.7 0.5 —— —— 0.9 0.3 0.6 —— ——
Cr —— 0.7 0.3 0.4 —— —— —— —— 0.4 0.2 0.2 —— —— —— 0.7 0.5 0.4 —— ——
Ta —— —— —— —— —— 2.1 —— —— —— —— —— —— 1.0 —— —— —— —— —— 3.0
Al —— 1.3 2.4 2.4 0.8 3.1 —— 13 1.7 1.6 1.8 0.6 0.6 —— 1.8 1.7 3.8 1.3 2.9
F —— 0.9 —— 1.1 —— —— 72 33 8.9 4.3 4.6 3.2 58 —— 1.0 0.6 0.8 —— 0.9
a
Posttest XPS surface atom percent composition (normalized at indicated values of ). Pretest � gures are given for comparison.

Table 7 White paintsa

Atom

YB-71/PS-7

Pre 15 35 45

Z93

Pre 15 25 35 45

Z93P

Pre 15 25 35 45

S13GP/LO-1

Pre 40 15 25 35 45

C 21 71 52 31 13 27 21 20 26 16 67 68 70 24 50 55 62 58 52 30

O 54 22 33 44 61 49 54 53 49 58 25 24 26 48 31 28 27 29 33 46
Si 8.4 2.6 5.9 11 13 12 13 13 12 14 2.6 0.8 0.7 13 19 15 8.7 11 10 6.6
K 10 4.1 7.0 10 6.0 8.8 9.3 9.5 9.3 7.3 5.3 5.1 0.4 10 —— —— —— —— —— ——
Zn 1.9 —— 0.1 0.5 7.0 —— —— 0.2 1.3 4.3 —— —— —— 1.4 —— —— —— —— —— ——
Ti 1.9 —— —— 0.2 —— —— —— —— —— —— —— —— —— —— —— —— —— —— —— ——
S 2.0 —— 0.3 0.3 —— —— —— —— —— —— —— —— —— —— —— —— —— —— —— ——
Mo —— 0.1 0.5 1.0 —— 0.4 1.1 1.5 —— —— 0.5 1.1 2.5 0.7 —— —— 1.0 1.3 3.3 12
Fe —— 0.3 0.6 1.0 —— 1.6 1.8 2.0 1.9 —— 0.3 0.1 0.6 1.0 —— —— —— —— —— 3.7
Al —— 0.1 0.4 0.5 —— 0.8 0.5 0.4 0.2 —— 0.2 —— 0.3 —— —— —— —— —— —— 1.3
a
Posttest XPS surface atom percent composition (normalized at indicated values of ). Pretest � gures are given for comparison.

Table 6 Solar absorbersa

Atom

MH21S/LO

Pre 40 15 25 35 45

Solar cell

Preb 40 10 30 40 50 65

Kapton

Pre 40 10 30 40 50 65

C 49 57 61 46 46 34 —— 45 43 31 30 32 26 74 45 43 32 26 32 50
O 28 27 26 37 36 43 —— 36 41 48 44 46 41 20 37 42 49 54 45 30
Si 23 8.7 11 12 12 9.6 —— 1.9 4.8 3.3 2.5 0.6 6.9 —— 0.6 2.2 3.1 1.9 0.8 0.3
Mo —— 0.1 1.4 4.1 4.6 8.9 —— 0.1 4.8 11 14 13 4.1 —— 0.1 4.8 10 9.3 14 3.4
Fe —— —— 0.4 1.1 1.2 2.5 —— 0.2 4.1 4.0 5.0 5.2 1.1 —— 0.1 4.0 3.6 4.5 5.2 1.3
Ni —— —— —— —— —— —— —— —— 0.4 0.3 0.2 0.7 —— —— —— 0.6 0.2 0.3 0.5 ——
Cr —— —— —— —— —— —— —— —— 0.4 0.4 0.7 0.3 —— —— —— 1.0 0.3 0.4 0.3 ——
F —— —— —— —— —— —— —— 0.4 0.5 0.8 0.9 0.5 8.1 —— 0.3 0.8 0.4 —— 0.5 2.3
Al —— 7.4 —— —— 0.3 1.8 —— 16 0.9 1.7 2.9 1.5 2.0 —— 16 1.5 1.5 3.8 1.9 4.7
Mg —— —— —— —— —— —— —— 0.3 —— —— —— —— 5.8 —— —— —— —— —— —— ——
Ta —— —— —— —— —— —— —— —— —— —— —— —— 3.9 —— —— —— —— —— —— 2.9
N —— —— —— —— —— —— —— —— —— —— —— —— —— 6.4 0.6 —— —— —— —— ——
a
Posttest XPS surface atom percent composition (normalized at indicated values of ). Pretest � gures are given for comparison.

b
No pretest analysis, solar cells were too large for introduction into XPS. Cells were broken for postanalysis.

Of the � ve materials tested at = 65 deg, all were closer to
their initial absorptance and emittance properties than the same
samples at 45 or 50 deg, in spite of the deposition of sputtered
Ta and Al from the collimator (see Tables 6 – 8). CMX was
completely unchanged to within measurement uncertainty de-
spite the complete loss of its ITO coating; OSR, Kapton, and
the solar cell absorptance and emittance were very close to
pretest values. However, the silver Te� ont was markedly dif-
ferent, particularly with respect to absorptance. The explana-
tion for this, presumably, is that the Te� on side (the side ex-
posed to the environment) is chemically altered by the
1100-eV ion impingement. A previous study found that 1-kV
Ar impingement textures the surface and can alter the prop-
erties of Te� on and Kapton, particularly the solar absorptance
of the latter, at dosages 1018 ions/cm2.32 The relatively small
change in Kapton solar absorptance in the present study may
be partly a result of the much higher starting absorptance of

this uncoated Kapton sample than the metal-backed � lm of the
previous study.

It is interesting to note that each of the white paints shows
the same trend toward restoration of initial property values for

= 35– 45 deg, despite the higher molybdenum atom impinge-
ment rate at the higher angle (the black paint MH21S/LO does
not show the same trend). This may be an indication that the
ratio of metal atom sticking coef� cient to sputter yield is con-
siderably lower for the white paints than for other materials
that acted essentially as sputter monitors. The impingement
rate of 1100-eV xenon ions at = 50 deg has already been
discussed. The relative impingement rate at 35 and 45 deg
might well explain the trend in question. Like Te� on, the
paints may be chemically altered by the Xe impingement, but
surface cleaning will occur as well. It is unfortunate that no
test of paint materials was conducted at = 65 deg. A prior
experiment involving a mercury-ion thruster did expose paint
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Fig. 10 Molybdenum atom abundance on the surface of exposed
materials, as a function of .

samples to a high beam-ion � ux.33 Negligible change in emit-
tance was found, but absorptance was highly degraded above
a threshold � uence of 1017 ions/cm2. While this is about the
same � uence of 1100-eV ions achieved at = 50 deg in the
65-h test, xenon and mercury ions will probably affect paint
properties to a signi� cantly different extent. The � uence of
charge exchange ions formed in the ion beam was higher, for
most samples, than the � uence of beam ions. Because of the
low energy, however, these ions would have much less effect
per particle.

Tables 6– 8 give the pre- and posttest XPS analysis results
obtained for the various samples. Some of the materials func-
tion quite well as sputter monitors, collecting all impingement
particles on the surface with minimal chemical effects. CMX,
OSR, Kapton, solar cells, and silver Te� on belong to this class
of materials. The second major class exhibits a strong depen-
dence of surface-layer elemental composition on substrate in
the posttest XPS results. The paints Z93, Z93P, and YB71P
belong to this class (group I paints). The paints MH21S/LO
and S13GP/LO-1 (group II paints) have simpler pretest and
posttest chemical compositions. While group I XPS results in-
dicate little contribution to posttest surface-layer composition
derived from the thruster (molybdenum and iron being the
dominant thruster ef� ux), group II results are much more sim-
ilar to the sputter monitor results. The difference in the behav-
ior of the three types of materials is evident in Fig. 10 and
Tables 5 – 8. Even at the rather high molybdenum and iron � ux
rates in the = 30– 50-deg range, group I paints manage to
limit the concentration of these atoms in the surface layer to
a low level. The visible appearance of the majority of material
samples changed as a result of the 65-h test (see photograph
in Ref. 17).

Group I and II paints are chemically quite different.30,31

Group I paints use a potassium-silicate binder, and have a high
porosity (about 50%). Group II paints use an elastic binder,
methyl silicone, and contain only carbon, oxygen, and silicon;
whereas group I paints contain potassium and zinc but no car-
bon, plus titanium and sulfur in the case of YB71P. The two
paints using the elastic binder acquire a posttest molybdenum
surface atom concentration at = 45 deg of roughly similar
magnitude to the sputter monitors, in contrast to the paints with

potassium-silicate binder. One possible explanation is that the
elastic binder absorbs impingement energy more readily and,
consequently, has a signi� cantly lower sputtering yield and/or
a higher sticking coef� cient.

The effects of atmospheric contamination before the 65-h
test and during the interval between posttest sample removal
and the performance of absorptance and emittance measure-
ments create an element of uncertainty. Clean metals will com-
monly acquire a substantial surface layer containing hydrocar-
bons in abundance. Passivation occurs when the � lm is
typically 15– 20 Aë thick. It is clear from the XPS results that
substantial amounts of carbon are acquired by the samples (hy-
drogen is virtually invisible to XPS). For the sputter monitors,
as well as MH21 and S13, the molybdenum– iron deposit from
the thruster at = 40– 50 deg is deep enough (greater than 50
Aë ) that very little signal contribution is obtained from the un-
derlying substrate. These samples have surface atom percent-
ages of about 30, 45, and 14 for carbon, oxygen, and molyb-
denum, respectively. The vast majority of carbon atom sig-
nal presumably comes from the top 20 Aë . For = 10 and

40 deg, the carbon percentage is considerably higher because
of the contribution from the underlying substrate.

Of the � ve materials tested at = 40 deg, all showed very
small or negligible changes in absorptance and emittance. The
XPS analysis indicated the presence of substantial levels of
aluminum (from the beam stop) on all samples with the ex-
ception of the only white paint tested at 40 deg, S13GP/LO-1.
S13 and the other paint tested at this angle, MH21, showed no
measurable property changes. It is believed that the small del-
tas in absorptance and emittance observed at = 40 deg for
Kapton, silver Te� on, and the solar cell were a result of the
deposit of aluminum from the beam stop. Contamination was
inevitable on part of each sample, despite the collimation used,
because of the sample positioning behind the thruster with a
partial view of downstream surfaces.

Aluminum was also found on most samples positioned at
= 10– 40 deg. It is believed this was a result of the deposition
of sputtered Al from the beamstop on thruster grids followed
by resputtering and deposition on the collimated samples.

The vast majority of paint samples showed an increase in
carbon surface atom percentage after the 65-h test. The excep-
tions were the elastic binder paints, MH21 and S13, at the
higher values of , where a substantial layer of molybdenum
had collected. For these samples, the XPS signal is primarily
a result of the metal deposit and an atmospheric hydrocarbon
adsorption layer, just as for the sputter monitors (Z93, Z93P,
and YB71 pretest samples did not have a metallic deposit layer
or internal carbon. Nevertheless, XPS analysis indicated 13,
16, and 21% surface carbon atoms, respectively, from adsorbed
atmospheric species). MH21 and S13 at the lower values of
showed small increases over the pretest levels of about 50%.
Two paints, Z93P and YB-71, showed a dramatic increase in
carbon surface atom percentage from a low pretest value (for
example, the Z93P posttest percentage was about 70 at = 15,
25, and 35 deg with a pretest value of 16%). This effect was
accompanied by a large decrease in K and Si surface abun-
dance, and an increase in the K:Si ratio. The ratio increased
slightly for the other paint with potassium silicate binder, Z93,
with an increase in K surface abundance. A similar trend in
the K:Si ratio has been observed in a study of uv/electron
irradiation of these paints.31 It was postulated that K ions
migrate to the negatively charged test sample surface, aided
by surface heating. The same explanation can be applied in
the present case, where negative surface charges and localized
surface heating can also be expected. The irradiation study
established that substantial batch dependence occurs regarding
response to uv/electron impingement. The Z93 posttest anal-
ysis of that study showed similar trends to the present posttest
analysis of Z93P. It was suggested that low levels of organic
impurities might exist in the paints that extract pigment oxygen
during irradiation, thereby darkening the paint, and that the
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increase in surface carbon probably resulted from the cracking
of adsorbed molecules under the uv/electron � ux.

It is noteworthy that the two paints showing large increases
in carbon atom surface abundance, Z93P and YB-71/PS-7, use
the new and old silicate formulations, respectively. Because
Z93 exhibited very different behavior with respect to carbon
abundance, and like YB71 uses the older formulation, the sil-
icate can be eliminated as a source of explanation. Zinc abun-
dance decreased dramatically for all three paints, starting from
a rather low initial level, suggesting that zinc is also not re-
sponsible for the high carbon phenomenon.

The observed Z93P and YB71 low results are consistent
with the growth of a high carbon � lm on top of the paint
substrate. A plausible scenario is the following: the initial layer
of adsorbed atmospheric hydrocarbon material becomes chem-
ically active upon exposure to 0- to 10-eV charge-exchange
Xe and somewhat more energetic molybdenum and iron atom
impingement. The free radicals and ions that formed react with
impinging molecules containing carbon, hydrogen, and/or oxy-
gen, most of which are produced by the 1100-eV Xe bom-
bardment of the aquadag-coated beam stop (the abundant pres-
ence of H2, H2O, CO, and CO2 is routinely observed in the
vacuum chamber by residual gas analysis during thruster op-
eration). Under these conditions a carbon-rich � lm can grow.
Because roughly 80% of the XPS signal comes from the upper
50 Aë , a layer of this thickness will dramatically lower the
measured surface atom percentage of substrate atoms Si, K,
Zn, etc. Some of the small, positively charged potassium atoms
migrate far enough toward the surface to substantially increase
the XPS K:Si ratio. Carbon-rich � lms do not grow at = 45
deg, because the high sputter rate for 1100-eV Xe � ux is high
enough to prevent � lm growth and even remove the initial
� lm. Film growth may be very sensitive to factors such as
sample handling history. As a result, virtually identical samples
with slightly different histories could produce widely varying
results. Because of the relatively low surface-binding energies
of paints and hydrocarbon deposits as compared to metals, the
sputter yield will be considerably higher than for metals, mak-
ing the transition from net deposition to net erosion occur at
lower . While the preceding scenario seems reasonable, it
leaves a number of questions unanswered.

Deposition-layer thickness on the samples, as estimated
from the available XPS data, is consistent with the observed
QCM rate of mass gain. A depth-pro� ling measurement was
not made, however, and so an accurate comparison cannot be
made.

Because the solar cell s decreased substantially with dep-
osition-layer thickness (the measurement pertains to the com-
bination of solar cell and deposition layer), Eq. (2a) suggests
that solar re� ectance may have increased signi� cantly. Both
absorptance and re� ectance of the layer reduce solar cell out-
put, and in the limit of a thick-layer transmittance to the solar
cell is zero. The output of a small solar cell diagnostic array
positioned near an operating mercury ion engine was observed
to degrade rapidly during the SERT II mission.9

Grid Lifetime

The majority of mass deposition observed in this study orig-
inates from the thruster. There are two principal components:
iron, from the magnetic pole pieces and stainless-steel wall of
the discharge chamber, and molybdenum from the extraction
grid set.

Determination of total � ux of molybdenum from the thruster
allows an estimate of grid and thruster lifetime, based on the
accelerator grid erosion rate. Calibration of this approach
would allow essentially real-time determination of grid lifetime
as a function of the operating point. Reference 17 describes
the details of a calculation of integrated molybdenum and iron
� ux based on the data presented in this report. The sum of
these integrations yielded an estimated total molybdenum and

iron ef� ux of approximately 12 and 2 g per 10,000 h, respec-
tively, for the present case of Vacc = 225 V and m = 0.92.
It was estimated from the data of Fig. 7 that without a decel-
erator DI effect the measured molybdenum � ux would be re-
duced by about 50% at the operating point of Table 1, but this
would have little effect on the accelerator grid lifetime. The
value of m for iron ef� ux is not known. The T5 thruster con-
tinued to function during a lifetest despite losing about 10 g
from the discharge chamber,13 and it was concluded on the
basis of these and other results23,34 that the discharge voltage
of 43– 44 V in the present study, although high, is still an
acceptable operating level.

It was further estimated in Ref. 17 that the central acceler-
ator grid webbing would be completely eroded away in 10,700

3000 h at the 25-mN operating point ( m 90%). The data
presented in the present report and elsewhere35 can be used to
estimate lifetime for other operating points.

Concluding Remarks
The same process that normally limits the lifetime of a

gridded ion thruster, sputter erosion of the accelerator grid,
is also a signi� cant source of spacecraft contamination.
Analysis of molybdenum and iron deposition rates indicates
that, for a typical spacecraft con� guration, slight but nonne-
gligible degradation of solar array output can be expected at
its end of life. Slight degradation of spacecraft exterior sur-
faces can be expected as a result of the ion thruster. The prob-
lems facing other electrostatic ion thrusters with extraction
grids are similar, although the results presented here are
thruster speci� c.

Degradation effects may be reduced through the use of a
large cant angle between thrust axis and the surface in ques-
tion, and the use of a sputter shield, which would be advisable
for some con� gurations. Means to improve grid lifetime
include the use of grid materials with lower sputter yield,
thruster operation at power levels well below the design ca-
pability (derating), operating at high propellant mass utilization
ef� ciency, and varying aperture diameters across the grid ra-
dius.

Spacecraft materials would not in general be placed in the
positions employed for this study (solar cells may be found at
similar angles off the grid plane but at considerably greater
distance). Most materials would not perform their design func-
tion there for long. Materials on the spacecraft body, aft of the
grid plane, are a different matter. The test results indicate mo-
lybdenum and iron deposits that are at or below the limit of
detectability for each sample at = 40 deg. Much of what
is there was probably deposited on the beam stop or other
surfaces and sputtered back to these samples. These materials
seem likely to perform for the mission lifetime without unac-
ceptable thruster-induced degradation, although a more de-
tailed investigation is desirable that includes consideration of
secondary contamination transfer of solar array deposition ma-
terial.

Material properties are affected by the thruster environment
in a complex way that often depends upon the details of the
material. Further investigation of these interactions at a fun-
damental scienti� c level would be of value.
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