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Erosion Resistance of Carbon–Carbon Ion Optics
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A principal consideration in the design of ion thrusters for spacecraft propulsion is erosion of the downstream
grid in the ion optics. Achieving adequate lifetime (10,000 h or more for many potential missions) without grid
wear-through can impose signi� cant constraints on thruster performance. The conventional material for making
ion thruster grids is molybdenum. It is predicted that the wear rate of grids made of carbon–carbon composite
should be one-eighth to one-ninth that of molybdenum grids. A pair of tests of carbon–carbon and molybdenum
grids were conducted under nearly identical operating conditions to determine if carbon–carbon would exhibit the
expected resistance to erosion. The result matched the prediction. Some uncertainty in the data,however, precluded
a fully de� nitive veri� cation. Also, a procedural investigation showed that presence of oxygen, water vapor, and
nitrogen greatly increases the carbon–carbon erosion rate.

Introduction

F OR planetaryexplorationmissionsand for some Earth-orbitap-
plications, ion propulsionoffers substantialbene� ts in reduced

spacecraft mass. Because ion thrusters produce very low thrust,
they must operate for thousandsof hours. Flight quali� cation of an
ion thruster requires demonstrating a lifetime of 5,000–10,000 h
or more. For most missions of current interest, the principal life-
limiting element in an ion propulsion system is the thruster ion
optics; that is, the grids that accelerate the ions to produce thrust.1;2

In a two-gridoptics set, the acceleratorgrid is steadily erodedby the
impact of charge-exchangeions produced just beyond the grid and
drawn backto it by its negativepotential.3¡7 In life testsconductedin
vacuum chambers, erosion is accelerated because the xenon back-
ground pressure near the thruster is higher than in space, which
results in greater production of charge-exchangeions.8

The standardmaterialused formaking ion thrustergrids is molyb-
denum. Of the refractory metals, this has the best combination of
mechanical properties and low sputter yield. Tests have demon-
strated, however, that to operate molybdenum grids for more than
a few thousand hours requires that the thruster be throttled far be-
low the maximum beam current density, or thrust density, that the
thruster is physically capable of. This is because the erosion rate
increases with beam density. A way to alleviate this constraint on
thruster performancepromises to be the use of gridsmade of carbon
� ber/carbon matrix composite material.

The advantages of carbon–carbon grids are that carbon erodes
much slower under ion impact than molybdenumdoes, and carbon–

carbon composite has a near-zero coef� cient of thermal expansion.
The thermomechanicalstability of carbon–carbon grids will enable
closer grid spacing in large thrusters. This produces a higher maxi-
mum beam density than has previously been possible, and the high
resistance to grid erosion enables long grid life under continuous
operation at high beam density.

The � rst investigation of carbon ion thruster grids was a test in
1963of � at graphitegrids.9 The objectivewas a solutionto the prob-
lem of thermal distortion of molybdenum grids, and although the
performanceof thegraphitegridswas similar to thatof molybdenum
grids, the � exibilityand relativefragilityof the graphitewere serious
drawbacks. Today, graphite grids are used in commercial ion beam
sources for industrial applications, where requirements for perfor-
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mance and tolerance to vibration are not so demanding as they are
for spacecraft.MonheiserandWilbur10 conductedcomparative50-h
erosion tests of small graphite and molybdenum grids. Depth mea-
surementsof the erodedareas indicatedthat the molybdenumeroded
several times faster than the graphite, but the amount of erosion of
the graphitewas too little to provide a more de� nitive determination
of the relative erosion rates. Garner and Brophy11 subjected carbon
and molybdenum badges to erosion tests within an ion thruster dis-
charge chamber. In that environment, the carbon eroded only 25%
less than the molybdenum. They concluded that contamination by
oxygen and nitrogen was likely responsible for this anomalous re-
sult. Garner and Brophy also made 15-cm carbon–carbon grids and
demonstrated that they functioned equally as well as molybdenum
grids, but they did not operate the grids for enough time to deter-
mine the erosion rate.12 Subsequent to the erosion testing reported
herein, Mueller et al.13 conducted a 700-h wear test of three-grid
carbon–carbon ion optics. No erosion of either the accelerator or
decelerator grids was evident, but both were at the relatively low
potential of 100 V, which is just the threshold at which xenon ions
begin to sputter carbon at all.

Hedges and Meserole14 previously conducted comparative tests
of carbon–carbon and molybdenumgrid sets and demonstratedsim-
ilar thruster operation with the two types. Further testing to com-
pare the erosion resistances of the two accelerator grids yielded an
unexpectedly high carbon erosion rate: one-third as much as with
molybdenum.15 The backgroundpressurein the test chamberduring
these tests was kept relativelyhigh, about 2 £ 10¡3 Pa, to accelerate
the erosion. Also, the test setup unintentionally caused the back-
ground pressure to be 50% higher for the carbon–carbon test than
for the molybdenum test. Later, a repeat test of the carbon–carbon
gridset at the same backgroundpressure as in the molybdenum test
resulted in as much erosion of the accelerator grid as in the initial
test.

The purpose of the tests described in the present paper was
twofold: to demonstrate, if possible, the near order-of-magnitude
reduction in erosion rate anticipated with carbon grids and to iden-
tify the reason for the unexpected carbon erosion in the previous
tests. The initial report of this work16 concluded that the carbon–

carbon eroded much less than anticipated, but further analysis for
this paper identi� ed and corrected for an aspect of the testing that
had biased the earlier analysis.

Ion Optics Description
The 10-cm-diam carbon and molybdenum grid sets used in the

tests were fabricated to be as similar as possible. The only notable
difference is that the molybdenum grids had to be dished, and the
carbon grids were made � at. That the latter could be � at is an ad-
vantage conferred by the small coef� cient of thermal expansion of
carbon–carboncompositematerial.The numberof holes, their sizes,
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Fig. 1 Carbon–carbon accelerator grid.

and the spacing in the carbon grids were made to match those of the
molybdenum grids closely.

Carbon–Carbon Grids

The carbon grids were fabricated from � at panels 0.9 mm thick
made of three plies of � ve-harness satin weave fabric laid up in a
[0, 45, 0] orientation.The fabric containedpitch-based� ber 10 ¹m
in diameter,and the � bermoduluswas 7:2 £ 1011 Pa. The matrixwas
pure carbon suffused into the fabric by chemical vapor in� ltration.
The coef� cient of thermal expansion of these panels ranged from
¡2:0 £ 10¡6/K at 295 K to about C1:0 £ 10¡6/K at 675 K. The
density was 1.65 g/cm3 .

With a 1.5-kW CO2 laser, we machined the panels into circular
grids comprising a 9.6-cm-diam array of circular apertures. The
laser cutting of the apertures produced conical holes with a straight
6-deg taper. The two grids were installed so that the narrow ends of
the holes faced together. We sanded the screen grid to a thickness
of 0.42 mm and the accelerator grid to 0.51 mm. The screen grid
had not previouslybeen used, but the acceleratorgrid was the same
one used in the previous wear tests and was resanded slightly to
recreate a smooth, uneroded downstream surface. Figure 1 shows
the downstream side of the acceleratorgrid.

Molybdenum Grids

The apertures in the molybdenum grids were chemically milled.
These grids were dished inward (into the thruster discharge cham-
ber), and the aperturepositions in the acceleratorgrid were adjusted
to compensatefor the dished shape.As with the carbongrids, to start
the new test with a smooth surface on the downstream side of the
accelerator grid we polished away the erosion depressions created
during the previous tests.

The grid mount used for both the carbon and the molybdenum
grids was a pair of molybdenum rings designed speci� cally for
the molybdenumgrids. They worked well at maintaining good grid
alignmentwith themolybdenumgrids,but thermalmismatch shifted
the alignment of the carbon grids slightlyduring thermal transients.
Table 1 summarizes the characteristicsof both grid sets.

Apparatus and Test Facility
The ion source used for these tests was a commercial 15-cm-

diam discharge chamber with water cooling. An adapter masked
the chamber exit down to 10 cm and provided an attachment for the
10-cmmolybdenumgrid mount.The cathodeandneutralizerfor this

Table 1 Carbon and molybdenum grid descriptions

Parameter Carbon Molybdenum

Beam diameter, cm 9.6 9.6
Grid pro� le Flat Dished
Hole quantity 1615 1614
Hole spacing, mm 2.29 2.29
Hole pro� le Tapered 6 deg Dual cupped
Screen grid hole diameter, mm 1.78 1.90
Accel grid hole diameter, mm 1.09 1.14
Screen grid open area fraction 0.56 0.63
Accel grid open area fraction 0.21 0.23
Screen grid thickness, mm 0.42 0.36
Accel grid thickness, mm 0.51 0.38
Grid-to-grid gap, mm 0.54 0.60
Accel grid mass, g 9.0 49.0

ion source were tungsten � laments. To avoid tungstendepositionon
the downstream side of the accelerator grid, the neutralizer was
removed.

The test facility was a 5.5-m-high£ 2.4-m-diam vacuum cham-
ber pumpedby three1.2-mhelium cryopumps.With all threepumps
operating, the pumping speed was 79,000 l/s on xenon, which pro-
duced a background pressure of 1 £ 10¡4 Pa for the current tests.
Part of the time only two pumps were operating because of dif� -
culty with bringing the third pump on line as quickly as the other
two. The background pressure during this time was 2:5 £ 10¡4 Pa.
The mounting port for the thruster is at the top of the chamber, and
the thruster beam was directed vertically downward at the bottom
of the chamber. The length of the chamber is suf� cient to preclude
signi� cant depositionon the thruster of backscatteredmaterial from
the chamber bottom and walls.

Mass spectrometer measurements of the constituents of the gas
supplied to the thruster by the xenon feedline revealed that a small
but signi� cant amount of air had been leaking into the line. In our
initial erosion tests referred to in the Introduction,a possible cause
of the unexpectedly high carbon erosion rate was excessive pres-
ence of oxygen, water vapor, and nitrogen. Each of these react with
carbon to form volatile compounds that evaporate from the carbon
surface, whereas the compounds that molybdenum forms with ni-
trogen and oxygen are solids that remain on the surface and reduce
the rate of erosion. The impact of charge-exchangeions could pro-
vide the activation energy for the reactions, so that with the carbon
grids the mass loss due to chemical reactionwould occur just where
erosion by charge-exchange ions occurs. The background nitrogen
partial pressure in the test chamber during the original tests was
measured to be 3 £ 10¡5 Pa, about half of the threshold value at
which the erosion of molybdenum is known to be affected by the
formationof passivatingnitrogencompounds.It is possible, though,
that suf� cient air was getting into the propellant � ow line to raise
the nitrogenpartial pressureabove the threshold level in the vicinity
of the thruster exit.

The xenonfeedsystemwas rebuilt for the current test to minimize
the amount of air and water vapor present in the propellant gas. We
con� gured the new system so that the � ow-controlneedle valve was
located inside the vacuum chamber so that the portion of the line
outside the chamber had an internalpressureaboveambient to avoid
air permeationinto the line. The line was stainless steel tubing6 mm
in diameter. The total length was less than 2 m, with about 1 m of it
outside the chamber. It was not electropolished,but we baked it out
until the concentration of water vapor in the xenon � ow was less
than 1 ppm at a xenon � ow rate of 3 mg/s, about 10 times the � ow
rate used during the grid tests.

The instrument used to measure the depth of the erosion on the
grids was a laser pro� lometer with a vertical resolution of 0.4 ¹m,
and the horizontal sampling interval was 15.24 ¹m. The masses of
the grids before and after the tests were measured with an electronic
scale accurate to 0.1 mg.

Procedure
Before the tests we measured the surface pro� les between several

pairs of holes at the centers of the carbon and the molybdenum
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Table 2 Thruster operating conditions

Parameter Value

Beam voltage, V 600
Accelerator grid voltage, V ¡300
Discharge voltage, V 35
Xenon � owrate, mg/s 0.29
Beam current, mA 80
Propellant utilization 0.37
Chamber pressure (corrected for Xe), Pa 1:3 £ 10¡4

Accelerator grid current (estimate), mA 0.3–0.4

acceleratorgrids to providebaselinesfor the posttestmeasurements.
We also weighed the two grids after baking them for three days at
200±C to dry them fully. The baking proved to be important only
for the carbon grid.

Before putting the carbon grid set under vacuum, we applied a
voltage across the grids just high enough to cause a steady rate of
arcing in air. Sustaining this condition for a while served to clear
away loose carbon � bers that on earlier occasions had caused an
unclearable short in the vacuum.

We operated this grid set for 420 h. The test was intended to be
continuousexcept for a planned shutdownfor replacing the � lament
cathode, but three other inadvertent interruptions occurred, all be-
fore the planned shutdown.One was due to a power outage, and two
others were shutdowns to recycle the experiment control software.
In these three instances, the test chamber remained under vacuum
and the beam source was off for 1

2
h or less. Nevertheless, after

each one the accelerator grid current measurement showed a step
increase of slightly more than 0.1 mA, apparently caused by ther-
mally induced shifts in the grid alignment. These increases totaled
0.4 mA. The test interruptions occurred at 60, 110, and 149 h into
the test. At 240 h, the cathode was replaced and the grids realigned.
The accumulated operating time with grid misalignment thus to-
taled 180 h. The remaining 180 h of the test ran without further
interruption. Subsequently, the molybdenum grids were tested for
225 h, with one interruption to replace the xenon supply tank. No
alignment shifting occurred with these grids.

Table 2 lists the nominal operating conditions of the thruster for
the two tests. Automatic regulation of the cathode current main-
tained the beam current at the setpoint §1%. This ensured that the
beam density and, hence, the rate of productionof charge-exchange
ions, was the same for the two tests.

The accelerator grid current could not be determined precisely,
because we found that the grid insulators gradually became slightly
conductive. The conductivity was temperature dependent and ap-
peared to be essentiallyzero when the beam source was � rst started,
and so the accelerator grid current at that time was taken to be the
impingement current.

After the tests,we reweighedand rescannedthe acceleratorgrids.
The tungsten � lament cathode caused some tungsten to deposit on
them on the upstream side. With the carbon grid we could remove
this without affecting the grid by immersing the grid alternately in
sodium hydroxide and nitric acid for brief periods. A test with a
control coupon of the same carbon–carbon material veri� ed that
this treatment did not also remove some carbon. We reweighed the
grid to determine the tungsten deposition and the � nal mass of the
grid (the grid was baked dry prior to each weighing). The amount
of tungsten deposited on the molybdenum grid was assumed to be
in proportion to the operating time relative to the operating time of
the carbon grid.

Results
Carbon–Carbon Grids

Figure 2 shows the center of the accelerator grid at 15 times
magni� cation as it appeared after 420 h of operation.The labels A,
B, C, and D mark the four holes that were the endpoints of surface
scans made with the pro� lometer. Although erosion may not be
apparent in the reproduction here, the photograph original faintly
shows a typicalhexagonalerosionpattern.The erosionwas so slight
it was not discernable in direct viewing by eye. The photograph

Fig. 2 Center of the carbon grid after 420 h of operation.

shows the erosion pattern to be shifted slightly, directly upwards in
the photograph,from the centered,symmetrical positionexpected if
the screen and accelerator grids were precisely aligned. The weave
of the carbon-� ber fabric is apparent, and scratch marks remain
evident from the sanding done before the test.

Figure 3 shows three of the surface pro� les measured before the
erosion test. Figure 4 shows posttest pro� les made from A to C, C to
B, and B to A. Along each of these, at least one erosion depression
is evident, and along B to A possibly a second one is discernable.
There ought to be two erosiondepressionsalong all of the paths, but
because the erosion was not visible the pro� lometer could not be
aimed speci� cally to traverse the depressions. In an attempt to � nd
the desiredpaths,we made multipleparallelpasses, spaced0.12 mm
apart, between the threepairs of holes representedin Fig. 4. The pro-
� les in Fig. 4 are the bestobtained.Just onepath was takeneach from
A to D and D to C, and apparentlyneither passed where measurable
erosion had occurred. Along A to C and C to B, the depressions
are centered at 1.8 and 0.7 mm along the pro� les, respectively,and
are 2.1 and 2.5 ¹m deep as measured on the smoothed pro� les in
Fig. 4b. The two depressions along B to A are at similar locations
and are 3.0 and 2.0 ¹m deep. The deeper one occurs at the location
of one of the most distinct spots of erosion on the photograph.This
spot overlaps a boundary between two sections of fabric that cor-
responds to the abrupt edge depicted in the pro� le. Along A to C,
the narrow pit at 0.8 mm appears to have been a preexistingsurface
feature. It is located where the photographshows a pair of scratches
crossing each other in the erosion trough between two of the
depressions.

The mean depth of the four measurable erosion depressions is
2.4 ¹m. The maximum likelihood value for the standard deviation
of themean is 0.23 ¹m (this is the sample standarddeviationdivided
by the square root of the number of measurements in the sample).

We were unable to determine the mass loss caused by charge-
exchange ions. The measured reduction in mass was 35 § 5 mg
(0.4% of the total grid mass), after removal of 18 mg of tung-
sten deposition. This is many times any realistic estimate of the
mass that might have been eroded by charge-exchange ions. At
least a third of the mass loss could reasonably have been caused by
direct-impingementerosion resulting from grid misalignment after
the three unplanned test interruptions. The total amount of direct
impingement was roughly 60 mA-h. Also, the pretest process of
subjecting the grids to arcing in air burned away some material.

Molybdenum Grids

After 225 h of operation, the molybdenum accelerator grid ex-
hibited a well-de� ned hexagonal erosion pattern, as Fig. 5 shows.
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a) As measured b) Smoothed (nine-point moving average)

Fig. 3 Pretest surface pro� les from the carbon accelerator grid.

a) As measured b) Smoothed (nine-point moving average)

Fig. 4 Posttest surface pro� les from the carbon accelerator grid.

Fig. 5 Center of the molybdenum grid after 225 h of operation.

This pattern was also shifted slightly, in this case downward and to
the left. The lighting in the photograph makes the eroded areas ap-
pear mostly dark, althoughthey are actuallyas shinyas theuneroded
surface close around each hole. Note that the cupped shape of the
holes (caused by the chemical milling) makes them appear stepped.
As with the carbon grid, pro� lometer scans were made along lines
between the labeled holes. Only a single pro� le was taken between
each pair of holes.

Figure 6 shows representative surface pro� les. The posttest pro-
� les each depict a pair of pronouncederosion pits. The D-to-C pro-
� le, in particular, appears to have captured the pit centers, or very
nearly so. As determined from Fig. 6b, the pit depths are 21.5 and
19.8 ¹m and the trough connecting the pits is 6 ¹m deep. Along
C to B the recorded depth of one pit is only 14.5 ¹m and of the
other is 20.8 ¹m. It is likely that the scan passed over the sidewall
of one pit, skimmed at a slight angle along the side of the trough,
and passed near the center of the second pit. The other three pro� les
show pit depths between the shallowest and deepest shown here,
as listed in Table 3. The mean depth of the pits is 18.1 ¹m. The
standard deviation of the mean is 0.85 ¹m.

The mass loss due to erosionduring the test was 125§ 3 mg, after
adjustment for an estimated 10 mg of depositionof tungsten on the
upstream side of the grid. This is 0.3% of the total grid mass of
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49 g. The density of molybdenum is 10.2 g/cm3 , and so the volume
eroded was 1.2 mm3.

Discussion
The lack of a means to determinethe carbonmass loss due speci� -

cally to erosionbycharge-exchangeionspreventsdirectcomparison
of the total amounts of erosion from the two accelerator grids. An
alternative approach is to compare the mean depths of the erosion
pits at the centers of the two grids.

Carbon Grid Set Operating Time

A factor to account for in making this comparison arises from
the alignment shifts that occurredduring the interruptionsin the test

Table 3 Summary of depth measurements

Molybdenum, Carbon–Carbon,
Path ¹m ¹m

A to C 15.4 15.5 — 2.1
C to B 14.7 21.0 2.5 —
B to A 18.1 15.1 3.0 2.0
A to D 19.5 20.4 — —
D to C 21.5 19.8 — —

Mean depth 18.1 2.4
Standard deviation 2.68 0.45
Normalized standard deviation 15% 19%
Standard deviation of mean 0.85 0.23

a) As measured b) Smoothed (� ve-point moving average)

Fig. 6 Surface pro� les from the molybdenum accelerator grid; curvature has been subtracted out.

of the carbon grid set. Following each restart, the erosion would
have been displaced from its earlier location, causing the erosion
depressions to broaden more than deepen. (Broadening was clearly
evident in the surface pro� les measured in our earlier tests, in which
the carbon grid set became misaligned also.) Furthermore, it is not
known how precisely the realignment done at 240 h coincidedwith
the initial alignment. The longest time of continuous operation in
one position was the 180 h following the realignment and lasting
until the end of the test. For the purpose at hand, it appears that the
best way to quantify the cumulative effect of the other blocks of
time is to treat them as random variables with uniform probability
distributions.In particular, the 60 h at the start of the test could have
producederosionentirelycoincidentwith thatof the � nal 180 h, or it
could, at the other extreme, have produced no signi� cant erosion at
all at the places that became the centers of the depressionscreated in
the � nal 180 h. With no knowledge other than this, it is appropriate
to assign a uniform probability distribution across the 60 h. The
mean value is then 30 h, and the standard deviation is 17 h. For the
period of time when direct grid impingement was occurring, it is
certain that the pattern of maximum erosionwas not coincidentwith
that of the � nal 180 h. Some of the erosion could nonetheless have
been measurably additive. Absent a � rmer estimate, a reasonable
supposition is that this period, taken as a single block of 180 h,
was at most 50% effective in eroding the places later to become the
erosion depressions.At the least it might have producedno additive
erosion at all. The mean value for this block then is 45 h, and the
standard deviation is 26 h.
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The sum of the three blocks of operating time has a mean value
of 255 h. The standard deviation is 31 h, or 12%. Dividing 255 h by
225 h, the operating time of the molybdenum grids, yields 1.13 as
the ratio of operating times. The uncertainties in controlling the
beam current, neutral � ow, operating time, and so on are all neg-
ligible in this context; thus, the standard deviation for this ratio
is 12%.

Prediction

Measurements by Wehner17 and Rosenberg and Wehner18 indi-
cate the sputter yields of molybdenum and carbon are 0.51 and
0.08 atom/ion, respectively, under the impact of 300-eV xenon
ions. Assume for the moment that for an acceleratorgrid voltage of
¡300 V all of the charge-exchangeions strikingthe acceleratorgrid
do so with an energy of 300 eV. Then the rate at which atoms are
sputtered off should be 6.4 times as much with molybdenumas it is
with carbon.The ratio of the atomic masses of molybdenum(95.94
amu) and carbon (12.01 amu) is 7.9, making the expected mass loss
rate of carbon only 1

50 that of molybdenum. The ratio of the density
of molybdenum, 10.2 g/cm3, to the density of the carbon–carbon
composite panels the carbon grids were made of, 1.65 g/cm3 , is 6.2.
Hence, on a volumetric, or depth, basis the ratio of the erosion rates
of the carbon and molybdenum accelerator grids would be 1:8.2.

Recently, Blandino et al.19 directly measured the relative erosion
rates of carbon–carbon and molybdenum test coupons to be 1:7.3
and 1:7.7 at xenon ion energies of 500 and 750 eV, respectively.
The Wehner17 and Rosenberg and Wehner18 sputter data for 500-eV
xenon impactsare0.90 atom/ion for molybdenumand0.17 atom/ion
for carbon, giving a ratio of 5.3, nearly 20% smaller than at 300 eV.
For comparison to the Blandino et al.19 data, this would imply a
relative erosion rate of 1:6.8 for our � rst-generationcarbon–carbon
panels,which had a somewhat lower density than is typicalof newer
material Blandino is likely to have used.

The averageimpact energy,however,of the charge-exchangeions
created in theexit regionof an ion thruster is less than the accelerator
grid potential.Many of the ions are producedupstreamof the charge
neutralization,or zero potential,plane and, thus, do not have the full
grid potential to fall through as they are drawn back to the grid. As
indicatedby the data just cited, the sputter yield for carbon declines
more rapidly than that for molybdenumwhen the ion impact energy
is reduced. At 200 eV, the sputter yields measured by Wehner18 are
0.28 and 0.04 atom/ion for molybdenum and carbon, respectively.
The ratio between them is 10% higher than at 300 eV. If one assumes
an effective average impact energy of 200 eV, the predicted relative
erosion of the carbon and molybdenum accelerator grids is 1:9.0.
One would then expect the overall erosion ratio to tend toward one-
ninth, while the ratio of the pit depths would likely be closer to
one-eighth.The pits are formed where the electric � eld focuses the
charge-exchange ions produced farthest from the grid, those that
strike at the full potential of 300 V.

Measurement

It is not assured that the measurements in Figs. 4 and 6 all passed
through the deepest part of each erosion pit shown, and so the data
will not provide a direct comparison of the pit depths in the two
grids. At best, it can only be assumed that the sample averages for
the carbon and the molybdenum are both biased below the actual
average pit depths by the same percentage.The similar magnitudes
of the normalized sample standard deviations (see Table 3) support
this assumption. (The normalized standard deviation for the carbon
data is somewhat larger, as would be expectedbecauseother factors
are more pronounced due to the much smaller mean depth and the
greater surface roughness.)

The ratio of the mean depths of the recordedpits on the molybde-
num and carbon grids is 1:7.5, and adjusting this by the operating-
time ratio yields 1:8.5, consistentwith the prediction.Also, the ratio
of the maximum recorded pit depths from each grid is 1:8.1 after
we factor by the operating-time ratio, which lends additional sup-
port to this result. This accords with the argument that at the pit
centers the erosion rates should correspond to greater ion impact
energy.

Fig. 7 Posttest carbon-grid surface pro� le from the previous erosion
test.

Considerable uncertainty accompanies this end result, due to the
substantialmagnitudesof the standarddeviationsof the threeprinci-
pal random variables in the data analysis: the sample means and the
operating-time ratio. The aggregate standard deviation is approxi-
mately 16%. This value is the square root of the sum of the squares
of the normalized standard deviations of those variables.

Of more interestis the usual two-sigma (that is, two standarddevi-
ation) error band. Equivalently, for a normal distribution, this is the
95% con� dence interval. For the three principal random variables,
there are three different 95% con� dence intervals. For the carbon
sample mean it is §3.3 sigma (t distribution with three degrees of
freedom), for the molybdenumsample mean it is §2.3 sigma (t dis-
tribution with nine degrees of freedom), and for the operating-time
ratio it is about §1.8 sigma (combination of two uniform distri-
butions). The weighted average of these is 2.5 sigma, using the
variances of the three variables as the weights. This multiplied by
the one-sigma value of 16% yields §40% as the approximate 95%
con� dence interval.The error bandfor the calculatedratioof erosion
rates thus spans approximately from 1

6 to 1
14 .

Previous Results

As noted, our previous tests had yielded a carbon/molybdenum
erosion ratio of one-third.15 If the carbon erosion rate observed then
had persistedin the current tests, after 240 h the erosiondepressions
would have been nearly 10 ¹m deep and, after 420 h, more than
15 ¹m deep. After the previous tests there were locations where
narrow cavities penetratedseveral times deeper than the erosionpits
within which they were located. Figure 7 is a surface pro� le from
the previous test showing one such cavity. The locations of the cav-
ities coincided with places in the carbon fabric weave where there
had been gaps between the � bers that exposed some low-density
graphite matrix to the impacting ions. This time there was no ev-
idence of such cavities. The difference in test conditions between
the previous test and the current one has clearly altered the erosion
process. The changes in the conditions were the near elimination
of air permeation into the xenon feedline and the reduction of the
background pressure in the test chamber. This reduced to insigni� -
cant levels the concentrationsof oxygen, water vapor, and nitrogen
available to react with the carbon at the ion impact sites. With little
doubt, therefore, the presence of these contaminantswas the reason
for the high carbon erosion rate that occurred in the earlier test.

Similarly, at the erosion rate previously experienced with the
molybdenum grids, the erosion depressions this time would have
been 25 ¹m deep. Some nitrogen passivation of the molybdenum
surface probably occurred in the earlier test.

Future Improvements

Improvements in fabrication methods will produce carbon–

carbon grids with a density of 1.9 g/cm3 or better, 20% more than
the density of our prototypes, and with a more extensively ordered
graphiticmatrix.Both of these factorswill reduce the amount of sur-
face regressionresultingfromcharge-exchangeerosion.In addition,
tailored design approaches appropriate to carbon–carbon material
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enable making the acceleratorgrid thickerwhere the erosion is most
severe,withoutreducingthe ion opticsperveance.Thencarbongrids
could be capable of sustaining more than 10 times the total charge-
exchange ion � ux that molybdenum grids can.

Conclusion
In a pair of comparative wear tests, we operated a prototype

carbon–carbon grid set and a conventional molybdenum grid set
under similar conditions for 420 and 225 h, respectively. The sur-
face regression measured on the downstream sides of the acceler-
ator grids indicated that the rate of erosion on the carbon grid was
as predicted: midway between 1

8 and 1
9 of the erosion rate on the

molybdenum grid. The error band for this result is relatively wide,
from 1

6 to 1
14 , due to consequencesof shifts in the alignment of the

carbon grid set. Therefore, we can only tentatively conclude that
carbon–carbon grids will exhibit the high degree of erosion resis-
tance expected.Additional sustained testing is necessary to con� rm
this fully.

Effort taken to prevent air seepage into the xenon feedline, plus
operation at low background pressure, avoided recurrence of the
rapid carbon erosion observed previously.This difference in results
con� rms that the presence of oxygen, nitrogen, and water vapor in
the previous test had accelerated the surface regression rate by as
muchas a factorof three throughchemicalreactionswith the carbon.

Improvedprocessesand materials that are now availablefor use in
making thin carbon–carbon panels will enable fabricationof stiffer,
denser, and more erosion-resistant grids than the � rst prototypes
used in this test. The low erosion rate measured in this experiment
provides initial con� rmation that carbon–carbon grids can enable
thrustersto producea lifetimetotal impulseof an orderof magnitude
greater than is possible with molybdenum grids.
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