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Abstract

111 a NASA program to validate 30 c.in xcnon
ion thruster technology for use in planctary
missions a combination o f analysis and test-
ing is being used to establish engine reliabil-
ity. Five long duration tests are pla nned to
identify new failure mechanisms and charac-
terize the parameters which drive known darp.
Inthe first
of these trots a number of severe engine wear

age accumulation failure modes.

and material redeposition processes were ob-
served and the engine design was modified to
issues. A 1000 hour wear test
was then conducted to verify that the se de-
sign cha nges successfully reduced the engine

address these

wear and aterial deposition rates. B ccausc
of ancrrorin flow rate calibrations the test
was conducted at a somewhat lower engine
performance Jevel than plann ed, but the test
demonstrated that the €rosi on proces ges we e
virtually eliminated by the design changes. In-
forni ation on several important failure mech-
anisms gained from both of thesc tests is
now being incorporated in probabilistic fail-
uremadels and preparations for an 8000 hom
wear test are proceecling,.

Introduction

Xenonion propulsion offers a N nber of benefits for
planctary mission applications. Because of its hig h
efliciency and specifi¢ iinpulse capability, ion propul
sion car 1 significantly decrease the propellant mass
or deliver more payload mass and, for many plan
ctary missions, substantially decrease the trip time
NASA’s 30 cm xenonion thruster technology is being
validated for usc in planetary missionsinthe NASA
Solar Electric Propulsion (SEP) Technology Applica
tion Readiness (N STAR) program. This program is

designed to develop the industrial capability to pro
duce flight engine, power processor and propellant
fced systemn hardware and demonstrate that the tech-
nology is mature cnoughy for flight applications. This
latter portion of the program is focussed largely 011
providing flight program managers with suflicient in-
formation on performance, rehability and spacecraft
interactions to give the mn the corifiderice to use the
techinology.

Thetechnology validation involves alarge ground
test program concentrating on the demonstration
of eugine performance over the required throttling
range, characterization of the engine aud plume inter-
actions with the spacecraft, and demonstrating suf:
fictent engine service life capability for demanding
planctary missions.  Because ion engiues are inher -
entl v low thrust de vices, extremely long burn titnes
are required. For instance, a typical sinall body ren -
dezvous mission would require anengine life of ()()0()
1200[)” hours. Demonstrating eugine reliability for
suchy a long service life by testing alone would be pro
hibitively expensive, so lifetime assessmneut for engine
wearout failure modesmust rely to a large extent on
analysis based on an understanding of the physics
of failure [1]. The NSTAR programinvolvesa co ni
bination of ground-based testing and analysis aiined
at providing a quantitative assessmient of engine re-
lability for the dominant failure mechanisins. Five
long duration tests arc planned. The purpose of these
wear tests is to 1dentify unexpected failure modes and
characterize the parameters which drive owy fail-
ure mecchanisms. luthe first test, 2000 hours of op-
cration at the full power point, several potential fail-
urc mechanisms were identified and studied in sub-
sequent shorter duration development tests. Design
changes resulting from this experience were then vali-
datedin a1000 hour wear test a the full power point,
preparatory Lo starting anendurance test for the full
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8000" hourdesignlife. The potential failure mecha
nisms observedin the 2000 hour test and the engine
design modifications are reviewed in the next section.
A description of the hardware and the facility used
mthe 1000” hour test,asumnary of engine operation
and perfortnance during the test and the results o f
the l)ckst-test enginccomponent analysis arc thenpre
sented. Finally, the effectiveness of the design mod
ificat ions intmproving engine life, new insights into
thie failure mecchanisins gained from the test and the
application of this understanding in the assessment
of failure risk is discussed.

Potential Engine Failure Mechanisms
Identified in the 2000 Hour Wear Test

The design of  the NSTAR 10n engine and the initial
2000 hour test of the Engineering Model Thruster
(EMT) Nutnber 1 are described in detail in Refs. [2,3,
4] and sunimarized briefly here. The FIMT, developed
by the Lewis Research Center (LeRC), is a ririg-ells])
thruster design based on a functional modcl thruster
whichincorporates amunber of novel design features
atined primarily at reducing the thruster mass and
providing apower throttling envelope of 0.5 to 2.3 kW
with design service life of 8000 hours at full power.
The thruster consists of a conic discharge chamber
which transitions to a short cylindr ical section hin-
mediately upstreain of the ion optics. To minimize
thruster mass and siplify fabrication procedures,
the discharge chamber is constructed from aluminum
and titaninm alloys Inthe 2000 hour test of EMT]
the interior discharge chamber surfaces were not tex-
tured or specially prepared to inprove the adhesion
of sputter-deposited films,

To simplify the power processing arid minimize the
nuinber of discharge chamber components subject to
sputter erosion the discharge hollow cathode in this
initial design did riot employ a keeper or starting clee-
trode and discharge coupling to the anode was used
for ignition and st(ady-state operation. I'he hollow
cathode employs a sheathed heater design, derived
from the mercury ion“thruster, which is used for both
activation and ignition of the cathode.

Two gnd, molybdenuin ion optics derived from an
engineering model mercury ion thruster arc used on
the M. The screen electrode is 0.51 mun thick,
while the accelerator electrode is 0.38 nun.  The
screen grid thickness was increased from that on the

?

functional inodel thruster to permit reduced acceler-
ator grid operating voltages and increased grid lile-
tune. The apertures are circular with nommnal inner
diameters of 1.91mun and 1.14 mumm for the screen
and accelerator grids, respectively. The open area
fractions arc 0.67 and ().22 andthe nominal cold grid
gap is set at 0.66 mm. The screen grid was electri-
cally isolated for this test with the expectation that
it would float positive of cathode potential, reduc-
ing the cnergy of impinging ions and increasing grid
Iifetime.

Thie 2000 hour test was conducted atthe full power
point. During an interru ption of the test after 876
hours of operation severe crosion of the discharge
cathode assembly was noted. While the orifice aud
chamfer appeared to be undamaged, the outer edge
of the orifice plate was eroded to theextent thatthe
elect ron beam weld bead on the periphery was no
longer visible. Damage to the hieater coil outer sheath
ontheportion of the first turn facing downstream was
also observed. The entire cathode assembly was re -
placed arid the 2000 hour test was completed. Similar
erosion was found on the cathode assembly used in
the second test segment.,

The screen gnd also expericnce unexpectedly high
erosion resulting in- a significant reduction in the grid
thickness  Combined optical and direct mecasure-
ments 01 the gridon axis indicated a thickness re-
duction of approximately 100 | 10gan at the minimuim
thickness location alor 186 a  line joining two screen
holes ‘1 hie reduction in thickness was due to a conu
bination of aumform electrode thinning as well as
chamfering around the upstreamn perimeters of the
screen grid holes inthe center of the gnd.

There was also significant deposition and spa lling
of thinfilins. The spalling filins were confined to the
downstreamend of the discharge chamber outheti -
tanium anode surface, aloug the interior lip of the
forward magnetretentionring and on parts of the
main propellant plenum. 'Fhis was a major concern
because of the possibility of electrical shorts causc d
by spalled flakes of sputter-deposited material.

All otherengine componcuts suffered little orno
The three potential failure mechanisims
tdent ified by this test led to several design modilic -
tions. In developinent tests perforied after the wear
test it was found that the screen grid could float sev-
cral volts negative of cathode potential and that the

damage.




floating potential was a strong function of propellant
cfliciency. A shiftin the main flow neter calibra-
tion of 7.5 percent was discovered after the test, in-
dicating that the propellant efliciency over some por-
tion of the test inay have been substantially higher
than plan ned. Measurements of the double-to single
ioncurrent ratio made after the wear test yielded a
value of ().30 at thehigher propellant efliciency, while
at the intended operating point the ratio was 0.13.
The combination of a screen grid potential negat ive
of cathode common and a higher than expected dou -
bleion fraction were identificd as the primary rea-
sons for the excessive screen grid wear, and the de-
sign was modifiedto electrically connect thescreen
gnid to cathode common and operate at. a propellaut
efliciency of 0.93.

It was cxpected that this would also reduce the
deposition rate of films inthe discharge chamber.In
addition, the discharge chamber design was modified
to improve sputter containment. This design change
includedthe application of grit-blasted stainless steel
mesh to the forward end of the discharge chamberon
al titamumand stainless steel surfaces aud theuse of
grit-blasting on all other discharge chamber surfaces
to produce surface features with aroughnessscale of
1 0 jan Previous experience indicated that this was
suflicient to control flakes up to 30 yan thick [5].

The cathode andhicater wear mechanism is not well
understood, but is apparently related to a source of
high energy ions generated near the cathode orifice.
Several design changes were inplemented to mitigate
cathodeandheater erosion based onthe available cv -
idence. The weld, whit.1) joins the orifice plate to the
cathode tube, was relocated to the side of thecathode
so thatit is shiclded from the high energy ion flux by
the orifice plate. Yhis design change will clearly cx-
tendthe life of this critical joint. Thecathodehcater
was alsoretracted so that the dow nstream surface is
1.7 mmupstream of the cathode tip. In long du-
ration tests prior to the 2000 hour test the heaters
were retracted and experienced 110 erosion, presutn-
ably because they wére also shielded by the orifice
plate. Finally, the cathode assembly has been cn-
closed within a cylindrical keeper. The gap between
the downstream face of the cathode orifice plate and
theupstream side of the keeper orifice plate is as sinall
as possible inan attempt to shield the orifice plate
from the high encrgy ions.

The objectives of the 1000 hour test were to deinon-
strate that these design changes were successful in
reducing the component wear rates and sputter de-
posit flake formation, obtain additional information
onthese wear processesthat could beused to inprove
the engine reliability assessment and test the facility
and operating procedures that would be used for the
subsequent 8000 hour wear test.

Description of the Engine and the Endurance
Test Facility

The Wear Test Engine

The thruster used inthe 2000 hour test was subse-
quently used inanumber of development tests and
then retrofitted to ncorporate the design modific -
tions. Theion optics installed forthe 1000 hour test
had beenusedprior to that for about 200 hours of
operation a the full and minimuin power levels in
a relatively sinall vacuum facility at LeRC. A new
neutralizer assembly and discharge cathode asseimbly
with keeper electrode were installed. This new con -
figuration was then designated EMT1b.

The engine inthe wear test configuration was
tested at six operating points spanning the throttling
range after assembly at Le RC and before delivery to
the Jet Propulsion Laboratory (JPL) for the wear
test. These tests wererepeated at J 1'1, after deliv-
ery to ensure that the eugine had not been damaged
during transportand to compare the repeatability of
measurcments between facilities. The discharge volt-
agemcasuredin JPl’s facility was consistently lower
than that measured at Lewis arid the discharge cur-
rent correspondingly higher. In preparation for the
8000 hour test after the completion of the 1000 hour
test (his discrepancy was traced to an error in the
flow ratemeasurcments made at JPL. The cause of
themeasurement error is discussed below and the de-
termination of the true flowrates is describedinthe
Appendix.

Vacuun Facility

The test was performed in a 3 m diameter, 10 m long
stainless steel vacuum chamber pumped by three 1.22
mdiameter CVIeryopumps with a pumping speed of
45- 50 kl./s on xenon aud 4 cryopumps consisting of
0.48 m diameter pure aluminum disks mounted on
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Figure 1: Tank pressure and accelerator grid currentduring the wear test

Cryomech AL200 coldheads with a pumnping speed
of about 10 kl. /s each, for a total speed of approxi-
mately 90 k1, /s. The Cryomech He refrigerators were
optimized to provide 100 W of cooling capability at 40
K, atemperature sufliciently low to cryopump xenon.
T'he sides of the alutminum plates facing (tic vacuuin
chamber walls were coveredin rllulti-layer insulation
to reduce the heat load to this surface, so thesides
facing inward served as the pumping surfaces. The
disks were sized for a theoretical pumping speed of
10 kI./s cach with 80 W of heatload at an ambient
temperature of 20 degrees C. The mcasured pumping
speed matched the theoretical, but the thermal design
was apparcntly marginal. After about 50 hours of op-
cration small pieces of xerioriice started to fall froin
the pumping surfaces, causing sinall pressure spikes
several times per day, particularly during the hottest
hours. The data acquisition and control system was
prograymned to turn off the high voltage during these
cvenls to avoid enginc operation with a high acceler-
ator grid current. T'hie tank pressure as a function
of elapsed time with*beam extraction is plotted in
Fig. (1), which shows that the pressure was typically
about 4.5x 10” °Torruptorunhour 519, at which
point one of the Cryomech pumps failed arid the pres

sure rose to 5x 10" S Torr. The facility base ~)rcs.sure
was typicallyl-2x 10" Torr. When this pump was

repaited at runhour 910, the pressure returned to
the previous value. There is also a clear day-night
cycle in the tank pressure, which reflects the pumps’
sensitivity to the ambient temperature. The devel-
opment of the 40 K xenouncryopuinps is disc. ussed
inmore detailin [6]. For the 8000” hour test anin-
proved thermal design which mereased the pumping
speed aud appears to have solved the problem with
pressure spikes was itnplemented. This system is also
describedin this reference

‘1’0 reduce the amount of facility material back-
sputtered onto the engine, the walls and rear of the
charber were lined with graphite panels, which have
a sputter yield about 310 times lower than stain-
less steel. To further reduce the backsputter rate the
panclsinthe rear of the chainber were arrangedin
a chevron pattern. Because the sputtered material
leaves the surface with a cosine distribution, perhaps
with a slightly forward-scattered component, angling
the surfaces i such aconfiguration directs most of
the sputtered material away from the engine. Tl 1e
eflicacy of this design was demonstratedin a 6000
hour test of the Russian SPT 100 stationary plasimna
thruster[7] by the low deposition rates on the engine
and the large amounts of graphite flakes found be-
hind the chevrons after the test. Inthe 1000 hour
wear test the backsputter rate was monitored with a



quartz crystal microbalance (QCM) mounted next to
the engine in the planc of the grids, which indicated
adeposition rate of () 16 mg/cm?khr or 0.7 gau/khr.
Post test analysis of the dense graphite film on the
QC Mrevealed an actual thickness of 0.7 microuns,
which agreed well with the indicated rate and the
thickness of other films collected from the facility.

Propellant Feed Systemn

The propellant feed systemn was constructed from
ultra-tugh punity components, electropolished stain-
less steel tubing and welded joints or fittings with
metal face seals Themainpropellant line was feel
from one xenon bottle and the cathode and neutral-
izer lines were manifolded together and fed fromn a
sccond cylinder. Fach cylinder had a two stage reg-
ulator providing a regulated pressure of about 344
kPa (35 psig). The flow rates were controlled with
manual micrometer valves mounted inside the vac-
vumn chamber so that all lines exposed to air hadin-
ternal xenon pressures above atmospheric. This ap-
proach was chosen over conventional flow controllers
to mininize the risk of air leaks into the propellant
lines. The flow ratein each line was measured with
Unit Instruments flow meters Each line had a bypass
around the flow meter, which allowed the flow ne-
ters to be isolated withivalves located upstican and
downstrcam to monitor the output voltage at zero
flow without interrupting flow to the engine. The
flow meter zeroes were checked daily throughout the
test and rc-zeroed whennecessary to prevent flow rate
measurement errors associated with zero drift. The
Unit Instrument flow meters were found to be ex-
traordinarily stable, requiring adjustiment only a few
times during the 1000 hours.

The flow couldbe diverted through two calibr ation
ports s0 the mainandboth cathode flow meters could
be calibratedim-situ. The flow meters were calibrated
using a ‘] e ledyne Hastings BB M-1A bubble volure-
ter. The accuracy of this calibration device has been
chie cked against an N1ST-traceable piston prover at
the MKS Corporationin Costa Mesa, California with
nitrogen over arange of 5 to 100 scen [8.91, against an
NIST-traceable MKS Cali-flow system in JP’L’s cali-
brationlaboratory with argon from 20 to 96 scein [10]
and more recently against an NIST-traceable George
K . Porter Vol-U Meter from the Dick Munns Con -

pany i Los Alamitos, Califorma with xenon from 2
to 30 scci. Bach of the three comparisous demon-
strated that the bubble voluieter
repeatable to within ().8 percent The bubble vol-
umncler was also compared to piston provers a NIST
i Washington, DC with xenon and nitrogen. On the
first trip there the NIST represent atives measured a
xenon flow rate approximately 1 percent lower than
JPL’s bubble volumeter with what they considered
to be theirmost accurate piston prover at a flow of
60 sccn. 011 the second trip NIST used another pis-
tou prover and obtained flow rates1.5 to 2.8 percent
higher than the bubble volumeter with xenon flows
rangiug rom 17 to 90 scen Nitrogen calibrations
perforined on this trip agreed very well. At the tine
these results were considered tnconclusive; inretro
spect the second set of measurcinents tmay be consis-
teut with our current understanding of xenon diffu -
sion through the silicone rubber hose used with the
bubble volumeter. Three calibrations performed be-
fore the start of the test, a calibration done after 650
hours of operation, and two final calibrations after
the test showedthatthe flow meter drift at the flow
rates usedin the test was less thanlpercent

is accurate and

A's part of the imvestigationinto the difference in
dischiar ge volta ge and current measurernients at JPI,
and Le RC the flow calibration procedure was re
viewed before the start of the wear test.  All gas
fittings were leak checked and tw o additional cali-
bratious were performed. When no leaks or appar-
ent problems with the calibration procedure were uu-
covered, the differences were attributed to different
power supplies or other facility-related eflectsand a
decision to begin the test was made. Un fortunately,
after the testit was discovered that the 85 cin length
o f siliconc rubber hose used to connect the bubble
volumeter to the flow systern calibration ports is gas-
permeable, even though it has a wall thickness of over
3 mun. The loss of xenon by diffusion through the
tube wall resultedin ameasured flow rate whichwas
lower thanthe true flowrate delivered to the engine.
The stability of the flow meters and a characteriza-
tion of the tubing perincability made it possible to
accurately correct the flowrates usedinthe test to
their true values, as described inthe appendix.

The flow control imcthod used inthis test relies on
having a well-regulated upstream pressure and a fixed
orifice size inthe metering valve. Despite tempera-
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Figure 4: Cathode and neut ralizer flow rates

ture control of the regulators and valves to within-i 1
degree C, a diurnal cycle was apparent in cach flow
rate Pigure (2) shows one period of this day-night
cycleinthe cathode flow. Thiscffect resulted in a
variationnthe discharge cathode flow of approxi
naately -1 16 percent, a 4 2.5 percent variation i
the neutralizer flow and a 1.5 percent fluctuation
i the main flow. Superimposed on this variation
was a higher frequency oscillation with a period of
about 20 minutes, evidently caused by regulator hys-
teresis and the large tubing volumes upstream and
dowunstream of the flow meters. Comparing the flow
mncter signals with the discharge voltage suggests that
the higherfrequency fluctuations arc nof transmitted
through themetering valves to the engine, as shown
inFig. (2). While the discharge volt age clearly re-
flects the 24 hour variation inthe cathode flow, the
similar amplitude, higher frequency variations do not
aftectit. The corrected flows withthe 20 minute cycle
filtered out are shown in Figures (3) and (4) as afune-
tion of the elapsed time of operation with beam ex-
tractjon. The fluctuations in the main flow masked an
initial drift downward that was corrected after about
133 hours The flow oscillations have been eliminated

for the 8000 hour test by shortening the propeliant
lines and using flow controllers with the solenoid me-
tering, valves located in the vacumnn chiamber in par-
allel with the manual nicrometer valves.

Power Supplies

This test was coniducted using cormmercial power sup-
plies for thebeamn, accelerator grid, discharge and
neutralizer keeper. The discharge cathode keepet
clectrode was tird tothe anode withalkQ resis-
tor so thatit functioned as a start electrode, but did
not have a separate power supply. A scparate 240
V' power supply in parallel with the discharge sup-
ply was available to provide a higher DC voltage for
ignition, but was not needed in this test. One addi

tional supply wasused to heat the neutializer cathode
The dis

charge supply was switched to serve as the discharge
cathode heater supply during conditioning and be-
fore ignition. Neut ralizer common was connect to
the facility ground with a zener diode to prevent the
coupling voltage from exceeding 60 volts. All supplies
could be computer-controlled. In this test only the

during conditioning and prior to ignition.




discharge supply was operated in a Closed loop and
the discharge current varied to maintain a given bean
current. A recyclelogic circuit wasused to automat -
ically detectand clear grid shorts If the accelerator
or beamsupply current exceeded threshold values for
more than 50 wsec, indicating a short, the high volt-
agesupplics were turned off and the dischiarge current
was reducedto alower value for approximately 1 sec-
ond. The high voltage supphes were thenrampedup
andthe discharge currentreturned to the previous
set point Beca use of different power supply charac-
teristics, the discharge current had to be reduced to
2 A to successfully recyclethe "M T'1b. This is lower
than the 4 A design point for the NSTAR power pro
cessing, unit, but only two shutdown events during,
the test appearedto be caused by discharge extinc-
tion during, recycles.

Diagnostics

A computer data acquisition] andcontrol systemn was
used to monitor facility and engine conditions and
control t he power supplies. Data were sampled once
every 45scconds, storedon disk once per minute
and critical paraincters were printed out once every
five minutes. The system was programmed to turn
off the high voltage supplies or all engine power i f
out-of-tolerance conditions in certain facility or ¢n -
gine parameters were detected to alow unat tended
operation. fnthe event of a computer-initiated shut-
down a buffer cor taming a two minute window of
data sampled at 45 sccond intervals surrounding the
cvent was stored to assist indiagnosing the cause.

Because of the inportant role double ions appear
to have played in the screen grid erosion observed
in the 2000 hiour test, the double-to single ion cur-
rent ratio was monitored throu ghout this test with an
12 xB probe mounted in the rear of the chamber. This
jon velocity filter uses a static magnetic field crossed
with a variable clectnic field, produced by biasing two
electrodes mounted between permanent maguets, to
deflect a collimated beamn of ions sampled from the
pluine across a dlit infront of a current collector. Be-
causc of their differing velocities, the double and sin -
gleioncurrents appear as well-scl)arated peaks when
the collector current is plotted as a function of clec-
trode bias voltage. A generaldescription of the probe
designcanbe foundin [1 1]. Inthe unit Used inthis

test, however, the entrance slit was set at 0.25 mmn
andthe electrodes were biased to equal and oppo
site voltages so theelectric field along the centerline
was close 10 zero, With the smaller entrance dit, the
probe sampled ions from a strip 3.1 e long extend-
ing across the entire face of thethruster, so the ratio
of measured currents yields anintegrated value of the
doubleion current fraction along the thruster axis.

Faraday probesmounted onaris which could be
swung throughthe beam justdownstream of the grids
have been used atlLeRC and JPL to Iltca.sure the
beamn current distribution on EMT 1b and EMT2.
This distribution controls to soine extent the distr -
bution of wearonthe accelerator system.

The residual gas content of the facility was moni-
tored wit hanM KS }'1"'1'- 1A- 1001C residua gas an-
alyzer. 'This diagnostic demounstrated, for instance,
that the pressure spikes consisted alinost. exclusively
of xenon evaporating from ice flakes that had fallen
off of the pumps. The tank pressure was monitored
with Granville Phillips Stabil lon Gauges calibrated
on both xe non and nitrogen One gauge was mounted
onthe side of the chamber and the other inside the
chamber behind and above the engine. The gauge
mounted on the side of the chamber imitially indi -
cated a shightly higher pressurce because of water va-
por outgassing from the graplite pancls. After the
panclshad been exposed to highi vacuum for several
days, however, the two 880808 ag reed well.

Engine Operation and Performance During
the Wear Test

The Engine Operating Point for the Wear Test

The wear test was run at the maxiimuim power level
of 2.3 kW under the assumption that this operating
point subjects the components to the greatest wear.
A decision was made prior to the test to operate at
a discharge propellant efliciency of 0.93 0.94 to re-
duce the double 1on fraction and provide additional
marginon screen grid hife. Because of the flow rate
calibration error, the actual perforinance was lower
thauthe target values. The average values of the en-
ginc operating and performance parameters arc listed
in Table (2). The value of themain flow in this table
is corrected for ingestion.
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Figure 5: Summary of engine shutdowns.

TestFivent 1 1 istory

The wear test was begunimmediately after the throt-
thing tests and the choice of an operating point. The
history of test interruptions is summarized in Fig. (5).
Pressure spikes were themost common cause of en-
gine shutdowns. None of these events required open-
ing the vacuumn chamber. After the final shutdown
the throttling tests were to be repeated to compare
with theinitial measurements and aseries of teststo
measure the sensitivity of the engine performance to
sinall variations in the controllable paramecters were
planned. An over-tcll)l]crat[Irc shutdown of the CVI
cryopumps due to the failure of a water PRINP and
subsequent damage 10 the neutralizer by operator er-
ror, discussed below, led Lo & decision not to operate
the thruster for these planned measurements. Be-
causc the sputter-deposited filins on the thruster sur-
faces had been exposed to nitrogen and water vapor
trapped on the cryopumps, further thermalceycling
might have caused them to spall and conmpromised
the evaluation of the sputter containment mecasures.

Discharge Bcehavior

The discharge cathode was initially started at a tar-
gct flow rate of 6 sccin (@ true flow rate of 6.9 sccm),

9

and 1.5 A with the full power main flow rate of 23.4
scem before reducing the cathode flow to the nominal
value (3.7 sc em) and throttling to full power. After
187 hours of operation all cathode ignitions were per-
formed at the nominal full power flow rate to match
the evolving flight feed sys tem configuration I all
but two cases the dischargeignited onthe first appli-
cation of the discharge supply open circuit voltage of
50V, andinthese two events it started 011 the second
or thirdattempt with the open circuit voltage. The
240 V start supply was neverrequired to ignite the
discharge.

The discharge voltage and current behavior over
the 1000 hourtest is showninFig. (6). Both increase
slightly over the first 100 hours,inpartbecause of the
downward drift in the main flowrate. 1t is also likely
that direct ion impingement enlarged the accelera -
tor grid hole diameters over this time scale, resulting
in greater neutral losses and a higher required dis-
charge power. After themain flow was adjusted at
133 hours elapsed time the discharge voltage and cur-
rent were approximately constant at 24.24 0.3 V and
13.43:40.09 A, where these and all subsequ ent varia
tions from the mean run values arc expressed as the
st andard deviation.  Variations in the voltage and
current arc strongly correlated withthe diurnal flow
ratr cycle andlongerterin flow drift.
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Parameter Average

Value
Discharge Current (A) 13.4
Discharge Voltage (V) 24.3
Bearn Supply Current (A) 1.770
Beam Supply Voltage (V) 1103
Accelerator Grid Current (i1 1A) 7.76
Accelerator Grid Voltage (V) -180
Cathode Keeper Voltage (V) 4.6
Ncutralizer Keeper Current (A) 1.51
Necutralizer Keeper Voltage (V) 12.97
Coupling Voltage (V) 13.3
M.sill Flow Rate (scem) 23.5
Cathode ¥low Rate (sccmn) 3.75
Neutralizer Flow Rate (sccm) 3.70
Beam Current (A) 1.762
Net Accelerating Voltage (V) 1089
Power (W) 2201
Thrust (1niN) 92.9
Specific Impulse (V) 3114
Discharge Propellant Filiciency 0.896
Total Propellant Efticiency 0.789
Efliciency 0.617
Ton Production Cost (eV fion) 185
Double-to Single Ton Current Rat io 147

Tablel: Average values of engine operating and per
formance values in the 1000 hour test.

The cathodekeeper voltage, plottedintig. (7), was
also approxunately constant at 4.6 1 0.1V with re-
spect to the cathode. The keeper electrode was there;
fore diawing about 20 inA of current through the 1
k€2 resistor. The keeper voltage snows the day-night
cycle and s correlated with longer term fluctuations
inthe main flow rate, but is surprisingly insensitive
tolong penod cathode flow variations.

‘Theronproduction cost vanation over the course
of the test, shiown i Fig. (8), increases inthie first
100 hours from 179 eV /ion to 188 ev/ion, followiug
theincrease in discharge currentand voltage. It sta-
bilized at a value of 1854 1 ev/ion with fluctuations
which follow variations i the flow rates, increasing
as the flow rate decreases.

Figure (9) displays the distrnibution of theion cur-
rent deusity in the beam ieasured near the exit plane
andindicates that the plasina density in the discharge
chamber is strongly peaked on the centerline. This
may be due to operation with no baflle in front of the
dis charge cathode.

lon Optics Behavior

The net ion accelerating voltage 1n the test was
1090.14 V, andthebeamcurrent was maintained at
1.762:0 0.004 A by varying the discharge current | as
show i Fig. (10). The beam current excursions he-
low the setpoint are associated with engine ignitions
arid those above the setpoint withrecycle events. The
accelerator grid voltage was set at -1803 1V. The ac-
celerator grid mmpingement current dropped from an
initial value of 8.6 mA to about 7.8 mA in the first 50
hours and thereafter followed variations in the tank
pressure, as shown in Fig. (1 ). The average ninpinge-
mentcurrent value was 7.7 miA, which yields an av-
erage ratio of umpingement current to beam current
of 044 pereent.

The cumulative number of high voltage arcs as a
function of elapsed time with beam extraction is plot-
tedintig. (1 1). The highinitial rate is associated
with tuning the recycle circuit; thetrue arc rate at
the heginning of the test was about 9 per hour and
deer<.dw’d steadily to 0.5 perhour by the end of the
test. The unusually high recycle rate was apparently
due to spalling of thin metal filins sputter-deposited
on the grids during the 200 hour test at low power,
whicliwas conducted in a relatively sinall stainless
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steel chamber. After exposure to air and moisture
these thin films arc more likely to span, gencrat -
ing shorts between the griefs or sharp points where
arcs arclikely to initiate. Fxperience fromthe first
segment of the 2000 hour test and recent testing of
EEMT21nthe 8000 hour wear test show that extremely
low rceycle rates are achievable with clean grids or
grids with thin film deposits that have not been ex-
poscdto air or waler vapor.

Neutralizer Operation

The neutrahzer cathode was also started at a tar-
getflowrate of G scaminthe first 187 hours of the
test, and then subsequently at the nominal full power
flow rate.During the wear test the neutralizer never
failed to ignite onthe ncutralizer keeper supply open
circuil voltage of 40 V,andoftenstarted at 14- 18
V. The neutralizer keeper current and voltage exhib-
ited large amplitude oscillations onstartup and the
keeper electrode glowed a bright orange. The voltage
oscillations would drop from 5- 10 y peak-to peak to
about 1 V peak-t o peak and the clectrode heati ng
would decrease after several minutes, This transition
could be accelerated by the application of heater cur-
rent for several minutes after ignition, increasing the
keeper currentto 2 A briefly or turning on the high
voltage to increase the cathode emission current. The
DC values of the neutralizer keeper voltage and cur-
rent arc shownin Fig. (12). The keeper current was
A throughout the test except for
one 28 hour period when the current was inadver-
tantly left at 2.0 A after startup. The kecper volt-
age cxhibits long transients after thruster ignition,
as inthe 2000 hour test, and the steady state volt-
ape achieved after a partic ular ignition often var ics
by several tenths of a volt,. The mean voltage was
13.04 0.1 V,and it was remarkably wmsensitive to the
neutralizer flow rate variations and the change
keeper current at 512 hours. The coupling voltage,
displayedin Fig. (13), also shows transients associ-
ated with thruster ignitions and shifting steady state
values, but is apparently more sensitive to the keeper
current and the tank pressure. It was still relatively
stableat13.34 (0.1 V.

maintained at 1.5

After the planued shutdown of the wear test an
attempt was made to start the neutralizer prior to

repeating the throttling tests.  When the ucutral-

1izer failed to ignite on the power supply open circuit,
voltage it was discovered that the CVIpumps had
shut ofl and that the true tank pressure was about
I X 10- *forr. This condition was not prevented by
the data systemmontoring and automatic shiutdown
algorithi because it was designed only for steady
state operation, not for use during ignition. The sys-
temn has been modified so that hardware and redun-
dant software mterfocks disable the power supplies
any time the tank pressure exceeds a given setpoint
to prevent siinilar mishaps in the 8000 hour test. Be-
cause the Cryomech pumps were still suflic iently cold
to trap xenon and water vapor, the ambient gas must
have consisted primarily of nit rogen and oxygen. The
cathodes were reconditioned and the neutralizer ig-
nited after 12 minutes of heating with the keeper
supply operr circuit voltage applied. The difliculty
i starting and ashiftinthe voltage-currellt, charac-
teristics as a function of flow rate suggested that the
neutralizer operationhad changed slightly as aresult
of heating at the higher tank pressure. This occurred
despite a continuons purge of xenon during the tank
Pressure exXcursion.

Engine Performance

The engine power consumption with fixed beam cur-
rent did notvary significantly fromthe nominal 2.3
kW, as shown in Fig (14). The variations reflect
changesinthe discharge power as the discharge cur
desired beam cur

rent. I't.cause the beamcurrent and voltage were
controlled, the thrust was constant at 92.9 mN, cal -
culated using the method outhined in [3]. The specific
impulse and efficiency, plotted in Fig. (15), varied
with chauges in the flow rates, but showed no signifi -
cant decayinperformance fromthe average values of
3114 s and 0.617 over the course of the test.

rent was vatied to maintain the

Figure (16) displays the discharge propellant efli-
cliency as a function of time. Because the beam cur-
rent was fixed, the propellant efliciency varies only
with the flow rates. The ratio of double-to single 1on
current measured with the E xB probe is also plotted
in this fig ure and mirrors the discharge propellant
cfliciency behavior. A's the propellant efliciency in-
creases the neutral density inthe discharge chamber
drops and the electrontem perat ure rises, generating
more double jons. The total propellant eflic iency, of
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course, shows the same trends wit | a mean value of

0.789.

Characterization of Fngine Wear and
Material Deposition

After the endurance testthe engine was disassembled
and the components subjected to detailed analyses
that included mass loss mcasurements, measurcicuts
of dimensional changes and materials analysis

Optics

in generalthe ion optics suflered very little damage.
The accelerator grid was subject to mass loss by di -
rect and charge exchangeion sputtering and deposi-
tion of backsputteredinaterial fromthe facility. The
net mass change was 2.903 £ A conservative calcu-
lation of the amount of carbon sputtered from the
graphite panels onto the accelerator grid yields0.06
g, 0 the total mass loss did not exceed 2.96 ¢.

The accelerator grid hole diameters were measured
with precision pins I increments of 25:4 2.5 g be-
fore and after the test. The results are plottedas a
function of radius onthe grid inlig. (17) andthe
net change in the diameters in Fig. (18).
mun diameter, located a the cusps left by the chenny.
ical etching process, wasnominally 1,12 minandin-
creased by as much as 75 100 yuninthe center of

The mini-

the grid overthe course of thetest. Orie aperture
near the center was notched onone side. }’ ost-test
examination revealed a long, narrow mectallic deposit
011 the wall protruding into the corresponding screen
grid aperture. This evidently deflected the beamlet
into the webbing. Slight notching was also observed
in some of the holes at the hole pattern periphery.

The downstean face of the accelerator grid was
wornin the characteristic pits and grooves pattern,
which is visible inkig. (19). Optical depth measure-
ments of the maximumn eroded depthinthe pitsbe-
tween three adjacent holes and the minimum eroded
depthin the bridges between two holes were obtained
by varying the focus on a microscope. The pit and
bridge depths arc plotted as a function of radius in
Figures (20) and (21). Although no wear in the bridge
regionwas visible before the 1000 hour test, pits with
a depth of 1345 jan had formed in the center of the
grid from the 200 hour low power test at relatively
high tank pressures.

Two distinct regions of carbon deposits backsput -
tered from the graphite pancls were found on the
downstream face of the accelerator grid. in a band
about 3 cm wide at the peniphiery the webbing was
completely covered with carbon.Inthe I)ost-test ex -
amination after exposure to air regions where the
fragile deposits were begiuning to spall were observed
Films removed from this region with Kapton tape
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Figure 19: Erosion aud deposition patterns on the
downstreamn face of the accelerator grid.

were cxamined in a scanning electron microscope
(SEM). Elemental analysisindicated almost pure car-
bon, but the deposits on the grid had a much more
porous, grainy appearance compared to the derise
carbon fil s found on the QCM. The deposits had
a thickness ranging from 1.3 to 1.8 g, which is also
thicker than the films on the QUM but it is unlikely
that the fluxes tothe grid were substantially higher.
Perbaps the higher temperature of the grid or stiul-
tancous ion bombardment leads to the formation o f
thicker, less dense filins.

Iuside a radius of
are col ifir ted to the mesas surrounding the holes, as
shownin Fig. (19). A very interesting fine struc-
ture is apparentin the deposition dist ribution. The
scalloped pattern, which has not been reported pre-

11.6 cinthe carbon deposits

viously, shows ion sputter-cleaning, or uet erosion,
m the pits and grooves. The trenches connecting
pits are broade nedin the center on lines between two
holes. In addition, clean regions on the mesas on lines
connecting the hole center to surrounding pits arc vis-
ible. The asymunetry in the pattern surrounding the
holes is probably an indication of a slight misalign-
ment between the two grids, which oflsets the bean-
lets from the accelerator grid hole centers somewhat.
Thelong, shallow patternsvisibleinthis photograph

arc ctch marks left by the chemical etch process in
arcas where the photoresist had cracked.

The screen grid had a net Ills.ss gamn of 0.593 ¢
froin deposits onthe downstream face of the webbing
and the cusps in the apertures consisting of miolyls -
denum, presumably eroded fromn the walls and up-
strecain edges of the accelerator grid holes. Post-tes t
examination of these filins in and SEM revealed two
distinct layers, of 1e1.8 yumt hick from the 200 hour
test at low poweranda 2.4y filim ontop from the
1000 hiour test. There was sorne evidence of spalling,
and it is likely thatthescfilins were responsible for
the highrecycle rate. Very little wear was visible on
the upstream face; a change i thickness of only 615
Jim was measured optically.

Discharge Cathode

The cathode keeper was removed after the test and it
and the cathode asseinbly were inspected and anurn-
ber of measurements performed. The measurements
suggest achange of 2575 pjun (1- 3 mls)inthe keeper
orifice platethickness, butthere was 110 mecasurable
crosion on any other parts of the keeper.

The cathode orifice plate was textured with fea-
tures 4- 14 gan high in arcas exposed to the discharge
plasia through the keeper orifice, but machine marks
were still visible on parts of the edges covered by the
keeper. Aside from this superficial texturing, there
was 110 evidence of any wear onthe cathode orifice
plate. The orifice was backlit and photographed at a
magnification of 41X and the upstrcam surface was
examined with a boroscope, but there was no evi-
dence of tungsten deposits.

The surface of thetautalum sheath onthe heater
coll was textured with surface structures with dirnen-
sions ranging fromn 1 10 yan. This surface roughness
is typical of new heaters.andtheuntexture d surface
of tilt'I'l(; Weld at the downstreamend of the heater
confirms that this texturing is not due to 1n bomr
bardimeut inthe test. The outer tantalum radiation
shicldsurrounding the cathode heater showed 110 ev -
ideuce of 1on bombardment damage when viewed in
an SI M capable of resolving erosion features as sinall
as 2 qun.
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Discharge Chamber

No large flakes of material were foundin the dis-
charge chamber when the grids were removed after
the lest and there was no evidence of spalling. Sam-
ples were cut fromthe walls of the discharge chamber
i five different locations and scut to the Nonmctallic
Materials Division at the University of Dayton Re-
scarch Institute for analysis. The chemical composi-
tion of the coat ings was determinedusing Auger elec-
tron spectroscopy and the thickness estimated from
Auger depth profiling and elect ron range calculations
in energy-dispersive analysis using X-rays (EDAX).
The filins cousisted of 28 atomic percent molybde-
num, 29 percent carbon, 27 percent oxygen, 14 per-
ce ntnitrogen and 2 percent iron; amixture of materi -
als likely sputtered from the grids and backsputtered
fromthe test facility walls The maximuu coating
thickness was estimated to be 1.5 yon wit hanuncer-
tainty of about 20 percent.

In general the fabrication techniques for installing
the sputter-containment mesh seemed to wor k well,
although in some locations near the downstrcain cdge
individual spot welds on the mesh had become 100SC,
producing small gaps. Samples of the mesh were ex-
amined in the SE M| which showed finely text.ll1rml
sputt er-deposit ed filins that secr ned to adhere very
well to the grit- blasted surface.

Neutralizer

The neutralizer cathode and keeper were also dis
assembled and examined. There were no measur-
able changes in the component dimensions, although
sputter-cleaning of part of the downstrean keeper
surface exposed to divergent beam ions was visible.
Anl8 pm wide by 58 gmlong deposit was found on
theupstream surface of the neutralizer cathode ori-
fice plate. Such deposits gencrally occur when the
wserl has been exposed to oxy 861, which in this case
likely happened during the attempt to start the neu-
tralizer with a high- residual gas partial pressure at
the end of the test It is probably not indicat jve Of
problems associated with operating the cathode at
nominal conditions.
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Conclusions and Discussion

Effectiveness of the Design Modifieations

This test demonstrated that rates of all the life-
limiting engine wear and material deposition pro
cesses 1dentified in the 2000 hour test have been dra-
mnatically reduced. Electrically connecting the screen
grid to cathode commonreduced its voltage relative
toanode potential from 33.0 33.7 V 10 24.3 V andthe
do uble-to single ion current ratio was reduced from
30 percentin the conditions atthe end of the 200[)”
hour test to about 15 percent by changing the op-
crating point. These two design changes resulted i
a reduction in the maxitnum screen grid wear rate
at the center of the grid from about 46 yan/khr to
about 6. A dcterministic calculation based on a lin-
car extrapolation of these wearrates yields anin-
crease 1n screen grid life from 7,800 hours to about
60,000 hours, where crlci-of-life is defined as complete
wear through in the center of the grid.

T'hese modifications also significantly decreasedthe
risk of flake formation in the discharge chamber by
virtually eliminating one of themain sources of de-
posited material. Filin thickuesses measured after the
2000 hour test suggested deposition rates of 2.3 4.0
pm/khr, while the highest rate meas ured in the 1000
hour testwas 1.5 jun/khr. Filin adhiesion to the sput -
ter contaimment tiesh was shownto be quite good
i this test, and m other experiments such surface
preparations have successfully demonstrated contain-
mentof up v 30 o thick il ns[5). A deterministic
estimate based on this experience yields a service life
of upto 20,000 hours before large flakes start to forin
in the discharge chamber.

I'hie severe cathode orifice plate andheater erosion
obscrved i the previous test was completely elini-
nated in this test. Changesin orifice plate thickness
of 280 290 yjan/khr and complete penetratiou of the
tant alum sheath on both cathode heaters were ob -
scrved in t he 2000 hour test , while no damage to et -
ther component was detectable afterthe 1000 hous
test. The major design modification was the addi -
tion of the cathode keeper, but the higher flow rate
mthe 1000” hour test may also have played arole as
discussed below. The engine performance was lower
than expected because of the flow rate error, butthe
test did successfully demonstrate that the engine de-
signshould be capable of a very long service life with



mininal risk of failure from these modes.

Understanding of the Failure Mechanisms and
Specification of Drivers

In addition to the immediate need to validate design
changes before proceeding with a test for the full 8000
hour design life, this wear test provided valuable in-
formation on the processes which drive potential fail-
ure modes. In somie cases these long duration tests
have auswered certain questions about the behavior
of these critical drivers; in other cases they have posed
new questions that are defining subsequent tests.

Accelerator Grid Erosion

Although accelerator grid failure by charge exchange
ion crosion was not identified as a major problen in
the 2000 hour test it may be life-limiting for demand-
ing missions. The accelerator grid erosion observed in
this test is not inconsistent with a linear correlation
which relates the bridge crosion depth to the sputter
yield at normal incidence for an energy correspond-
ing to the grid voltage, the impingement current and
the operating time [4). This correlation does not ex-
plicitly account for the detailed spatial distribution
of mass loss from the grid which may lead to nonlin-
car beliavior over long periods of operation [12]. This
test was too short, however, to discriminate between
the predictions of different models. A model which
attetptls to account for the geometry of mass loss was
developed i [13) and incorporated in a probabilistic
framework in (14]. This approach yields the proba-
bility of engine failure due to grid structural failure
as a function of operating time, given the intrinsic
variability or uncertainty in the input paramecters.
Information on the value of these drivers and their
variability gained from this test is reviewed here.

The total inass loss from the accelerator grid should
scale with the sputter yield, the impingement current
and the run time. Bstimates of the total mass loss
given these values and assuming normally incident
ions, however, are typically about two times higher
than the measured mass loss [14]. This suggests that
the effective sputter yield is lower than that at nor-
tal incidence, perhiaps because the ions do not strike
the surface with an energy corresponding to the full
grid potential or because of redeposition of sputtered
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matetial in the erosion pattern. The effective sputter
yield was conservatively set equal to that at normal
mcidence in initial calculations [14], but tests such as
these provide values that can be used to more accu.
rately bound this driver. Using an ion cnergy of 197
eV, which corresponds to the sum of the grid voltage, .
the coupling voltage and 4 volts above ground for the
beam centerline potential (based on recent measure-
ments with EM'T2 in preparation for the 8000 hour
test), the measured mean impingement current and
published sputter yield data [15] yields a predicted
mass loss of 7.8 g, so the measured mass loss implies
an cffective sputter yield which is 38 percent of the
predicted value. This is to be compared with a value
of 17 percent based on a similar caleulation for the
2000 hour test. This large difference may simply be
due to intrinsic variability or to the diflerent oper-
ating conditions. The 2000 hour test was perforined
at a lower facility pressure and a higher propellant
efliciency. Perhaps the impingement current under
these conditions is dominated by charge exchange in
the neutral gas loss from the engine. These charge ex-
change collisions might oceur much closer to the grids
than interactions with residual xenon at tigher facil-
ity pressures, therefore the ions do not strike with the
maximuin energy. It is not clear, however, why the
mean mmpiigement current was higher
conditions than in the 1000 hour test. Further test-
g and modeling is re

under these

quired to understand these phe-
noIme

The on

il anodel caleulated the impingement
current for a given operating point based on the ra
t10 of the impingemnent current and the beamn current
using data for mercury thrusters over a range of op-
crating conditions. This ratio was characterized by
a Beta distribution ranging from zero to 0.3 percent.
Subscquent testing of the NSTAR thruster at low fa-
cility pressures has shown, however, that the true ra-
tio is likely to be somewhat higher. The lowest value
he fu
percent, and these two tests indicate values closer to
0.5 percent.

The macroscopically
nonuniformy, decreasing with increasing grid radius.

achieved at power point is approximately 0.3

mass loss distribution s
To first order the radial distribution of the charge
exchange rate follows the radial bearn current den-
sity distribution, which can be characterized by the

flatness parameter. Yor lack of specific data on the




NSTAR thruster, this parameter was initially speci-
fiedby alUniforin distribution between 0.4 and ().6,
which are typical values for 30 ¢ optics [14]. Far -
day probe datanow available for the NSTAR thruster
indicate that the flatness parameter is 0.41-0.42 at
the full power pointand decreases with engine power.
Inpractice, the nass loss distribution 011 the grid is
broadencd relative tothe beam current density profile
by the radial motionof the charge exchangeious be-
fore they strike the grid. Destructive analyses of grids
used in three long durat jon tests showed that the
mass loss distribution was significantly broader than
typical beam flat ness parameters, an effect which
may be a8 ravated under ground test conditions [19).
These grids have not been destructively analyzed, but
the bridge andpit crosion depths as a function of ra-
dius canbe compared with the beam current density
distribution measured from FMT2 in Figures (21)
and (20). The pit depth radial distribution is sim-
ilar to the beam profile out to about one half grid
radius andthen drops faster t han the beam current
density. This may be duc to a broadening of theion
impingement current a larger radii, which the data
in[12] suggest. If the pattern is wider at large radii,
the wear depthmay drop below the resolution of the
mcasurement technique but still represent a flatter
tnass loss profile. Inaddition, for radii greater than
about 1 1 6 cm the impingement current density 1s
sufliciently low that net backsputtered carbon depo
sttionocc 111> This isa facility eflect which artificially
suppresses the mass loss on the periphery. The prob-
ability of acharge exchangeionstriking a facility car-
bon atorn instead of a molybdenuin atomn is propor-
tional to the surface coverage of carbon. Therefore,
where the itupingewent current density is sufliciently
high comparedto the flux of backsputtered material
to maintaina low equilibriumn carbon surface cover-
age the crosion rafts arc essentially unaflected. This
mustoccuratarelatively Well-dcfilicd thresholdcur-
rent density, because the transition from net carbon
deposition to the familiar pits and groove pattern s
extremely sharp, occurring over about 5mm a ara-
dius of about 11.6 cin. The average bridge erosion
depthappears to follow a more peaked distribution
than the beam profile out to a radius of aboutll
cm. At that point 14 also drops rapidly, probably for
similarreasons. These indicators of themass loss dis -
tribution suggest that it is more sitnilar to the beatn
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currentdensity distribution than previous data would
indicate, although truemassloss distributions slim 1d
bemncasured to verify tins.

Themass 10ss is aso distributed nonuniforinly on a
microscopic scale. The original model assuined that,
the mass loss was cot ifi ned locally to the pits and
grooves pattern, which was characterized by a pa-
rameter referred to asthe eroded areafraction. This
is the fraction of the webbing area covered by the
pits and grooves pattern. Thethe eroded area frac -
tion varies for different grid geometries and operat-
ing conditions {12} and the factors that control this
parameter are not well understood, so it was origi-
nally treated parametrically in the probabilistic anal-
ysis [14]. These tests now provide some guidance in
specifying this parameter and its variability. The
groove widthin the center of the grid usedin this
test was mcasured from photographs and used to cal-
culate an eroded area fraction of 0.41- 0.46. This is
somewhathigher thanthe eroded area fraction of 0.37
estimated from photographs of the accelerator grid
fronithe 2000 hour test. This is eitherrepresenta -
tive of true variability or again a consequence of the
different operating conditions.

Datafrom other grids suggests that the mass loss
is not confined strictly to the pits and grooves pat-
tern [12]. When the pits penetrate the grid a signifi -
cantatnount of matenalmay be lost inundercutting
This test and the 2000 hour
test suggest that sigmificant mass 10ss may also oc-
cur on the walls of the apertures. New information
gained from these tests has been used to refine the
probabilistic analysis, as described in Ref. {16).

on the upstre am side.

Sereen Grid Frosion

Comparing the results of the two endurance tests
demonstrates thatthe screen grid erosion rate is ex -
traordinarily scnsitive 10 the grid voltage relative to
anode potential and the double 1on fract ion. Wher
the screen grid istied 10 cathode common it fixes this
voltage difference atthe discharge voltage. The dis-
charge volta ge andthe double ion content can vary
from the nominal values as the controllable engine
parameters, such as beamn current, power supply volt-
ages and flowrates, arc allowed to vary over specified
limits. The sensitivity of these parameters to the al-
lowable variations inthe flight power processor and



feed system were measured in engine tests. A deter-
ministic screen grid model that relates the maximum
screen grid erosion to the double 1on fraction, the
grid potential and sputter yields has been adapted to
a probabilistic framework with driver distributions
specified by the sensitivity data [16). This model
yields results which agree well with erosion rates fromn
the 2000 hour test andindicates that screen grid ero
siol IS not a dominant failure mode for operation at
the nominal condit jons and allowable input parame-
ter variability

Flake Formation

This test yielded valuableinformationonthe sources
of sputtered matenal in the discharge chamber and
the distribution of deposited mass. At these operat-
ing conditions the surface texturing inthe discharge
chamber appears 10 be adequate t0 contain flakes
011 anode surfaces. 'T'here arc no measures so far
to contain flakes fromthe screen grief however. The
NSTAR program isrelying on flake-clearirlg circuits
with sufli cient energy to vaporize grid-grid or grid-
anode snorts, aund operating experience so far sug-
gests this may be suflicient.  This potential failure
mode has not yet. beentreated analytically, and be-
cause flake formationand gridshorting arc inherently
stochas tic processesit will require probabilisticmeth-
ods. Additional information on deposition rates and
thin film flake formation mechanisms from testing, are
required [1].

Catlhiode Erosion

Cathiode orifice plate arid heater crosion is the least-
understood of the wear processes observedinthe 2000
hour test, inparticular because the mechanism which
produces energetic ions i the near cathode region
is not known. Two mechanisins for ion acceleration
to encrgics gieater than the discharge potential have
been proposed. Friedly aud Wilbur suggested that
theions arc accelerated fro apotential hump close
to the orifice [17]. Latham proposed that the cur-
reut density inthe orifice may be sufliciently high to
create a self magnetic field that results in magneto
gasdynarnic acceleration of the cathode plasma [18].
However, no attempst has yet been made to develop
a quantitative modcl of theion acceleration process

based on either of these mechanisms. The texturing
of the cathode orifice plate andapparent shadowing
incertain areas covered by the keeper suggests there
is anion source downstreamn of tile keeper orifice.
This demonst rates the effect iveness of the keeperas a
physical barrier which protects tile heater and parts
of thecathode orifice plate. Portunately the wear
rate of thekeeper orifice plate is relatively low- the
problem was not simply been transferred to the out-
crinost surface. Experiments have heen performed at
Colorado State Umniversity which show that increas-
ing, tile neutral density infront of (ire cathode by
injecting nentral gas near the cathode orifice reduces
the erosion rate on surfaces downstream [19]. The
kecpermay serve to pressurize theregion downstream
of tile cathode and therefore moderate the ion ener-
gies, which would explain the reduced crosion. How-
ever, tile same effect nughtbe caused by the higher
cathode flow usedinthe 1000 hour test. Experi-
ments have show n that increased flow through the
cathode decreases tile energy of jonsin the cathode
Jet [19,18], but also increases the population of high
energy ious. At thispoint it appears thatthe effects
of the keeper and the increased flow rate compared
to the 2000 hour test cannotbe separated to identify
specifically why the crosion was <o dramat ically re-
duced.

Appendix Determination of Flow Rate
Correction

In this appendix the identification of xenon diftusion
through the silicone rubber tubing as the culprit in
the low rate measurement error, tile method used to
correct the flow rates and a comparison with these
teasurements with published permeability data arc
presented. Thieindicated flow rate was observed to
dropdratnatically whenalonger section of tubing was
used to connectthe bubble volumeter to the flow sys
tem. An experiment was then performed to confirm
that di flusion through tile tube walls was the cause
of the suspected flow rate discrepancy. Themass loss
rate through tile tubing due to di flusion should be
proportional to the exposed length of tubing. A se-
rics of calibrations performed with arange of tubing
lengths, displayed in Fig. (22) shows exactly the ex-
pected behavior- louge rsections Of tubiug result in
progressively lower indicated fiow rates.
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Thie individual f1ow meter calibrations were re-
peated with and without the 85 cinlong section of
hose used in all previous calibrations, The flow rates
measured in these two calibrations were then sub-
tracted to determine the xenon loss rate throughthe
tubing wall. Al 1 example for the main flow is shown
in Fig. (23). The bubble volumeter and the George
K . Porter Vol-U-Meter calibrations of the main flow
meter without the silicone rubber hose show excel-
leut agrecment, and an earlier bubble volumeter cal-
ibration performed with the hose was repeated to
within 0.25 perecent at the nominal main flow rate.
The xenon loss rate through the tubing is plotted as
a functionof true flow for thethree flow mectersin
Fig. (24). The leak rates associated with the neu-
tralizer and cathode flow meter calibrat 1ons have op-
posite trends when plotted versus the true flow rate.
However, they vary by only 4 ().1 scem, so this may
just represent scatter in the measurements. T'he main
flow cter calibrationindicates au eflective icak rate
that agrees reasonably well with those mcasured by
the other two flow mieters at low flows but decrcases
withincreasing true flow. It is not yet clear wily this
is so, but the repeatability of the calibrations sug-
geststhat it is a real effect. These data were used to
correct the flow rates from the 1000 hour test for the
xenon lost through the tubing during calibrations,

We subsequently discovered that silicone rubber
tubing is one of the most perineable types of elas-
tomier hose and that xenon has one of the highest
permicabilities i silicone rubber. The mathematical
trcatment of gas diffusion through polyiners is not
unlike that of gas diffusion throughliquids. The gas
transfer rate is proportional to the concentration gra -
dient and can be expressed in terins of Fick’s Law,
which canbe rewrittenin terms of a partial pressure
pradicntusing Heury’s law,

“ - PpVp (1)
where the perineability constant P’ sithe product
o f the diffusion coeflicient and the solubility. This

equationwas solved for the case of a cylindrical ge -
omcetry inwhich the only partial pressure gradient is
asstiined to be inthe radial direction, and then inte-
gratedfrom theinner to the outer radius of the tube
to obtain the flowrate per unit length of tubing. Us-
ing, the measured permeability data from [20] the gas
transfer rate through the wall of a silicone tube out
into the ambient environment was calculated. These
estiimates assume a pure gas flowing in the tube so
there is 110 mixing. The results arc listed in ‘l'able (?)
for nitrogen, argon and xenon. Thesupply pressure
(partial pressure Of the pure gas) is assumed to be 15
psi, theinner and outer tube radii arc 0.32 cmand
0.64 cm, respectively. Because the ambient gas is air,



a partial pressurcof 11 .7 psi (78 percent) nitrogen
is also assumed. (2). These results are intended to

Gas Ppx 10° Fx10% Gas Transfer
(cc Cll,/ (seen,/cm) (](atc)
(see cn’cm-Hg) (Seem)
N, 1.67 16 0.014
Ar 4.27 18.0 0.153
Xe 19.2 81.0 0.689

‘I’able 2: Calculated gas transfer rates in an 89 cin.
long siliconehose using published permeability data

be representative of silicone rubber in general. Dif-
ferences in compostt ion, due to theuse of fillers to
nmprove certain mechanical proberties, arc common
and will alter the perineability values one measures
with the products from different vendors. Nevert he-
less, the xenoun gas transfer rate calculated from these
data agrees remarkably well with the value deter-
inined from the flow calibrations at low flow rates.
It also makes it clear why calibration cowmparisons
with other standards using nitrogen andargon do
not show this effect- their perineability in the tub-
ing is muchlower than that of xenon. Samples of the
actual tubing used inthe flow calibrations hasbeen
scentto several laboratories 10 measure the actual per -
meability to compare with these data.
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