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A cyclic endurance test of the Russian 1.35 kW Stationary
Plasma Thruster WT.] 00 is dcscr-ibcd.  The endurance test
was performed for 6,925 on/off cycles and 5,730.3 hours of
operation at an input power to the thruster of 1.35 kW.
Each cycle was approximately 50 minutes of thruster on-
time and 23 minutes of thrustm  off-time. Thruster efficiency
dccrcascd from 50’% to 45% as the thruster aged over the first
1,000 hours. The efficiency increased slowly over the next
1,000 hours and then slowly dcmxtsed  to 45% by the end of
the wear test. The unused cathode igniter and radiation
shields were found to erode at an unexpectedly high rate. A
short between the cathode emitter and cathode igniter
occurred at cycle 5,316, the short was cleared without
opening the vacuum tank but the short reoccurred at cycle
6,344. ‘L’hc vacuum chamber was opcncxl after the thruster
had accumulated 6,346 cycles and 5,250 hours of operating
time to clear this short and repair the thrust stand, which had
failed at cycle 5,818. Data from this wear test indicate that
the likely first failure mechanism for this thruster design is
shorling between the igniter and cathode emitter in the
unused cathode. The cndurarrcz  test was performed under a
cooperative program between  Space Systems/Lor-al,  JPL, and
the Ballistic Missile Dcfcmc Organiza~ion (BMDO).

Stationary plasma thrusters (SPT) are gridlcss  ion
thrusters that were originally dcvclopcd  in the US. in the
early 1960’s. ]‘3 Although efforts in the U. S. to develop
high thrust cfficicncics  failed, efforts in the fonncr U.S.S.R.
were quite successful. Thc SPT was successfully developed
during the 1960’s and 1970s by Morozov’1 and othcrs5~6 to
obtain a unique combination of speeific impulse and
cfficicnc y. More than 50 !3PT-70 thrusters have flown in
space, starting with the Meteor I in 1969- 1970.7~8 More
rccentl y, eight SPT- 100 thrusters were flown on the Russian
GALS television satellite to perform both north-south and
cast-west station-keeping functions.9
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In 1991 a team of electric propulsion specialists
visited the former U.S.S.R. to experimentally cvahratc  the
performance of a 1.35-kW SIT at the Scientific Rc,warch
Institute of Thermal Prowsses  in Moscow and at Design
B u r e a u  “Fakcl” in Kaliningrad, Russia.lO*l  1 T h e
cvaluatioh  verified that the actual pcrfonnancc  of the thruster
was close to the claimed pelfofmance  of 50% efficiency at a
specific impulse of 1600 s.] 0 Studies indicate that for
north/south station kczping and Earth orbit raising
applications of electric propulsion. the optimum specific
impulse is in the rarigc of 1,000-2,000 SCC.l  2 T h e
combination of the flighl  heritage of the SF’T-70 and the
availability of thrusters and thruster data led to substantial
interest in these thrusters by Western spacecraft
manufacturers for primary and auxiliary propulsion
applications.

Space S yslcnls/t  ,oral is presently flight-qualifying
SPT- 100 thrusters for north/south station keeping and Earth
orbit raising applications and plans to provide these thrusters
on their spacccraf~l  3 At Iksign Bureau “Fakel”,  a stcady-
statc  life test was performed’4, and pcrformanec,  plume and
EMI/RFI  evaluations W(!IC conducted at NASA Lewis
Research Center.] 5-18

A key a.spcct of the SPT- 100 evaluation program
was chamcterizrtion  of the long term operating behavior of
the thrustw. Typical mission applications of interest require
operating times of several thousand hours. Potential usc of
the thruster for north-south stalion keeping of commercial
communication satellites will also require the capability for
several thousand on/off cycles. To address these objectives a
cyclic endurance test was performed at JPL under a
cooperative program between Space S ystcms/I.oral,  JPL
(under the JPL. Affiliates program) and the BMDC).  The
original goal for the test was to accumulate a total of 5,000
hours and 6,000 cycles on the thrusten the test was extended
to 6,925 cycles and 5,730 hours to accumulate more than
5,000 hours of operating time on a single cathode. Several
papers dcscribc  the wear test rcsulta through the first 5,000
cycles. 1921 This paper dcseribes the results of this cyclic
endurance test for 6,925 cycles and 5,730.3 hours of
operation at 1350 watts.

~“hc Russian SIY1’-  100 plasma thruster used in this
endurance. test is shown in Fig. 1. This thruster as tested
comes with two hollow cathodes and a xenon flow control
systcm  (X FC) cnclo.scd in a box directly behind the SPT- 100



(Fig. 2). The outer insulator which forms the outside
discharge chamber wall is approximately 100.8 mm-dia. In
this cndurancc lest the calhodc al the top (cathode #1) was
used as the primary cathode.

Ihc SYI”-  100 thruster cndurancc  test was performed
in a 3.1-m dia. x 5.1-m stainless sled vacuum chamber
equipped with three each, 1.2-m diameter helium cryopumps.
The minimum no-load tank pressure was observed to be 4.2
x10-6 Pa (3.2 x 10-8 Torr). ‘Ihc ratcxi pumping sped for the
three pumps combined is 81,000 liters/son xenon, however
the mcasurcxl  pump spcxxt on xenon is approximately 50,000
1/s.

The thruster was mounted near one end of the
vacuum tank, directly facing a cryopump which is positioned
at the other end of the vacuum tank. ‘lIc discharge chambw
surfaces of the SPT thruster consist of insulator materials,
and it has been demonstrated that the pcrfom~ance  of SH
thrusters can be significantly affwtcd by the deposition of a
conducting coating on the insulator.22  To protect the
cryopump and minimize the amount of material sputtered
back to the thruster, the facility was lined with graphite, and
a graphite km target was consmucted.  The beam target
consists of 6.4-mm thick graphite panels arranged in a
chevron configuration and placed as shown in Ref. 19.
Graphite was selected as the target material bczause of its
low sputter yield at the ion energies cxpcctcd  from the
SPT.23 The chevron configuration results in large angles
(typically grcatcx than 50 dcgrccs)  bctwccn the expected ion
trajectories and the dirwtion normal to the graphite surface,
which may both rcducc  the graphite sputter rate and reduce
the amount of sputtered material dircctcd  back towards the
thruster. A photograph of the SPT-1OO mounted inside the
vacuum chamber is shown in Fig. 2.

Duc to the beam divergence charactmistics  of the
SPT-1OO, material can be sputtered from the vacuum tank
sidewalls and deposited onto the thruster. Therefore the
cylindriud  side walls of the vacuum chamber were also  lintxl
with graphite panels. Glass slides were placed 21 cm to
either side of the SPT thruster such that material back
sputtcrcxi  to the S~ could be quantifiwi  and charactcri7xxl.

Tank pressure was measured using two ion gauges.
Onc gauge tube was mounted directly to the outer wall of
vacuum tank; the other tube was mounted inside the vacuum
tank, approximately 0.51 m above and 0.58 m behind the
SIT- I 00. This tube was calibrated on xenon and nitrogen
using a spinning rotor gauge that is traceable to NIST.

The propellant systcm  for supplying xenon to the
SPT-1OO thruster is dcscribcd in Ref. 19. The system was
constructed from 0.64 -cm-dia  stainless-steel tubing that was
scrubbed with acetone and alcohol before assembly. Prior to
operating the SPT, the propellant system was checked for
dcw point, hydrocarbon contamination, and particulate
contamination. The xenon supply pressure was indicated by
a capacitance manometer that was calibrated to an accuracy of
H).25%  at 249.94 kPa, the nominal working pressure for the
SPT- 100. This pressure was then dropped to the lCVC1

required by the cathode and discharge chamber within the
xenon flow control systcm (XFC) that is an integral part of
the SPT-100 and is localcd dircctty  behind it in the vacuum
system. Thcrcforc  the pressure in the propellant tubing was
above atmospheric pressure up to the SPT XFC. ‘Ihc
purity  of the xenon used by the SPT was tested directly from
the xenon bottle. Purity data indicate that the spczifications
(99.999%) wczc eaccrxkxl.

A thermal mass flow meter was used to measure the
total propellant flow rate. The flow meter was calibrated on
both nitrogcm and xenon by the manuf~turcr using a primary
calibration standard, and at JPL using a bubble volumetcr.
The nitrogen calibration performed at JPL agreed with the
primary standard calibration to within 1% for all flow rates
tested. 1 hc bubble volurnctcr  data on xenon were curve fit
and the curve flt was incorporated into the SPT data
acquisition and cxmtrol program.

A xenon rccovcry  system was used to rccovcr and
store xenon consumed by the SPT-100 and is dcscribcd  in
Ref. 19. A probe rake, consisting of 25 Faraday probes of
diameter 2.3 cm, mounted on a semicircular arc 2.4 m in
diameter was used to examine the thruster exhaust plume.
The probe buttons were biased to -23 volts when usd to
measure ion current in the plume. The probe rake was
positioned such that the. thruster is at the ccntcr  of the
semicircular arc: the axes of the rake were aligned with the
plane fonncd  by the outer insulator of the SPT-1OO such that
the rake can be pivoted around a line normal to the thruster
axis. This configuration enables complete hemispherical
profiles of the exhaust plume to be made. When the probe
rake is not in USC, a motor rotates the rake to a position of
approxinlately  90 dcgrccs  with respect to the thruster axis.

The SPT- 100 was mounted to an invcrtcxl  pendulum
style thrust stand of the type dcvclopcd  at NASA I &RC;24
in this design, thrust is indicated by a linear voltage
displacement tmnsduccr (LVDT). The thrust stand is
surrouncicd  by a water-cooled housing to minimize
temperature effcxts  on the measured thrust; the housing can
be seen just below the SIT-100 in Fig. 2. The thrust  stand
inclination was adjusted continuously by computer to
improve the accuracy of the thrust measurement over
cxtcndcd  test times. Thrust  stand calibrations were performed
in-situ timoughout  tile  life test using a set of weights.
Norman y 15 or more data sets were performed in order to
obtain a large enough sampling for statistical analyses.
Statisticxil  analyses of the calibration data was also used to
determine the bcstthrust stand inclination setting,
Repeatability of the calibrations were normally 1.0% or
bcucr.

The thruster was operated with a bread board power
conditioning unit (PCU) dcvclo@ by Space Systems/Loral.
The SP3 -100 discharge current and magnetic field current
were adjusted by suppiying the appropriate voltage input
signal to the PCU. The PCU output voltage was fixed at
approxinlatcly  300 V. Propellant flow rate was controlled
by the SPT-100  flow control unit which is part of the
thruster; the mass flow rate was determined by the discharge
current setting. The PCU was turned on and off by
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supplying the appropriam  digital signal to the PCU. Once
the engine parameters were adjusted and the PCU was turned
on, the SPT-1OO thruster was started and operated
automatically by the bread board PCU. The PCU/thruster
sequencing is described in Table. I for onc complete cycle.

Table L PCUfl”hruster Sequencing For One Complete Cycle

Time AcLion
WC
— — -

0

10

170

171

180

3180

4380

——

PCU start command received from
cnrnputcr

Cathode heater, capillary current,
mngnctic field current on

Cathtxlc  ignitm  voltage applied; cathode
heater off.

SPT achicvcx 1.5 A discharg~  run time
clock started, begin on-phase

SPT achicvcs  4.5 A discharge

SIT turned  off by stop command issued
by computw,  begin off-phaw

PCU start command rcccived from
compulcr for next cycle — . ——

Steady-state thruster operation, start-up and
shutdown sequencing were controlled by a PC based data
acquisition (DAC)  system. This systcm  also monitored the
vacuum facility enabling trnattcnded  operation. A total of 56
channels that include thrust, xenon mass flow rate, anode
voltage and current, floating voltage, magnti  curren~ cathode
heater current, thcrmothrottlc  current, SPT in]ct  xenon
pressure, tank pressure and various other facility components
were monitored and reeordcd as a function of time. ‘Ilre  data
were averaged in real time and the averaged values were
displayed on a monitor scrccn.  ‘I?Ic data were rccordcd  on the
computer hard disc drive every 30-60 seconds.

The computer issued the PCU start and stop
commands. If certain engine or facility parameters excccded
specifications, the compulcr  sent  the PCU stop command to
the PCU, opened a relay between the PCU and its power
source, and activated a telephone dialing machine (autodiahx).
The computer sent a change-of-state signal every 15 seconds
to an electronic timer (heartbeat box); in the event of a
computer failure, the timer activated a series of relays to turn
off PCU power, xenon flow, and activates the atrtodialcr.

PCU tclcmctry for various SPT-100 currents were
calibrated to values obtained from calibrated current shunts.
The discharge current calibration was determined using a
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voltmeter which rwcragcs lhc direcl-current value of the
disehargc current shunt voltage drop over a period of four
seconds. Oscillations in t.hc discharge current were obtained
with an inductive. probe placed on the discharge current
cable C1OW to the vacuum tank feed through. The discharge
voltage ri])ple was measured at the vacuum tank feed through
as well, using a combination inductivcfllall  effect probe.
Cabling length between the feed through and SIT is
approximately 6 m. After cycle 663 of the cyclic life test
the RMS value of the discharge current was measured using a
true RMS voltmelcr.

3 ‘hc thmstcr  was photographed (from an off-axis
view) periodically through a window in the vacuum system
to docunlcnt the. condition of the thruster. Insulator
thicknesses were dctcrmincd  from photographs by measuring
the ratio of insulator width to the outer diameter of the outer
insulator or inner diamctr~  of the inncl insulator, An off-tiis
view of the SYr-100 is shown in Fig. 3. The SPT-1OO can
be seen operating in the tmdurance  Mt facility in Fig, 4.

‘l’he SPT- 100 was purged with xenon when the
mcehrrnical pumps were USCXI to pump the vacuum tank from
atmosphew to 50 mTorr. The SW-100 was operated only if
the vacuum tank pressure indicated by the calibrated ion
gauge reads below 2.7 x 10-5 Pa (2 x 10-7 Tom). During a
facility shutdown (cryopumps  of~ the SPT- 100 was purged
with xenon.

A cycle is dcflncd as any tirnc  the thrusts achieves
a discharge current of >1.5 A. The first 26 cycles of the life
test were used to test the data acquisition and control
program, the facility, and the probe rake; in these cycles the
thruster was opcratcxt  for varying time periods, from less than
onc minute to over 60 minutes, and at varying discharge
currents.

I“hc computer performed the task of starting and
stopping the thruster, taking data, and monitoring the
facility. oscilloscope traces of oscillations in the discharge
current and AC ripp]c in the discharge voltage were obtained
approximately every 10 cycles. Approxirnatcly every 200
hours the life test was interrupted for a short period of time
to photograph the thruster, measure flow meter zero drift, and
to rc-calibrate  the thrust stand (T/S). Approximately every
200 hours a probe scan was obtained using the probe rake.

‘1 “hrustcr operating hours vs. cycle number is plotted
in Fig. 6. Starliug  with cycle 27 the SPT-1OO was cycled
for 50 minutes on and 20 minutes off, with 3 minutes for
cathode pi c-heating. The SPT- 100 complekxl  6,925 starts and
5,730.3 hours of operation; of these, 103 cycles totaling
32.73 hours were not opcratti for the standard 50 minutes
Lwcause of testing requircrncnts,  computer/facility failures,



operator error, or to computer-commanded shutdowns. Them
were no shutdowns required due to abnormal S~ operation.
In all cycles the SPT always performed to ils nominal
operating condition of 1.35 kW. Non-standard cycles arc
catcgorixxl  in Table 1 I.

Table II. Test/shutdown descriptions

Shutdown Description Number of Shutdowns

Thrustc@AC testing 33

PCU/PCU input power 22
supply failures

Cryopump failures 20

Computer/DAC crmrs 16
or hardware failures

Operator-inducal shutdowns 8

Cycle stopped manually, 2
thruster emitting sparks

Power grid transients 2

TOTAL 103
—

A total of 33 cycles were operated at various time
intervals to test the thruster or DAC systcm. Twcnt y-two
shutdowns were commanded by the computer duc to PPU
module failures or PPU input power supply failures; the
discharge voltage decreased up to 6 volts when a PPU
module failed. Twenty shutdowns were duc tQ cryopump
failures. The shutdowns were commanded by computer when
a cryopump failed and vacuum tank pressure excccdcxl 0.013
Pa (104 Torr), or when a cryopump temperature sensor
failed. Tank pressure did not cxcccd 0.04 Pa during these
failures. Xenon flow through the SIT was maintained when
a cryopump was turned off.

Hardware failures consisted primarily of xenon
regulator pressure failures or cryopump coding water
failures. Computer/DAC failures consisted of printer
failures, software crashes and 100SC cabling. Operator-
induccd  shutdowns consisted of various actions resulting in a
computer-commanded shutdown.

AR TEST ~ANT EVENTS

A glow in the non-operating cathode was observed
beginning in cycle 1. This SPT-100  thruster utilizes a
propellant system with no absolute flow shut-off to the
unused cathode.25 Newer designs inclu& positive flow shut-
off to the unused cathode. The glow in the unused cathode is
visible in a photograph (Fig. 5) of the SPT- 100 in
operation. The brightness of the glow appeared to dccrcasc
with time.
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1 Jncxpcctcdly  high igniter wear mtcs in the unused
cathode (cathode #2) wuc ob.serve-d soon after the start of the
wear test On cycles 5,316 and 6,344 the cathode igniter
shorted to the cathode emitter. Two other failed thrusler  start
attempts at cycles 561 and 6,879 were attributed to other,
non-thruster causes that can be summarized as follows: no
start signal sent by computer, start signal not reccivcd by
PPIJ,  or 1’PU igniter start circuit failure.

Dctwccn cycles 1,545-1,744 a thrust stand
calibration weight was inadvcrtcntl  y left deployed on the
thrust  stand, therefore no thrust measurements for these
cycles are available. Ten minutes after the completion of
c yclc 2675 an earthquake shook the thrusl stand hard enough
to cause the middle 3-gram mass in the thrust stand
calibration system to slip down to the end 3-gram mass.
Therefore only two maws,  3 grams and 9 grams, could be
used for thrust stand calibrations until after cycle 6,346,
when the vacuum tank was opened and the thrust stand was
repaired, After cycle 5,817 a software error in the DAC
program caused the thrust stand tilt motor to jam at it’s
extreme position, therefore betwem CYCICS 5818-6346 no
thrust nleasurements  were possible. The tilt control
assembly was repaired simultanmusl  y with the calibration
weights.

After cycle 5,661 onc of the cryopumps  failed
completely. The wear tcsl was continued with only two
cryopumps operating until the pump was repaired after cycle
6,176. ghcrcforc,  the tank pressure between cycles 5,661-
6,176 wtis 2.5x1 O-3 Pa (1.9 x 10-5 Torr), compared to the
usual 1.9 x 10-3 Pa (1.45 x 10-5 Torr).  It was not necessary
to open the vacuum tank to repair the cryopump.  After the
pump was repaired the tank pressure rctumcxt  to the normal
load pressure of 1.9x 103 Pa.

Engine parameters such as efficiency, discharge
current and voltage, thrust and specific impulse for cycles 26-
6,925 am shown in Figs. 7-10. Thruster data were analyzed
to detenninc cycle-to-cycle changes in thruster operating
characteristics, Thrust was determined by subtracting the
LVDT voltage four minums  after the SFT was turned off
from the. LVDT voltage obtained from averaging LVDT
voltage over the last tcn minutes of the cycle, and
multiplying by the appropriate thrust stand calibration factor.
Efficiency and specific impulse were calculated using the
values for thrust, mass flow rate, and engine power
(including magnet power), averaged over the Jast 10 minutes
of the cycle.

Larger variations in thruster parameters such as
floating voltage and thrusl  occurred in the first 900 hours of
thruster operation than in the rest of the test. In most cases
the variations were intentionally induced by applying
supplementary current to the magnet coils to investigate
thruster performance and oscillations in the discharge current
and voltage.



Discharge voltage is plotted as a function of thruster
cycles in Fig. 7. Discharge voltage was measured between
the anode and cathode crnittcr. Between cycles 1-810 the
discharge voltage was monitored via PPU telemetry; after
cycle 810 the discharge voltage was measumd  using  a vokagc
attenuator. Variations in discharge voltage observed through
cycles 150-2,200 were duc to PCU power supply input
failures or PCU discharge supply module failures; without
all modules functioning the engine discharge Ioadcxi  down the
PCU and the output voltage dropped approximately 6 V.
Variations in discharge voltage observed through cycles
5,300-5,600 were duc to placcmcnt  of ammeters in series
with the discharge; since the PCU output voltage was fixed,
the impcxlancc of the ammeters resulted in a small decrcasc in
the discharge voltage.

Floating voltage is plotted as a function of thruster
cycles in Fig. 7. Variations in floating voltage through
approximately cycle 1,000 were due to intentional changes in
the auxiliary magncl current.19  Following that the floating
voltage incrcascd to a maximum at cycle 1,300, then
dcxxt.ascd  until approximately cycle 2,100. The SPT-100
was operated on cathode #2 (the redundant cathode) at cycle
5,321, then again bctwccn  cycles 5,352-6,196. The floating
voltage was generally higher by 2.5-3 volts when the
thruster was operatcxl  on cathode #2. The floating voltage
also incrca.sd  slightly when the thruster was operated with
only two of the cryopumps functioning (c yclcs 5,661-
6,176), which rcsultd  in a 32% increase in tank pressure.
As can be seem, there is little difference in the floating
voltage between the start and end of the wear tcxw.

Maw flow rate and discharge current arc pIoucd m a
funclion  of thruster cycles in Fig. 8. For a fixed mass flow
rate of approximately 5.5 mg/s the discharge current
decrcascd approximately 0.4% over 6,925 cycles. The
thcnnal mass flow meter calibration drifted approximately
1% betwwn run hour O-1,740; in the data presented in Fig.
8, the mass flow indicated by the flow meter was adjusted
with the assumption that the drift rate was uniform betwcxxr
run hour 0-1,740.

Thrust and efficiency arc plotted as a function of
thruster cycles in Fig. 9, and thrust  and spcciflc  impulse arc
plotted in Fig. 10. The data indicate that the thrmt decrcmcd
un~il  app. cycle 1,000, whereupon the thrust began to
increase until approximately cycle 3,000. Between cycles
3,000-6,925 the thrust decreased approximately 1.5-2 mN.
At the cnd of the wear tcsl  the thrust was app. 81-82 mN,
compared 1085 mN at the beginning of the test. The shape

of the thrust vs CYCICS curve. is surprising and counter to
expectations; it is not understood how or why the thrust
increase occurred after cycle 1,000. However, the thrust data
arc qualitatively similar to data obtained from a steady-state
enduranc.c  test performed by Fakel  Enterprises. l 4

Theoretical anal yscs of the thrust increase with ti mc was
presented in Ref. 14. Iifficicncy and specific impulse, of
course, t] acked the shape of the thrust  curve; by the cnd of
the wear mst thruster ctTlcicncy had dccrea.wd  to 0.45-0.46.

LlsLha@QcWl@MU“ atit?miatld-~

(oscillations in discharge current and voltage arc
shown in Fig. 11. The probes used to measure discharge
current and voltage owillations  were positionti  close to the
vacuum tank feed through and downstream of the PPU
output filter. There was approximate y 6 m of cable length
betwtxn the tank feed thugh and the thruster.

In Ref. J 9 reduced current and voltage oscillation
amplitudes were associated with improved thruster
performance. Initially, discharge current oscillation
amplitudes were generally lCSS than 2 A p-p, and voltage
ripple less than 2.5 V p-p. By cycle 1,100 (run time 890
hrs) current oscillation amplitudes were 10 A p-p, and up to
15 V p-p ripple. in the discharge voltage. Oscillation
amplitudes began to dccrea.sc at approximately cycle 2,500
(2,043 hrs run time). By cycle 6,925 current oscillation
amplitudes were only 5 A p p maximum and 10 volts p-p
maximunl for the discharge voltage, these vahrcs  are similar
to those obtained at the start of the wear test.

I?lu!WQlafacWLZAh!

“l%e current density measured by the center probe of
the probe rake for two different cycles, cycle 759 and cycle
6,925, am compared in Fig, 12. There appears to be little
change ill the shape of the exhaust plume over 6200 cycles
and 5,200 hours, except that the peak current density
dccrcascd approximately 20% relative to the current density
near the start of the wear test,

lfM&MKEIQS.kM

Erosion of the discharge chamber insulator surfaces
was documented photographically y and is plotted in Fig. 13 as
a function of run time. The photographs indicate that by
approximate] y run hour 75 groovcx had formed in the outer
insulator, by run hour 2,189 the downstream metallic face
of the SPT-1OO was just beginning to bc eroded by ion
bombardment bccausc  the outer insulator was worn flush
with the thruster surface. lnncr insulator erosion was
somewhat asymmetric; at the, end of the wear test the inner
insulator was reduced in thickness to approximately 1 mm at
the 12:00 o’clock position (the cathodes arc at 8:00  o’clock
and 10:00 o’clock), 0.5 mm across from the cathodes and at
6:00, and adjac.cnt  to the cathodes the thickness was
essentially zero millimeters. Results indicate an erosion
rate that is approximately the same as reported in Ref. 26.
Thruster performance at the end of the wear test was very
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acceptable despite the cxtrcmc wear of the insulators and the
downstrwm face of the thruster.

Wear characteristics of the S~-100 arc shown in
Figs. 14-19. The dark material on certain locations of the
SPT- 100 may b uncrodcd deposits of graphite sputtered
from the graphite beam target or boron eroded from the
insulators and rcdcpositcd  onto various locations on the
thruster. The arrival rate of back-sputtered graphite onto
glass slides located near the thruster was measured using a
prdilomctm  the data indicate that the back-sputter rate varied
between 6.6-7.6 x 20-3 urn/hour. Based on photographic
cvidcncc  thruster body erosion began between run hours
2,100-2,400. In Fig. 18 the tip heater for cathode #2 is on.

odc Eosa!‘r i

Cathode #2 eroded considwably even though it was operated
for only 890 cycles and 727.8 hours in this wear test, and
was not operated at all until cycle 5,321. This was the most
surprising and uncxpcctcd  result  of the wear test; data from
previous tests were obtained with both cathodes being
operated for an equal amount of time, and cathode erosion
was assumed to occur in the used, not unused, cathode.
However, photographic evidence obtained in this wear test
are concltrsivc  that in this thruster configuration it is the
unused cathode that erodes at the highest rate.

Changes in cathode #2 can be seen in the
photographs in Figs. 20-25. By cycle 358 (run time= 281.5
hrs) there were indications that cathode #2 was Ming eroded.
In Fig. 20 the erosion appears as a light crescent at the top
of the igniter. There is also a discoloration near the igniter
orifice. The crcsccnt-shaped area increased in size (Figs. 21-
22 ) and there arc indications of erosion in the igniters of
both cathodes in a dircxlion  radially towards the discharge
chamber. In Fig. 23 the front face of the igniter has been
roughened and it appears that the whole face is being eroded.
By cycle 2,676 (run time= 2191.34 hrs)  tie igniter cover on
cathode #2 wore through completely at approximately the
12:00 o’clock position (Fig, 2A). By cycle 4,703 (run time
= 3,882 hrs) the igniter face on cathode #2 had disappeared.
In Fig. 25 the tip heater of cathode #2 is on.

On cycle 5,316 a short dcvclopcd  bctwczn the
emitter and igniter of cathode #2. Thc short appeared to be
duc to amunulation of spuucrcd material that bridged the
igniter to the cathode emitter radiation shields at tbc 7:00-
10:00 o’clock position (Fig. 25). In the thruster
configuration used for the wear test the igniters and emitters
of both cathodes arc conncctul  together, resulting in cathode
#1 being shorted as WCII, and the thruster could not be started
bceausc  of power drain to the igniter high voltage start
supply. The thruster was allowed to cool to room
temperature, and the following 5 thruster starts were
successful. However, the short again dcvclopcd on cycle
5,321 and the thr-wcr  could not be started. With a thruster
tcmpcraturc  of approximately 20 degrees C, the isolation
bctwccn the igniter and cathode emitter was 0.8 ohms.

The tip heater of cathode #2 was heated to 11.5 A
and the thrust stand was wiggled with the tip heater cycled

ordoff  in an attempt to clear the short; this was the first time
the tip heater on cathode #2 had been tumcxt  on. After
several iterations of the above described procedure the
igniter/cn]ittcr isolation had incrcaswt to several hundred
ohms with the redundant cathode’s tip heater hot. It was not
nmxsary to open the vw.uum chamber to perform the above
prwdurcs.

on cycle 5,32,1 the thruster was started on cathode
#2 for the first  time. Y’hc thruster started without difficulty,
despite the fact thal the cathode igniter was heavily eroded
and the cathode emitter possibly contaminated with metal
deposits from the nearby sputtering of the igniter and
possibly lhe radiation shickis.  Ile thruster was operated for
onc cycle; these actions increased the isolation between the
igniter and the emitter to 1.2A kohms (thruster cold), ‘fle
thruster was operated for a total of 72.7.8 hours and 890
cyclm on cathode #2.

A major technical goal of the wear test was to
demonstrate 5,000 hours on a single cathode, hence thruster
operation was switched back to the primary cathode (cathode
#1) after 6,196 cycles and 5125.5 hours of operating time.
The thruster started without difficulty and was operated on
cathode # 1 until cycle 6,344 (run time = 5%8.4 hrs), when
a short again dcvelopul between the igniter and cathode
emitter. The thruster was operated for two mom cycles, then
the vacuum chamber was opcncxl to inspect the thruster and
repair the, thrust  stand, This was the only time in the wear
test that the vacuum chamber was opened to atmosphere.
Venting of the vacuum chamber was performed using dry
nitrogen,

A physical inspwtion  of the thruster indicatd that
the shor[  developed in the redundant cathode between the
igniter and the cathode radiation shields via deposits at the
8:00 o’clwk  position. The short was cleared by scraping the
deposits away with twtxzers;  in addition, the redundant
cathode was wparated electrically from the primary cathode
by cutting the wire cable to the redundant cathode. The
thrust stand was repaired, the tilt motor assembly was
unjammcd,  the second weight was moved to it’s proper
location), and the tank was pumped down, Total time of
thruster exposure to atmosphere was approximately 25
hours. ‘l-hc thruster was restarted on the cathode #1 1 (Xl
hours after exposure to atmosphere; the wear test was
complctcd  using cathode. # 1.

Thruster operating characteristics for cycle 6,925 arc
shown in Figs. 26-2.8. Variations in thruster discharge
voltage and current arc duc partly to noise in the data
acquisition systcm;  no variations in discharge current and
voltage were observed in the panel meters, and the voltage
input to the DAC systcm was essentially a constant. Thc
changes in thrust in the fwst  500 seconds indicatti  in Fig. 28
arc duc 10 changes in the thrust stand tilt and not to changes
in thrusl. The data in lhcsc figures indicate that in the last
cycle of the wear kxt the thruster operated and performed very
Well.
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I’m[-lest ImJmiQn.

Post-test inspcxtion of the thruster rcvcalcd that the
outer insulator was eroded completely away at the
downstream face; through-holes app. 1 mm x 5 mm were
eroded into the downstrtmm  end of the insulator at the four
locations  where clcctromagncls  arc located. Deep lines and
trcnchcs  characteristic of SPT insulator erosion marked the
leading edges of the insulator. The inner insulator thickness
varied with position, as dcsenbcd prcviousl  y.

A black deposit upstream of the erosion z.onc
covcrcd the interior walls of both the inner and outer
insulators; the deposit was primarily boron, with some
silicon and oxygen. ‘lIc anode was covcrwl  by a very light
film &posit  (not ycl analymxt);  the electrical resistance across
this film was measured using a flat clcctrodc with a diameter
of 2.5 mm that was pressed flat onto the anode. The
resistance across the film varied bctwccn  0.8- 1.2 ohms and
was a minimum diagonally across the cathodes and a
maximum near the cathodes.

The downstream face of the thruster body was eroded
as a ring approximately 3 mm deep; through-holes were
eroded into the thruster body at the four locations where there
arc ehxtromagncL$,  with the Iargcst hole 1 mm x 7 mm long
and located at the 1:30 position. At the 11:30 position there
is a crcxscxmt-shapcxl  hole in the thruster body that is 0.5 mm
x 13 mm. The holes at the 4:30 and 7:30 positions barely
go through the thruster body. Screw heads or screw ends at
various locations on the face of the thruster body show signs
of erosion. llc thruster face was covered with a metallic
deposit that was heaviest bctwcxm the 8:011:00 positions
(cathode #1 is located at 9:30 and cathode #2 at 8:30). The
deposit consisted primarily of molybdenum, the same
material used for the igniter.

A metallic layer was observed spalling off of the
clcctromagncts  that are located next to the cathodes.
Analysis indicates that the metal film is primarily iron and
nickel. No films were observed on the other two
elcdromagncts  located across from the cathodes at 1:30 and
4:30 positions.

The igniter of cathode # 1 showed evidcl~e  of direct
impingement by ions coming from the discharge chamber,
The wear pattcm  on Uris igniter begins at 12:00 o’clock and
ends at 6:00 o’clock. The front face of the igniter has
shallow grooves. Anal ysis of metal deposits on the outside
surface of this igniter indicates that the material is primarily
molybdenum and iron. The igniter orifice of cathode #1
incrca..cd  in diameter, from a circle of approximately 6.3 mm
dia to an ellipse of dimensions 9 x 10 mm; the side of the
igniter orifice facing away from the SPT-I 00 eroded the
most.

Inside the igniter a small rnctallic  deposit fom~cxf  at
the 9:00 o’clock position. The cathode orifice diameter

increased, from 1.2 mn i at the start of the test to a charnfcrcd
surface of diameter 1.6 mm at the end of the test.

“] “hc downstream face of the igniter for cathode #2
wm completely destroyed; rnctallic  deposits were obscmxf on
the ignitol  at 6:00  o’clock-9:00  o’clock. A large aggregate of
material at the 9:00 o’clock position shorted the igniter to
the cathode emitter radiation shields, which arc at cathode
potential. A summary of posl-tc,st  documentation is shown
in Table 111.

Table 111. Wear Tc,st  Summary
——.—— —. ———
-. ———— -. ——— — . . .  —

Wear T@ Started July 1, 1993
Wear TcsI Completed Nov 19, 1994
Totat Thruster operating Time (Hrs) 573Q.3
Operating Time on Cathode #1 (Hrs) 5002.5
Operating Time on Cathode #2 (Hrs) 727.8
Total Nundxr of Cycles 6925
Totat cycles on Cathode #1 6035
Total Cycles on C’athodc #2 890
Back sputter Rate to Gtass  Slides (10-3 um/Hr) 0,67-0.76
. .. ——— — .

Parw ncter Units Cycle
26

Discharge Voltage W) 298
Discharge Current (A)
Mass Flow Rate (m f.$s) 5!4:
Floating Voltage 09 -15
Thrust (mN) 85
EKlcicncy 0.5
Curnxrt C)scillations  Max (A ~p)  6
Current oscillations Typ (A p-p)
Vohagc  oscillations Max (v pp) 2.:
Voltage Oseillations  Max (v pp)
Cathode #1 Igniter Dia (mm) 23.7
Cathode #1 Ign Orifice (mm) 6.3
Cathode #1 CJrMicc (mm)
Anode-Cathode Isolation (Mohms) ~;
Igniter #1 <athodc lsolat (Mohms) MO
Magncl Coil Resistance (ohms) 0.49
cathode #1 Heater (ohms) 0.22
Anode-SPT Connector (ohms) <0.1
~lrustcr Mass (&ams)  5091

* kcdatkm  measured al room tcmtxxaturc

Cycle
6925

298

5!4;
-14
82

0.46
5
2
5

10
23.7
9X1O

1.6
>40

7.79*
0.50

0.28+

0.8- 1.2
5015

+ Probable mcawrrerncmt  uror-some  contacl  resistance
.. —--— .—— — ——. —

An endurance tcs[ of an SPT- 100 wm pcrfomml for
6,925 on/off cycles  and 5,730.3 hours of operation at an
input power of 1.35 kW. The endurance test was initiated
July 1, 1993 and ended on November 21, 1994. The
nominal cycle duration was 50 minutes on and 23 minutes
off, including nearly thret. minutes of cathode preheat time.
The original  test c)bjcctivcs,  to demonstrate SFT-1OO cyclic
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operation for 6,000 cycles and 5,000 hours, were exceeded.
The wear test was extended to accumulate additional cycles
and operating hours on cathode #1. A total  of 6,051 cycles
and 5,002.5 hours of operating time were accumulated on
cathodc #l.

Thruster efficiency dccrcased,  from 50% to 44% as
the thrustcx  aged; thruster  efticicncy incrcascd  between cycles
1,000-2,000, then dccrcased  slightly over the remaining
duration of the wear test. Current and voltage oscillations
increased, then decreased to levels near what they were at the
start of the wear test.

The insulators forming the discharge chamber walls
were heavily eroded, as expcwcd basal on Russian wear test
exWricncc.  The most surprising result of the wear test is
that in this thruster design, the unused cathode igniter erodes
at an extremely high rate, The primary failure mczhanism
for this thruster is that material eroded in the unused cathode
could short-circuit the igniter to the emitter. A short
developed between the cathode igniter and the emitter by
cycle 5,316, and after 5,316 cycles and 4,393.5 hours of
operation the thruster was startd and opxatmt on cathode #2.
The only noticeable difference in thruster operation between
the two cathodes was a higher floating voltage on cathode
#2. The short was physically cleared when the vacuum tank
was opened after cycle 6,346, then the thruster was operated
on cathode # 1 until over 5,0Mt  hours wc.rc accumulated on
that cathode.

Thruster opw-sting characteristics such as propellant
consumption rate, thrust and floating voltage for the last
cycle in the wear tes[ were stable, despite significant wear in
the thruster insulators and thruster body. Based on
performance charactmistics  demonstrated in this wear tmt the
SPT- 100 is fully adequate to perform NSSK functions for
large commercial communication satellites.
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