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A cyclic  cmcturancc test of the. Russian 1.35 kW Sta~ionary
Plasma ‘1’hruslcrS]’’l”-100 is dcscribcd.  ‘1’hc cndurancw  tc.st is
schcdulc.d for 6,000 on/off cycles and 5,000 hours of
opc.ration al an input  power to lhc lhruslcr  of 1.35 k W .
Cycles arc 50 minulcs  of thruster cm-time and ?3 minutes of
thruslcr  off-time. To dale 800 cycles and 647 hours of
thruster on-time have been complctcd.  Thrus[cr  efficiency
dc.crc.ascd,  from 49% 10 44% as lhc thruslcr  agc.d; lhrustcr
efficiency incrcascd  when an auxiliary magnetic ficki was
appl id. Variations in thruster performance from cycle 10
cycle corrclatc  will) changes in floating potcn(ial  an(i
discharge vollagc. S ign i f i can t  vtiriations in lhrastcr
pet-formancc were obscrvclt  10 occur wi[hin a single cycle,
beginning approximately with cycle 225; performance
incrc.ascd in cycles whc.rc  oscillations in carrcnt and voltngc.
sImmanc,ously dccrcascd. Aflcr 800 cycles Ihc. hc:im currc,nt
density at the cc.ntcr  of the plume. dczrcasc~l  to 76% of ihc
cur-rcn[ dc.nsily measured al lhc, s[ar[ of’ the. Iifc. rest. “1’hc.
oulcr  insula[or  thickness dccrcascd  10 29% of the original
lhickimss measured at the slarl of the life. tcs[. l’hc. cmclarallcc.
LCSI is being pcrformc,d under a coopcriil  ivc program bc[wcca
S p a c e  Syslcms/  1,oral,  JPl,, and the Ballis(ic Missile
l}cfcmc organization (lIMIK)).
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Slalionary  plasma tbruslcrs  (SP-l’) arc gridlcss  ion
thruslcrs  that wc,rc originally dc,vclol)cd in the U.S. in Ihc

c.arly 1960’s.]’3 Al[hough  efforts in the U. S. to ctcvclop
high thmst cfficicmcics  failed, cfforls in Ihc former LI.S.S.R.
wc.rc quite suc.ccssful;  the. S1’1” was successfully dc.vclopcd

during lhc. 1960’s and 1970s by Moromv4 and olhc.rss )6
with a unique combination of specific impulse and
cfficic.ncy.  1( has been rcporlcd  that more lhan 50 S1’’1’-70
thruslc,rs h:ivc flown in space, starling wilh the. Meteor 1 in
1969-  1970.7~8 In 1991 a team of c.lc.ctric propulsion
specialists visitc.d the. formc.r U.S.S.R. to cxpcrimcn[ally
cvalualc. the pcfrformancc  of a 1 .35-kW  S1”1’ al lhc Scientific
Research lnsti(ulc of Thermal Proccsscs  in Moscow and al
“};akcl” }in(crprisc  i n  Kaliningrad, Russia.9>]0  l’hc
cvalua(ion  indicated that lhc. actual performance of lhc
lhruslcr  appc.ars  close 10 lhc clai mc.d pcrforlnancc  of 50%
cffic.icmcy al a specific impulse of 1600 s.9

S(udics indicate that for norlh/soulh  stiition keeping
and }larlh  orbit  raising  applications of clcclric propulsion,
the optimum specific impulse is in the range of 1 ,000-2,()()0

Sec. 11 “1’tic, coml)ir~a[ion of the flight heritage of thc SPT’-7O
and the availability of lhrustcrs and thruster data, has lcd to
incrcascd  inlcmst  in lhcsc lhruslcrs  by Wcslcrn  spacecraft
manufacturers for primary and auxiliary propulsion
applications.

I oral is prcscnt]y flight-qualifying 1.35-kW, SPl’-
100 thrusters for norlh/south  station keeping and Barlh orbi(
raising applications and plans 10 provide lhcm  thrllstcrs on

the.ir spacccr:ift. ] 2 At Ilcsign  }Iurcau “I~akcl” a stcarty-state
life test is being ~mrformcd, and pcrformancc,  plume and
l; M1/KIY cvaluaticms arc being conducted at NASA 1,c.wis
Rcscwch Ccnlcr.

A kcy aspccl of the, S} T- 1 ()() evaluation program is
charactcri?.ntion  of the long term operating behavior of lhc
ihruslcr.  I’ypical mission applications of intcrcsl  require
opcrit[ing  times of SCVCM1  thousand hours. }’otcmtial usc of
the thrustc.r for north-south stationkccping  of commercial
cotIlll~L]Ilic:~[ioIl satcllitc,s will also require LIIC capabil  ily for
sc.vc.ral thousand on/off cycles. lo address ttmc ot>jcctivcs a
cyclic. c.nd urancc [CS[ is bc.ing pc.rformd at JPL under a
c.oopc.rativc program bclwccn  Space S ystcmIs/1  mral,  J} ’l.
(under the JP1. Affilia[cs program) and the. BMIX). “1’hc
cndurancc  lest is schcdulcd  for 6,000 on/off cycles and 5,000
hours of operation at an input  power of 1.35 kW. I’his
paper (icscribcs  the. prc]iminary results of lhis cyclic
cndurancc  (CS1  through the firs( 800 cycles.
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‘J’hc. S1’”1’-100 ihrastcr  cndurancc  test is bcirrg
pc.rformcd in a 3.1 -m dia. x 5.1 -m stainless SICCI  vacuum
chambc,r  c.quippc.d  wilt] lhrcc  c.ac.h, 1.2-111 diamc,lcr hc.lium
cryopumps ([jig. 1). q’hc. nominal pumping spc.cd for Lhc
thrc.c pumps combined is 81,000 liters/s on xenon. W hcn
the. Iifc lc.s1 was ini(iatcd,  lhc. cffcc[ivc  pumping spc~.d of this
facilily on xenon was approxima[cly  50,()()() nl/s, or 62% of
the. rate.d spcc.d. ‘1’hc rcducc.d  pump speed is duc in parl to
masking of cryopump  No. 3 by a beam target, and to
placcmcn[ of gra~hi[c louvers which pro[ccl  the other two
pumps from direct p]unlc  inlpingcmcnt.  ‘1’hc minimum no-
load lank pmsurc was obscrvcci  to bc 3.6 x 10-8 torr.
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‘i’hc thruslcr i s mounlcct  near  onc cnd of [hc
vacuum tank, dircclly facing cryopump  No. 3, which is
posi(ioncd  at the other  cnd o f  the  vacuum tank. ‘1’hc
discharge. chamber surfaces of the S1’3’ lhruslcr  cor~sis( of
insulator materials, and it has bc.cn dcmonslratcd  thal the
pclf(}rl])allCC of s~rj’ hLISkYS Call bC si~llifiCall~]y  affCC[C41  by

lhc dcposilicm of a conducing coaling on the insulator. ] 3
‘1’o protcc.i cryopump  No.3  a n d  minimix,c  d~c :imount  of
n]alcrial  slmlic.rcd hack 10 [hc lhrustcr,  the facili[y was 1 incd
in graph ilc., and a graphilc  tmam targcl  was conslruc(cdi  ‘1 ‘Ilc
bcan~ targcl  consists of 6.4-nlnl  thick  graphite panc]s
arrangc~i in a chcwron  configur:i(ion  and phicc~i as simwn  in
lli~.  1. Ckrpi)itc was scicclc{i  as Iilc target material bccausc
of its low sJnlllcr yickt  at lhc ion cncrgics cxpcclcci from the.
S } ’- 

I ’. ] 4 A photograph of tile WI’- 100 mouIItc(i  insitic ti)c
v a c u u m  cilambc,r is  shown in  Fig, 2, ‘t’hc ci]c,vroa
Configur:ition  rcsuils  in iargc angles (typicaliy grcalcr  lilan
SO dcgrccs) bc.lwc,c,n the cxpcc.lcd ion trajectories and [i)c
cii rcclion  normal to tile grapililc surfiicc,  whicil  may both
rc(iucc (1IC graphite spaltcr  m(c. an(i rc.(tucc ti)c aamunl of
simllcrclt  malcriai  (tircclcd  b a c k  Iowar(is  ti)c. [illUs[Cr. A
waler-cooicd piate was positioned hclwccn  lhc beam Uirgcl
and cryopunq) No. 3 to rc~iucc. i~cat rmiiation  to tiw pump,

lhc 10 liIc beam (iivcrgc.ncc  characlcrislics  of liic
Si’’l’-  100, ma[crial  can be s])u(lcrc.(i from lhc vacuum tank
sidcwal is anti (icposilcct  onlo  the thruster. ‘1’hcrcforc the
cylindrical side walis of li)c vacuum chamber were. also iincd
wilil grapili[e  panc,is. “1’hc. grapi]ite  bcanl largcl  panels were
iMkc<i  oat at higi) Icn]pcralurc  (approximatoiy  2300 K) prior
10 instal lation in or(icr  10 minimiyc [he polcntiai for
i] y(irocarbon  conlam inalion. ‘1’ilc.  sicic pancis, wi]ich  a r c
sul~jcw[ 10 a m  UC}] iowcr lhcmnai ioa(i (iuring  lilruslc.r
opcralion,  were nol. Giass  sii(ics were placcli 21 cm 10 Cili]cr
si(ic. of li]c Siyl’ limusler such lhal m:ilc.riai back  s]mllc.rc~i w
(1IC S1’1’ c.ouid  k quantified an(i ciliifi~clc.ri~.cfi.

‘J’alIk pressure was mc:isurc~i  using two ion gaagcs.
Onc gaagc lube was mounlcd  (iircc(l  y 10 [1112  oulcr  waii  of
vacuum tank:  tim otilcr tube was moun[c~i  ir)si(ic LiIC VXUUIII
lank,  approximamly  ().51 m above an(i ().58 m bc.ilin(i ti~c
SIYI”-l()(). ‘1’his tube was caiiiwalc(i  on xcmon alI(i nilrogcn
using a spinning rotor  .gaugc [hat is traccabic,  to NIS’i’;  (iata
from this calibrai  ion wc.rc usc4i 10 gcncra[c a curve fit tilat
was used to calcuialc ialk pressure.

‘]’hc propcilanl  syslcm for supplying xenon 10 [he
S} ’ ’1 ’ -100 ti]rusicr is silown  in Fig. 3. ‘1’hc systcm was
C.onslructc(i  from 0.64 -cnl-(iia  sl:iinlcss-slccl  lubing lha[ was
scrul)l)c(i will] acctonc. ami alcoim] before asscnlb]y. l’rior 10
opcr’sling li~c, SJ’-i’,  lhc propciianl  syslcm was clIcckc(i  for
dcw ])oin~, i)y(irocarboa  coI~larl]ill:itior),  an(i ])ar[ic.uialc
cor)la])]ir]atioll,”  f r o m  v a l v e  lIV-5 (J:ig. 3) [o tiIc S1’-l’
])ropclianl  fc.cdiinc connector. Ci]ccks  were. pc.rfornlc(i by

fiowing  4 3 8 9  cn13 of nilrogcm into tile  illslrt]t]lcl)l:iliol);
rcsulls for parlicuialc. contamination arc shown in “1’able 1.

‘i’abic I, l’articulate ~ontaminal  ion in lhc. StYl” Propcllanl
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Pressure was in(iicatui by a capaciiancc.  manornclcr
lhal was cal ihrawd 10 an accuracy of ~ 0.25% at 36.25 PSiA,
liIc nminal work ing pressure for  liIc SP’i’-100.  T h e
propciian[  linc,s vwrc  Icak-c.}wc.kc.d  by prcssuriz,ing ii)c iirtcs,
timing vaivc 11 V- 1, an(i noting the pressure (imp for scvcrai
cia ys. “1’hc leak ralc was found to i)c icss iim 4x 10-4SCCnI.
11 simi(i bc nc)tc(i ilcrc  that lhc, pressure is ciroppc.d 10 tiIc
ICVC.I rc.qairc(i t)y tiIc ca[iIo(ic and discilargc  chamtmr  wilhin
liIc xc.lmn  fiow Col)troi system (X[W) that c a m e  wiLi] li)c
Si’’I$-l 00 and is loc.atcd  (iircclly bcilind  it in the vacuum
sysicm. ‘1’hc.rcforc pressure in lilt pro])ciia[it  tubing is above
atmospheric pressure up [o the, S1’-l’ X};C.  Any xenon
co]lutl]lil]:ilioll”  siloai(i liIcn bc (iuc. 10 conlamilianls  pickcli  up
from tut)ing  walls, proj)ctiaat  syskm  comp(rncnls,  or the
XCI1OU ilsclf. ‘1’hc purity  of lhc. xc.l)on usc.ci by the S1”1’ was
lcs[cxi from lhc xcrIon bo[llc  ilscif. Purity  data arc si~own  in
‘1’able. 11; the. data show that the s]wcifica[ions  (99.999%)
Were cxc~~[k’(j

“1 ‘:ible 2. Xcmrn Purily  ‘1’cslc.(i form the XcIIon Holllc
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A tilcrmal  mass flow mcic.r was used m masm
nroj)ciian[  flow  ra[c.. “J ‘hc fiow mc,tc,r  was  calibmlc[i on 1)011],..
nitr~)gcn anti xcrmn by tiIc  manufacturer using a primary
cal ibra[ion  slan(iard,  and at J1’1, wsiag a bubbt c. volmctcr,
‘1 ‘lc ca] ii)ration  (iala in(iicalc  that the nilrogcn  cal ibraliorr
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pc,rfonncd  at J 1’1, agrees with lhc  primary standard cal  ilmtion
k) wilhin 1%, for all flow rates tcslcd, ‘1’hc buhblc volumclcr
da{a on xcncm were curvcj fit an(l the curve fit w a s
incoqmralcd  into the SPT data acquisition and control
program,

A xcncrn rccovcry  systcm is used to rccovcr  and
s[orc xcmon consumed by the S}’’1’- 100. “1’hc rccovcry
systcm is used in Ihc cvcrlt  of a c.ryoprrmp failure or when
3000 liters of xenon have been consumc,d,  A mechanical
puinp  in the. rccovcry  syslcm pumps the xenon out of the
vacuum tank and into a holding tank chilled with liquid
ni{rogcn;  Ihc vacuum tank is pumped by the rccovcry  syslcm
pump to ICSS than 0.4 torr pressure. C)il traps pre.vent
rcmvcry  systcm pump oil from cmtcring the vacuum trek.

A probe rake, consisting of 25 I?ara(irry ]mbcs of
dian]c.tcr 2..3 c.m cac.h, mountd on a sc.mic.ircular  arc 2,4 m
in diamckr  was uSC(J to examine the thruslcr cxh:iust  plume..
‘1’hc. probe. buttons were biased to -23 volts when uscxi [o
nmmurc  (1)C  JduIIIC Shape. ‘i’hc J)robc r:ikc was positionc(J
such that the thruster is at the ccnlcr  of the scutlicircular arc;
the axes of lhc. rake wc.rc aligned wilt)  the J)]anc formc.d  by
the oulcr  insulator of lhc S1’’1’- 100 such that lhc rake can bc
JJivotcd  around a line normal to the. [hruslcr  axis. ‘1’his
configumlirrn  enables complctc  hcmisl)hcrical  pictures of lhc.
CxhaUSl J)lutnc  to bc obtained. When the Jwobc rake is 1]01 in
USC, a motor rotates the rake to a posilion  of approximalciy
go fic,grc~,s  Wi[h rcsJ)c.cl to the lhrustcr axis.

‘J’hc SP1’-100 is moun(c(l to an invcrtcci  pendulum

sIylc  thrus(  stancl of the. type (kvc.lopc(l  at NASA 1,c.RC;]  5

in this [icsign,  thrust is indicated by a linear vol[agc
dis])laccinc.nt  t ransducer  (J  ,VIN’). “I”hc thrust  stand is
surroundc,d by a waler-cooled housing to minimiz.c
Icml)craturc  Cffccts On the measured lllrlJsl. ‘1’]JC.  ttlrlJSt Sl:~JKi
inclination is adjusted every 30 scc by computer to itnprovc
lhC [lCCUraCy  Of thC thrUSt JllCaSIJrClllCJl[  OVCr cxtc.ndc.(1  tCSt
t imc.s. “1’hrust stand calibrations arc Jwrforlncd  in-situ
throughout the ]i fc test in the vaclJunl  chranbcr using a sc.t of
wc.ights  dcp]oycxi with a motor. Normally 40-80” calibrations
arc performed autonomously ill order (o obtain a lrrrgc.
c.noIJgh sampling for statistical annlyscs, Slatislical  analyses
of the calibration data was also used to dctcmninc.  the thrusl
stand inclination. RcJ)catabilily  of the calibrations were
normally ().6% or better.

I’tm thrLMc.r is opcratd with a bread board Jmwc.r
conditioning ujli[ (P~LJ) dcvclopc.d by Space Systc.rnsfl  ,oral.
Prclin~inary daud i m p l y  t h a t  t h e  b r e a d  boar(i I’PU is
approximaldy  93% cfficicmt, “1 ‘Ilc. S}’-I’-100 (1 i schargc  CIJrJ”LHlt
and magnetic ficltl  c.urrcnt  arc a(ljustcd by supplying the
al)propriatc  voltage irlptJl signal to the. I’fJIJ.  ‘1’tm l’~LJ
oLJIJml volmgc  is fixed al approximately 300” V. l’mpc]]anl
flow rate was contro]  Icd by the SI~’-  1 ()() flow control unit
which is Jmr[ of the thruslcr;  the. mass flow rate was
dclcrminc.d  by the discharge currcmt sc.tling. “1’hc PCXJ was
turned on and off by supplying [he. appropria[c (iigilal  vo]tagc
puk to the IKX1. (Jncc the crrginc  paramclcrs were adJLls(cd
and the PCLJ was turned on, the WI’- 100 lhruslcr  was startc~i
an(i opcramd  aukmalically  by the brcmi bowi P(W.  l’hc
I’CU  sequencing is (icscribd in ‘J’able 111.

‘1’ahlc  3. }’owe) ~onditioning  Llnit  Sc.ciuCncing
. .

Tirnc Action
.Scc

o PCU st:irl conman(i  rcccivcd from
computer

10 ~athcxic  heater, capillary currc.nt,
magnetic field c.urrcnt  on

170 ~athodc igniter voltage aJqllicd; catimcic
hca[cr turns off.

171 S1”1’ achicvcs  1.5 A disci]argc.;  run time
clock started, begin oa-phase

180 SIY1’ achicvcs 4.5 A discharge

3180 S} ’3’ turnc(i off by stop commal]ci issuc~i
by computer; begin off-pilasc,

4380 I’(!LJ starl cmimand  rcccivcd from
compulcr  for ncxl cycle

Stc.a(iy-stale ti]ruslcr operation, start-up and
shut(iown sequencing arc controlled by a PC based ciala
acquisilio]]  syslc.m. This systcm also rnmlilors  tlJc vacuLJn)
fac i l i ty  c.nabling u n a t t e n d e d  opc.ration. A total  of 56
channcts  that include thrust, xenon mass flow rate, anwic
voltage an(i currcnl,  floating vollagc, magnc.t currcnl,  calimic
hc.atcr  current, ttlcrl]l(>ti~rottlc  current, SPT inlet xcmon
J~rcssurc.,  tank Jm.ssurc and various other facilily con]Jxmcnts
arc monitored an(i rccorcic4i as a function of time.. It take.s 2.
IJISCC to scan cad channd, All 56 channck  arc scanned 2(’J
times, wilich  rcquirc(i  2.4 SC.C. I’hc data from the 20 scans
arc then avcl-agc{i an(i the averaged values arc (tis[dayc,d  on a
mm]itor  sc.rccn. I“hc data arc rccordc.ci on ti~c. c.onlJxrtc.r hard
(i isc (irivc every W sccon(is,  and Jwinlcci c.very 120 seconds.

‘1 ‘tw colnJmtcr is rcspcmsih]c  for issuing the. }’Cl]
starl  an(i stop conlmancts. If ccxlain engine or facility
]mramc[crs c.xccc(i  specifications, ti)c. compumr  sc.nds  the
}’(XI stop comman(i  to h PCW,  opcms a relay bc.lwccn lhc
1’(:11 and i(s lmvcr source, closes the scrlc.noid valve to slop
xcnorr fiow, anri activates a tclcphonc  answc.ring machine,
(aulo(iia]cr).  ‘1’hc. computer scn(is  a challgc-of-state signal
every 15 scconris to an c.lcctronic limcr (hc.ar[bcat box); in
the. cvcmt  of a comJmtcr frril urc, tim timer activates a series of
relays to turn off P(Y-J Jmwcr, xenon flow, and aclivatcs tim
aulo(iialc.r.

l’ilc tiata acciuisition program averages and stores
PCLJ Klcmclry  for (iisc.hargc  currcrnt,  cattmic healer current,
alKi C.aJ)i]iary cLlrrcmt, al)d ~’~1] OLJtJ)Ut VOltagC,  f O r  lhc
(iiscilargc voltage, P(XJ lclcmclry  for rtisci)argc voltage was
comparcxl 10 the Ctisc.hargc voltage measure.d at the vacuum
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tank fccdthrough;  lypically  Ihc voltage drop bctwccn  the
PCW and fccdthrough  was approximately 1.6 V. P~(J
lclcme.try for various S}’’1”-100 currcn[s  wc.rc calibramd 10
val uc.s obtained from calitrratcd current shwlw. “1’hc tlischargc
currclll calibration was dctc.rmincd using a voltmc.tcr which
averages lhc (lirccl-currcnl value of ttm d ischargc  currcnl
shunl  voltage drop over a pc.riotl  of four sc.c.ends.
Oscillations in lhc discharge currcml were rrblaincd wilh
inducli  vc probe plac.cd  cm lhc discharge c.urrcnl  cab]c  close 10
the vacuunl tank fc.cdhrough.  ‘l”hc discharge, vollagc  ripple
was mc.asurcd al the vacuum tank fc~d[hrough as WCII, using
a combination induclivc/J  Ian cffccl probe. ~abling  lc.nglh
bctwcc.n  the fccfithrough  and SPT is approxima(cly  6 m (I ‘ig.
1). Aflcr cycle 663 of the cyclic life lCS1 the. RMS value of
the discharge currcnl was mc.asurcd  using a true RMS
vol i] n c.tcr.

‘J’hc thruster is phokr,graphcd periodic.ally through a
window in [hc vacuum syslcm 10 documcl]l  the condition of
t h e  lhruslcr.  lnsulalor lhickncsscs  arc (iclcrmincd  f r o m
photographs by measuring (IIC ratio of insulalor  wid[h  10 the
]cIlglh  of lhc outer edge of [hc outer insulalor  or inner edge.
of lhc. inner insulaior.

~c!tl)[Jl{Il

l’hc SP1”-100 was purged wilh nitrogcm when the
lncchanical pumps were asc.d 10 pump lhc vacuum tank from
almosphcrc. [0 50 mrl ‘err; srrbsc.qucnl  purge.s arc pet-formed
using rcsc.arc.h-grade argon. During tl]c fraction of the life.
lCS[ conduclc(i 10 dale both the pressure rcgulamr  and sole.noid
valve SV-I failed; aflcr replacing lhcsc comprmc.nls the.
propellant lines were purged with xenon or argon, lhcn
xcmon was flowed lhrough lhc pump-out line for 3-5 hours.
“J’hc thrus(c,r was then s[artcd only if (hc vacuum tank
])rcssurc indicalcd  hy the. calibrated ion gauge rc.acl ldc)w 2 x
10-7 [err, Iiollrrwing a facilily shutdown (cryopumps  off)
and aficr  rc-cstitl)lishl~~cllt of high vacuunl  the S} ’3 ’-100” w:i,s
purgcrl with xc.non al 55 seem for 3 hours; no purge was
usc,d during a facility shu[down. As of this wri(ing  the. Sl’”l”-
1()() 1 i fc lcsl thrusmr has not been exposed 10 ahnrrsphcrc
since il was inslallcd  on June 22, 1993.

A cycle is (icfincd  as any time the. tl)rus[cr achic.vcs
a discharge current of >1.5 A. The firsl 25 cycles of lhc Iifc.
tcsl wc.rc used to tcsl  lhc  data ac.quisil  ion and conlrol
progralll,  the. facilily, and the probe r+ikc; in (Iwsc cycles the,
thruslcr  was opcrakd  for varying li mc pcrirxls,  from lCSS  than
one. minulc to over 60 minulcs,  and al varying discharge
cu rrcl }1s.

‘1’hc compulcx pcrformcxl  (11c  task of starling  and
s[opping  the. lhrustcr, taking data, and monitoring the
flicilily, 1 ,ifc tcsl cycles arc nominally 50 minu[cs on and 20
minulcs off, wilh an additional [I]rcl minutes for calhodc  prc-
healing. C)sc.illosc.opt, traces of currcni  oscillations in 1110
disch:irgc currcnl and a.c. ripple in the discharge vollagc.  were.
oblaincd  approx imatcl  y every 10 cycles. AJ~proxinlatc.] y
every 100 hours lhc. life tcsl was s[oppcd  for [i slmrl period of
tinlc 10 phonograph lhc thruslcr,  measure flow mc.lcr zero
drifl, and 10 rc-calibrate the, thrust sland (’J’/S).

Awwoxinlrrtcly  every 100 hours a probe scan was obtained. .
using [he. probe rake.

~{ltS[ll:l’S AN]} DIScLl~s]ON

j ,._l@&Slrnrrlrmy

A brie.f sunmary  of the. life test is compiled in Table IV.

‘I’AIll ,Ii V. 1,ifc ‘1’cst Sunlmary.

Cycle

1

9

1()

13

18
19
20
21

22-2s
2.6
27

gj

94-97
98

150
265
395

415
467

468

469

470

555

556
560

Ckrmula[ivc
Run ‘J’in]c

llrs

1

4.1
4.2

5.1

6.8
7.1
7.4
7.6

8.1

8.9

63.1

63.3

107.5
2.03.5
312.0
328.7
370.4

370.8

371,6

37?.5

443.4

446.8

Comnlcnts

obsc.rvc~i  plasnla glow in
unused cath(xlc
Rcplaccd  pressure rcgulalor
Performed lhrusl stand (17S)
cal ibralion check
Inslallcd solenoid valve down-
slrcanl of regulator
C)pcra(cd Slyl’ al 3.96 A
()}wratcd  SP1’ at 3.46 A
@crakxl S1’3’ al 2.40 A
Measured pcrfornmncc.  vs tank
pressure
Syslclm check-out
1 ii fc tcsl starlcd; c.ff. = 49%
~()[llj~tllc.r-cot]lillarldcd shut-
down; flow r:i[c cxcccdcd nlini-
mum limit
Pjinlc.r and software fai lure;
ihruslcr  operated w/o sufficicat
xenon for up to 20 min
SyStCIll  check-ou[
Pc.i-formed thrust stand (1”/S)
calibration chczk; life, IC.SL
rc.wuncd
‘1’/S calibration check
‘1’/S CA ihra[irm check
Flow mc[cr zero-shift chc.ck
“1’/S calibration Chczk
Cbnputc.r  shuklown conl-
mandcd when SI’1’ xenon
supply prc.ssurc cxcccdcd upper
limit
Applied 1 A of cxtcrmal
magi lctic f ic.kl currcn[
A]qdicd  2 A of cxwrnal
magnc.tic  field curlcnl
AJqJlicd  1,5 A of CXL magnclic
field currcnl 10 all subsclplcnl
cycles unless otherwise noted
Ch-yopump  cold head and 1.N2
valve failure; rc.J)laccd comp(-
ncn(s. Pc.rformcd 1’/S caI.
Rcslarlcxl life tcsl
Ilnginc  did nrrl slarl; anode
volvr,gc. not achicvcd



573
608

614

616

617
633
663

672
673
675

676

677

679

749

458.5
487.8

492.0

493.7

494.s
507.9
533.0

540.6
541.4
542.3

543.3

543.8

545.0

604.4
755-757 609.4
7s8 611.1

800 647.()

I;low  mtcr zero-sbifl chcziwd
~olllJ}utcr-collllll: irl{lcd  shut-
down; printer error at d of
cycle
~onl]lulcr-colllil~aTldc41  shut-
down; prin[c.r  error
l’urnc41 off cxlcr(~ally-a]~])licd
magnclic fickt
Magnetic ficki = 1.5 A
Magnetic field = 2 A
Magnetic ficid = 2 A; rms
curl-cat mcasurcmcnl  inilialcd
Magnc.tk field. O A
Magnetic field = 2 A
~orll]lutcr-co[  lll~~zil~tic~l  shul-
(town; insufficic.nl xcmon feed
pressure
~oIl]lJulcr-coll~tll: \r~(ic41 shut-
down: printer error
~onll)lllcr-colllt~)  arl[lcd  shul-
ciown;  printer error; rcplaccd
pressure rcgula[or and valve,
rcplaccd  xenon bolllc
Sof[warc  error caused loss of
computer hc.arlbcat signal;
P(W  powc.r  relay opcnc~l
Magnetic fic.id  =: 2 A
Magnelic  field= O A
Magnclic  field= 1.5A

Efficiency =44 %

A glow in lhc. non-opcraling  cathode was obscrvc(i
in c.yc.lc 1 and all subsc,qucnt  cycles. ‘i’hc glow  may bc duc
to a propellant leak in Lhc S1’1’ XIT. ‘1’his S1 ’1 ’ -100”
thruslc.r ulilim a propc.ikmt syslm wi[h  no absolute flow

] 6 a dc.sign fc.alurc. prcsc.nl  inshut-off to thC unused C:ithOdC.,
ncwc,r  SP3’ lhrusmrs.  The. cathoctc  glow occasionally flickers
on engine starl-up and Pcrio(iically  (iisappc.ars conqic[c.ly  for
approximately 3 seconds bc.fore reappearing. ‘1’hc glow in
lhc. unused  cathode is visiidc. in a photograph (Fig. 4) of the
S1’1’-100 in opcralion.

1 My in lhc life tc.s[ lhc pressure rcgulalor  and valve
S V- 1 failed, Prc,ssurc was rcgula(cci a(icqualcl y, bu[ xenon
lc.akagc through the regulator and solenoid valve during lhc
off-phase. resulted in cxccssivc  pressurization of lhc
propellant syslcm. T’his resulted in o]jcralion  of lhc S1’1’ al

2.63 - 2.76 x 10S k]% during the first 100 seconds of

thrusler opcralion  (nominal WI’ inpul  prc.ssurc = 2.51 x 105
kl’a). l’hc rc~ulalor and valve were rc.place.d and [he
rc.placcmcnl comi>oncnts failed as WC.11.  A new rcgulalor  and
valve were inslallcd  aflcr  cycle 677.

‘i’hc first 25 cyc.lcs were used for syslcm testing and
thruslcr  performance tcs[ing. Star(ing wilh cycle 26 lhc
S1’”1’- 100 was cycled for 50 rninulcs on and 20 m inu[cs off,
will] 3 minulcs for ca[hodc prc-heating.

in 39 of ihc, 800 cycles accumulated to date. the
thrus~cr was opcramd for ICSS than the usual SO minute.s for a
varicly  of reasons. I’hc first 25 cycles were used for sys[c.m
lcsling  and lhruslc,r performance tcsling.  Seven shutdowns
were performed by lhc compulcr;  most of 111OSC shut(iowns
arc. related to printer fai]urcs. one. shutdown was performed
by the timer when it failed to rc.ccivc.  a change of slate  signal
from the, computer within the rwquircci I S sccon(is;  this
failure occurred while an operator was in the process of
downloading dala from the hard drive onlo floppy discs.

‘1’wo of ttw con~pulcr-commanded shutdowns were
due to xenon leakage, through a faulty  prCssLlrC  regulator and
solenoid valve during lhc off-phase. Typically two rninutcs
were. required before pmsurc rcturllui to normal; during this
two minutes only a small amount of xenon flow was
rcgislcrcd  by the flow mcler. Although the thruster was
rccciving  the corrccl  flow rate, the low fiow rate lC1l)pOriirily
indic.atcd  by the  flow meter was rcgislcrcd  as a fault by the
conlro] Jmgram and shulriowns  were. i nit i at cd.

IIuring cyc le  93 a soflwarc error rcsul[cd  in
operation of the SP1’ lhrusler  for approximate.iy 30 minulc.s
withoul sufficicn(  xcmon flow. Unforhmtc.ly no data for
this cycle  was printc.d or stored. ‘i’bc software error was
corrc.clcd and tcstc41  during cycles 94-97. on cycle 560 the
S1”1’ thruslcr  di(i not start. ‘1’hc data from the. printout
in(iicatc. Lilal the. failure was not (iuc to the S}~’ but ratlm a
I)A~ systcrn (no slarl  signai sent to tbc. ITLJ) or a I’(W
error Occ.ur[-c{i.

A controlic(i  faciii[y shutdown was pcrfornmi after
cycic 5S5, ciue to imminent faiiurc. of oJw of ti]c. cryoJwmps.
Jluring  the shukiown (im vacuum tank pressure incrcaswi to
3800” kPa wilcn  xenon frozen onto cryoJ)unq~ coid surfaces
vaporizcci. ‘1 ‘he xenon was rccxrvcrcd by the xenon rczovcry
systcm 60 imurs aflcr  Lhc Shut(iown, wi)cn the. vacuum lank
R’:iS JIU[ll}lC(i  by thC. rCCOVCry  SySIClll  pUlllIl  tO ]CSS tilall 53
Pa. ‘J’hc vacuum tank was prrmpcd down to high vacuum
apJmx imatc.1 y 84 hours aftcx shutdown. Research-grade
argon was flowed througil  ti~c tilrus[cr  wilcm  li)c mechanical
pumps were used to pump lhc. tank to un(ier 7 pa, I’rior 10
rc.starling tim SIY1$  was jmrgcd on xcnrm for three hours al a
flow rate of 5.5 n@s.

Prior to cycle 470 no cxtcrnaiiy-app]icd  magnetic
field  was usc{i. lly run hour 372. the JJc.ak-to-J)cak current
oscillations ha(i incrcascd, from 2 S p-p to 8A p-p; aftc,r
cycle 470 an auxiliary magnet current of 1.5 A was added to
the nom inal opcra[ing mocic of ti}c tiumtcr  in order to rcducc.
ciischarge  curren[ oscillations 10 acceptable icvcls. By cycle.
700 osciiialion  anlJ)iitu(ics incrcaseci significantly despite
contirruc.d aJ~J)iicalion  of 1.5 A of auxiiiary magnc.tic field
currc.nl, l’ilroughou[ cycles 470-800 d iffcrcnt  lCVCIS of
auxii  iarv nlamc.lic  ficki current were lcstcd to assc.ss cffc.cls. .
on tilruslc.r opcrat ion anti Jlcrformancc.

a, ‘IJs!I)mfOr.QCics 26-.800

linginc J)ararnclcrs such as
currcnl  an(i voltage, etc., for cycles

cfficicncy,  discharge
26-800 arc. silown in

1 ;igs. 5(a-i). ~’hc data rcJmscnt  values for cacil of 765 cycJcs
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(data from cycles 1-25, 63, 79, 93, 95,467,614,675-677,
750 wc.rc ignore.d) lha[ were calculated by averaging the diitii
for the last 20 minutes of each cycle. ‘1’hcsc  dala were
analyxcd 10 dclcrminc  cycle-to-cycle, c.hangcs in thruster
opcra[ing  characteristics. ‘J’hrust was dclcrmincd by
subtracting lhc 1 .VD’J’ voltage four minutes after the S1”l$
was hmc(i off from the 1 .VIYi”  voltage oblaincd from lhc 20-
minutc  average, and multiplying by the. appropriate thrust
stand calibration faclor. Iifficicncy and specific impulse
were calculated using the values for lhrust, mass flow mlc,
and engine. power, averaged for the last 20 minutes of the
C.yclc.

~@&  ~Kcssurc.  imd mass flow : Generally the shape of the
curve of tank pressure vs cycle number dots not corrclalc
well with  the flow rate. c.urvc  plol[cd  in fig. 5 (a); vacuum
tank prc,ssurc indicalcd  by the cal ibratcd ion gauge, incrc.a$cd
by approximately 9% bc.twc.cn cycles 30 to 800,” while
c.nginc mass flow increased only 2.7%. ‘1’hc pressure
indicated by the uncalibratc.d ion gauge located on the wall of
(IIC vacuum tank (Iiig. 1 ) did not change;. (: YCIC-1O-CYCIC
oscillations in indicated tmk pressure dccrcascd aflcr the
dcfcc(ivc  cryopump cold head was rcplaccd  (cycle. 555).

Mosl of lhc. incrcasc in mass flow ralc occurred
bclwccn  cycles 26-200; mass flow incrcasc41 abruptly af[cr
cyck 470, whcm 1.5 A of magnetic fic.ld currcnl  was appl icd,
lhcn began to (iccrcasc following cycle 550. ‘J’here. is
generally a good corrcfat ion bctwccn increasing flow rate an(i
decreasing floating voltage, increasing discharge volIagc, and
increasing cfficicncy,  cxccpt in cycles 1-200.” l;rom CyClc 10
cycle, however, the. variations in mass flow rate. do not
corrclatc, wc.il wiih cycle.-to-cyclc, variations in d ischargc
vollagc. or floating voltage.

li!QalintLYQ!la&c; Floating voltage vs cycle numbc.r is
plotted  i n  l:ig. 5 (b); f loating voltage dccrcascd by
approximately two volts, or 9%, bctwccn cycle.s 30 and 800.”
Early  in the life test cycle-lo-cycle oscillations in floalin~
voltage varied by 0.4 V pp. ~llc floating volr~gc  dccrcascd
approximaic.ly 1 V after the software failure which occar[cd
on cycle 93, but Ihc basic charac[cr’istics of the floa[ing
voltage curve. did not change. Rcginning  at approxima[c.ly
cycle. 200 the cycle-to-cycle oscillations in floating voltage
incrc.ascd,  apj)roaching 2 V p-p by cycle, 300. At cycle 469,
where. an auxiliary magnetic field currcnl  of 1.5 A was
applic.d, floaling  voltage dccrcascd approximatcfy  3 V. AI

cycle 757, where there was no aaxili:iry magnetic fic.fd, the,
floaling vollagc  was -19,3 V; al cycle 200 lhc floating
vollagc  was -19.4 V.

I’hc large.st cycle.-to-cyclc variations (1 -3 V) in the
floa[ing  vollagc  arc due, to changes in lhc auxiliary n]agnclic
field currcnl;  these oscillations occur bc[wcon cycle 470-800.
Sn~allcr  oscillations of approximately 1 V or less arc rclatc41
to changes in thruster operating charactcris[ics  [hal will bc.
disc. ussc.d  in the scc(ion  of this paper concerning thrustc.r
cff’icic.ncy and thruster opcrat ing modc,s; lhcsc oscillal  ions
corrc.late well with the discharge. voltage and thruslcr
cfiicicncy.

] )is~harg~ y~~~gc; Discharge VOllagC as a funCtiOl~ of Cycle
number is plotlc.d in I;ig.  5 (c); discharge voltage dczrcascd
by approximately 3 V, or 1%, bclwccn  cycles 30 and 800.
“]hc cfischargc vollagc  incrcascd 0.5 V aflcr the soflwarc
failure which occurred on cycle 93, bul  like the floating
volragc, the basic character’islics of the, curve di(i not change..
Beginning al api>roxirnatcly  cycle 200 lhc cycle-to-cycle
variations in discharge voltage inc.rcmcd, approaching 2 V by
cycle 300, and the discharge voltage began to dccrc,asc. At
cycle 469, where. an auxiliary magnetic field current of 1.S A
was appl icd, the discharge voltage incrcasc,d approximately 1
V, and cycle-to-cycle variations in discharge voltage dcmxwi
to lCSS than ().3 V. Discharge vollagc  continue.d to dcclinc.
At cycle 556, the first opcraling  cycle following the
cryopump  repairs, discharge voltage incrcascd  1.3 V; the.
cngim was purged for 3 hours at a flow rate of 55 sccin prior
to cycle 556, brrl it may bc ncccssary to maintain a purge al
all time.s whcm  the cryopumps arc not in operation. At cycle
757, where there was no auxiliary magnc.tic  field, lhc
discharge vollagc  was 296.5 V; al cycle 200 the discharge
volmgc was 299.5 V.

l’ollowing cycle 469, (I1c large.st cycle-to-cycle
oscillations in the, discharge vol[agc, arc associate.d with
changes in lhe auxiliary magnetic field currcmtr I’hc
smallcsl oscillations (approxin]alc,ly 0.5 V) arc due. in parl 10
cyclical changes in thruster opc.raling charactc.ristics  that
cortclalc. well with floating vollagc  and thruster efficiency.
An example of how discharge voltage correlates will) thrmslcr
efficiency from cycle.-to-cyclc is shown in l;ig. 5 Q).

I)iscllitrgg_QLlrlCllL Discharge current vs cycle number is
plotlcd  in l;ig. 5 (d). Discharge currcnl  was rnaintainc(i at
4.5 A ar’mr cycle 20 by the CIOSCCL1OOP control systcm of the
Xlc. Disc. hargc, current varied by oniy ~ ().01 A
throLlgi]oul  the lc.st, ~ycic-lo-cycle oscil lat ions in ti]c
(iischargc  current generally do not track WCII with mass flow
rate, floating  voitagc or [iischargc voitagc.

‘J’hrust. Iiffii~CtkcyA  and lS!K ‘1’hrust  data as a function of

cycle number for aii cycles arc shown in IIig.  5 (c). Thrusl
was cictcrmincxi by the voltage diffcrcncc bc,twccn the,
thruster on and off phases of the (1 VIM’); the 1.VIYi” off-
phasc  voltage, 4 n~inulc.s  aflcr  timstcr si)utdown was used 10
calcula[c thrust, Although this mc[hod potentially incrcascs
the error in thrust nvasurcmcnt  due. to lcmpc.raturc  drif[, it
(iCCrGISCS the error (iuc to improl)c.r thrUSt  stand  inc]inalicm.

I VIM’ data arc shown in };ig. 5 (f). The large pc.aks
localc(i  at cycle 755 and cycles 770-780 arc duc to
uncontrolled ti]rust  stand inclination. Snlall  oscillations of
0.1 V p-p in the 1,VIM’  off-phase vohagc occurl-c{i every 24
hours, and arc probably duc to smal I mrrvcmcnts of the.
1.VIYf’ sensor as the vacuum tank heated up and cooled off.
‘I”hc. oni y other major shi fls in I ,VIYI’  off-phase voltage
occurrc(i  bctwccn cycles 92-99 and cyc.lcs  555-556, where
long pcrio(is of time. occurrc4i  bclwca  cycles.

‘1’hrust  (ic.crc.ascd  1 II)N bctwc.cn cycles 30-467;
thrus[ incrciisc(i  2 nlN at cycle 470, when auxiliary magnc,tic
ficl(i currcmt was app]ic~i m Lhc thrusler. ‘1’hrasl dccrcascd to
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80.5 n)N by cycle 800. ~yclc-lo-cycle variations in lhrusl
corrc]atc wilh variations in discharge voltage; an example. is
shown in J~ig. 5 (g).

En.ginc cfficicmcy  vs cycle number is plot[cd in Iiig.
5 (h). Error  analyses indicalc  that overall thruster cff’icic.ncy
uncertainty is ~ 4% of  the ef f ic iency.  ~’hc thrust
n)casurcrncnt  uncertainly in this analysis is 1 .5%. of (1IC
d a t a  s h o w n  i n  }iig. 5 (h), 36 data po in ts  cxcc.c.d lhc
unccrtairrty  in the thrust mcasurcrncnt.  11 of these data arc
drrc. to uncontrolled thrust stand inclination (cycles 755,770-
780); 5 arc associated with application of an auxiliary
maguclic field (eye.lcs 61 6,633,673,749).

Vir[ual]y a l l  the remain ing 20 cyc les  with
cfficicncics  outside. the, uncertainty occur at cycle numbers
which arc located at peaks or troughs in Fig. 5 (b, c). ‘1’hc
data in(iicatc. tha( measured variations in the. thrust, discharge
voltage, and floaling vollagc,  and 10 a lesser c.xtc.nt mass
flow ra[c, (but not discharge currcn[)  may bc indicative of lruc
changes  in thruslcr  JJcrfrmnancc,  and nol to error in lhc ihrwsl
nuxisurcmc.nl. It should bc poinlcd  out hc.rc. that in not every
case, do pcfiks or troughs in (iischargc vollagc  result in large,
changes in efficiency. Additional invc,sliga[ions  arc rc~juird
to idcm[ify  the physics involved in the observed behavior of
lhc S1’’i’-loo.

Sclcclcd  thruslcr  performance as a funclioll of
operating time is given in Fig. 5 (j). The diffcrcnl  symbols
plo{(cd in (his fi.gurc rcprcscml diffcm)l values of auxiliary
magnet currcnl  used to augmcml lhc normal clc.clromagac.l
currcml (which is equal 10 the. dischnrgc current). ‘1’hc data
were obtained as dcscribc,d above, cxccpl  that thrust stand
inclination was manually controlled and the 1 ,VIYI’  off-phase
vol(agc was oblaincd  within 1-2 minu[cs af(cr the lhruslc.r
W:W shul offi in ad(ii[ion,  li]c I.VI>I”  on-pbasc voilagc  was
not averaged, but a siaglc 1 .VIJ”l” voltage was sclc.clc4i  lc.ss
than 60 sc.con(is  before. thruslcx  simt(iown.  } Ic.ncc, tile (iata
indicate li~r’ustcr performance shortiy before li)ruslcr
Shut(iown. I’hc d a t a  in(iicalo that lhrusl riccrcasc[i
approx imate ly  5  n~N bciwccn  cycic  26 an(i cycic  800.
lnitialiy lilt cfficicacy was approxima[cly  49%; aflcr 350
hours of opcmling  lime the performance. ciccrcascd  to 46%.

l’hc data in Fig. 5 Q) inciicatc  that tluwst cfficic.ncy
incrcascxi  whcrr auxiiiary  clcctromagl]ct  current was applic{i.
After 300 hours of operation an auxiiiary  magnet currc.nt of
1.5 A was added to the norninai  operating mo(ic of liw
thruster in order to rcducc the current oscillations back down
to an acccplaldc  ICVCI; efficiency immediate.ly incrcascd to
50%. }Iowcwcr,  by run hour 600 the magnclic. fici(i current
of 1.5 A ilad no apparent effect on performance.. 1,argc.  cyclc-
to-cycic  variations in tiwustcr  efficiency appear rciatcd to
oscillations in ttw (fiscilargc.  cul-r’c.nt and (iischargc.  voltage,.

Disdargc  Qrrcmt Oscillatio!!nmn  voitagc  . . ..~il~pk
oscillations in (iischargc current an(i vollagc  arc. shown in
Fig. 6 (a-f). A schematic diagram of the positions of ti)c
in(iuc[ivc  /1 iali cffczt  probes is prcscntc(i  in I:ig.  6 (g). ‘l”hc
probes usc(i to measure discharge currc.nt anti vol~agc
oscii]ar[ions  were positionc(i  ciosc. to tiIc  vacuum tank

fccxithr-ough, ~’ilcrc is approximately 6 m of cable tcngth
bctwccrl the tank fcdthr’ougil  and the thrust stand.

RC.duCC(i current and VO]tagC OSCiiiatiOn  amp]itlkdcs
arc associalc~i with irnprovcd thrus[c.r  pcrfonnancc.  lnitialiy,
discharge current oscillation anlplitudcs  were. gc.ncraliy icss
than 2 A p-p, an(i voltage riiy)lc tcss than 2,5 V p-p (Fig.
6(a)). Ry cycic 28 current oscillation anq)lituctcs up to 6 A
p-p, an(i up to 5 V p-p ripple in tile  [iischargc  voltage,
although most peaks were below 2 A p-p. By cycle 2.00
lnost  of the. currc.nt  oscillation peaks were approximately 6 A
p-p; occasionally amplitudes cxcccding 7-8A p-p, for a dircci
currc.n[  of 4.5 A, were observed.

Application of an auxiliary magnetic field current
(pcrformc(i  al cycle 470) grcally  rcduccd the. magniludc  of
tilcsc osciiiations,  although the efficacy of the cxtc.rnaliy
appiicLi  magnetic field current ciiminishcxi rciativc  to the, cffc,ct
obtainc(i  at cycle 470. ‘f’hc large variations in thruster
performance obsc,rvcd  bctwcxm cycles 200-469, an(i to a Icsscr
cxtc.nt cycles 600-800, arc related to tiw magnitude of the
ciisc.ilargc  Curlcnt and voltage oscillations. (kciliations in
currc.nt  an(i voltage for cycle 800 arc silown in Fig. 6 (f).

Sclcctcd lhrustcr  parameters for cycle 26 (run i~our
8.1) and c.yclc  800 (run hour 647) arc plomxl  in I’igs.  7 (a-f).
~omparcd  to cycic  800, parameters for cycle 26 such as
tilrus[  an(i {iiscil:irgc  voltage. arc rnorc consis[cnt throughout
ti~c complclc  cycfc. la cycle 26, such parameters as thrust,
ciisc.iuwgc  voltage,, and c. fficic.ncy varic~i only siigiitly over the
complc.tc.  cyc.lc.  Significant and spontancoas  cbangcs in
ti}rustcr  operating charac.[cristics  some time aftc.r thruster
starl-up were obscrvc(i beginning approximately with cycle
2.25. lncrcascs in thrust were. associated with rcduccd currcmt
an(i voltage. oscillation amplitudes that were measured by the
osciiloscopc;  rms vaiucs o f  (iischarge, currcmt gcncraliy
(iccrcasc,ci  as wc.li, from 5.? A rms to as low  as 4.6 A rn]s
when (iischargc  current oscillations were at a minimum,

Whcm (iischargc. carrcn[  and voitagc. oscil lation
amplihr(ics  arc small (2 A p-p and 2 V p-p) compared to
normai  oscillation amp]itudcs  (8 A p-p and 5 V p-p), the
thrustc.r is said to bc. operat ing in  “quic,scc.nt mo(ic”.
Quicsccnt mo(ic operation has continued beyond cycle 800.
“]’ypicaliy  quicsc.cnt mo[ic  operation is obsc.rvcd to hcgin
approxim:itcly  20 miriutcs  after [hrustc.r starl, and thrust
rc.mains  at clc.vatc.d  lcvc.is  until ti)c cycle is cornplctc.d. Chi
tile next cycle following thruster operation in quicsccnt
mode, tim thrustc.r typicaliy operates at rc(iticcd  lC.VC.IS of
pcrfornutncc u[ltil  qliicsccm[  mode opcr:ition again occurs.

‘1’ilc transition to quit.scent mcxic is silowrt in J ‘ig. 8
(a-f) for (i:it~ lakcn in cycle 330. Aithougti mass flow
incrcasc{i  1.8% an(i (iischargc  voltage incrcascd 0.8%,
indicatc(i  tiwuslcr  cfficic.ncy  ilicrcascd  10%, duc 10 a 6%
incrcasc  in thrust which occurred more, than 1 S00 seconds
aflcr thruslcr  starlup. I )iscilargc current (i id not change. Or
ti~is particular c.yclc tilrust  began to dc.crcasc sligilliy Jusl
before the cn(i of lhc cycle.
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C)scillrrscopc traces of oscillations in discharge
c.urrcnl and vrrllagc for cycle 330 arc shown in Figs. 8 (g-j).
I)ischargc  currcrrt  oscillations of 6-9 A p-p and vrrl[agc
oscillations of 5-10 V p-p were mc.asurcd 24 minutes aflcr
engine slarl;  engine efficiency was aJ~J)roximalcly 45%.
Quicsccnt  mortc as indicate.ct by the, oscitloscrrpc  began
approxima[cJy  25 minrrms aflcr  engine slarl; 40 minutes af[cr
Cmginc. Slarl currcmt  oscillation alnp]imic.s  dropped to ]-2, A
p-p, will) voltage oscillations of 2.5 V p-p; engine cfficiclwy
incrcascd 10 S()%. oscillation amJl]iludcs  began m incrcasc.
shortly before the cycle ended. (oscillation amJJli[rrdcs
corrc.lalc WC]] with  thrust and efficiency.

4. PIumc. chwclcriztiion

A horizontal and a vcrlical slice of the cxhaus[
J)lUIIW ohtaincd form the lkwaday  prohc rake arc shown in
I;ig.  9 (a), taken at cycle 757 (after apJ)roximatcly 600 hours
of oJ)cra[ion).  ‘J’wo horizon~al slices taken at cycle 37 and
cycle 7S7 arc. comJ~arcd  in Fig. 9 (b). ‘1’here. aJ~J)cars  LO bc
Iittlc gross c.hangc.  in the shape of Ihc. exhaust plume over
this lime pc.riod. }Iowcvcr,  the. curnm dcmsily of lhc ccntcr
probe along the. thruslcr  axis of cycJc 757 may bc 28% h)wcr
c.ompami  to tbc  peak cur-rcn[ dcmsi[y mctrsurcd  for cycle 37,

I’hc cffccl of vacuum tank J)rcssurc on engine
Jvwformancc was measured during cycle21. I Ma arc shown
in };ig.  10. q’hc data illdicalc.  that dmrc. was lilllc cffccl of
lank vacuum Jwcssurc  on engine J~crformancc. }Iowcvcr,
when lank J)rcssarc cxccc~icci approximately 5 x 1 ()-5 torr  in
Ilicsc. tc.sts, S}’-l’ discharge cur[cmt and voltage oscilhrlions
inc.rc.ascri substantially, S} ’l’ opcratiorr bccamc,  somcwbat
nmrc  unstabJc and [It ruslcr  performance dccrcmcd.

6. lnslllalcw l{rosion

Ilrosion  of the discharge chamber insulalor  surfaces
arc. docrrmcnlc.d photograJ~hically. Insulator lhicknc.ss as a
function of run hour is shown in l;ig. J 1. l’hc daM imlica[c
lhiil  lhc oulcr  insulator thicknc.ss  has been rcduccxi  to 27% of
its original 5.55 mm thickness; the innc.r insulamr  has been
rcducc(i  in thickness to 72% of [hc original [hick ncss.
Prc.liminary  rcsrrlts indicate an erosion ra[c  lhal is
aJqJroximalcly  Ihcsamcas rc.porlcd in Ref. 17 for lhcoulcr
insulalor,  and slightly ]css for lhcirmc.r  insulator. ‘1’hc (Iala
indicalc  thal lhrustcr  efficiency corrclalcs  with insulator
thickness, and [hat the c.rosion rate of Lhc inhalators is
decreasing as the thruster ages. ‘I”hcscdat:i  imply lhallhc
ram of dccrcmc  of thruster efficiency is itself (Ice.rc.asing.

A photograph of Lhc SI’”l’- 100 atlcr 600” hours of
thrustcron-lime is shown in Fig. 11 (a). Ry changing the.
lighting on the thrustc,r the J)hotograph in Fig. J] (h) was
obla i r)cd. ‘t’his J)hcrtograJ~h clc.arJy shows Ihc “grooved”
C.rosioll] ):tllc.rll  characteristic of long-lcrm  S1’1’oJwration. J8

‘1’hcsc. grooves were no[iccab]c  afmr  only 200” hours of
thruster Opcr:ilion.

CONC1.USIONS

An cndurancc  lest of an SIT- 100 is schcdulcd  for
6,000 On/off CyClcs ant! 5,000 hours of oJ}cralion at an inJwl
J)owcr of 1.35 kW. The cndurancc  ml was initiatcxi July J,
1993 and h:is accumulate.d (A7 hours of operation and 800
on/off cycJcs as of this wrilirrg.  q’hc nominal cycle cirrra[ion
is 50 minutes on and 23 minu[c.s  off, incJuciing nearly three
minums  of cathode preheat time. ‘1’hruslcr efficiency
dccrcascd,  from 49% to 44% as the thrusicr  aged; thrus[cr
efficiency incrcascd  when an auxiliary magnc[ic ficJd was
applied,

Variations in [hruslcr  Jlcrformancc  from cyc]c to
cycle aJ)J)car rc.lamd to variations in thrLISICr opcral ing
cbaraclcrislics  such as floaling  pole.n[ial and discharge
Vol(ngc. Ijargc  variations in lhrustcr  J)crformancc  arc
associated wilt] oscillations in the discharge currcmt and
voltage. Significant variations in lhruslcr  J~crformancc  were
observed to occur within a sirrglc cycle; lhruslcr  opcralion
frequently cnlc.r-cd into a “quicsccnt nmdc” where cur-rcn[ and
vollagc osci I lalions  sponlanc.ous]  y (iccrcascd. Ram currcml
density al lhc  ccnlcr of the plume dccrcmcd  (0 76%  of lhc.
peak currcnl  dcnsily  measured at the s[ar( of the life Mt.
“1’hc ou(c.r insulator thicknc,ss  dc.crc.asc.d to 29%, of the,
thicknc.ss  measured at the. Slarl of lhc ]ifc tc.sL
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