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Assesstient of the NSTAR jon eugine service lite is being accomplished throngh o combination of long
diration testing aud probabllistic analyses of the credible faile modes. A Ieture review that exaunined
65 ion engine endutance tests performed over (he past 3% years was conducted to compile a list of possible
fon engine fallure modes. This review revealed 18 ditterent Lailmre modes which interrupted 19 of these 65
tests, O these 18 failure modes only JLare believed to be applicable to the NSTAR jon cugine. Three other
potential faiture wechanisims were abso idewtificd for a total of seven aredible damage accmmuladion Tailure
modes for the NSTAR cngine, Probabilistic technigques ane being used by the NSTAR life validation activity
to accaunl for uncertainties in the engine independent operating pavameters and in models of the wear out
iechanisims so that the resulting engine service lite is not penalized through the use of overly conservative
deterministic analyses. Examples of probabitistic analyses applicd to stroctaral Tailure of the acceelerator grid
by chiatge exchange crosion and stinctural faituy e of the screen erid throueh erosion by discharge chiambe
fons reveals that neither of these failne mechanisms i likely to prevent the suecesstal completion of the on
coing NSTAR 000 o cndurance test,

Introduction
lon Pugine ailure Rick
NASA s currently conducting a progrant called NSTAR

(NASA Solae electnie propulsion Technologs Applicition lon engine fohwes may be goouped o hwo types,
Readime s to vahdate xenonon propalsion technoloes ol cvent-conscquent fatlures mowhich o component s ove
tses one platetary and commercial spacecrall The thiee ks stessad o Endue e o smede s event and damage-
obpectives of this activity wre accunation fadures inowhich the stow secumulastion of
ooV adidate thie service e capability of the NSTATL 30-¢im dariage o apnip cllects cventaally tesult me component

ITRNIHIT Gole A cxample of ane event-consequent fiatlare ool
20 Flhipht test the NSTAR 1on propulsion svstem on the place dunmg the finst NSTAR weann test I this event a

N Allenmuny DS- 1 spacecrall [ voltage Lvel was madvertently apphed o the laboratory
30 Taanster awn propulsion technology fiom the stvle tngh voltage propellant isolator wlich excevded s

government to mdustry and user organizations voltage tatine aesultmge e fatle of the solidor and
This pageet desenbes thie approach and cunent status ot the mteriuption of the thaster wear st [2]0 Incestablishing the
activits to vahdate the NSTAR o engime serviee hife NRTAR ton engme sevice e s assuiined that event-

consequent failure modes have been chuunated thiough

hott-ternn testing. analysis and desipn expenence so - that

SGroup Supetvisor. Advimced Propulsion Technologn any shotbtenm notal o expected ofsnonal operating
Croup, Aember AJAA miode for the cngaine sall not resalt i the failire ol any
2 Hechmcal Group Teader, Advaneed Propulsion CHENW cotponent

Technology. Meniber ATAA For dinagc-acctmutanion filure modes 1t s nnpracticast
1 Actospace Fugmect, Member ATAA to establish the cnpme usetul saviee hie through testing
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alone |31 This s a conseqguence of the Tow-thrust nalure of

ton propulston which requires engane Iifetnes of order 8.000

hours and the number of successtul misston duration

ehicdance tests which would have 1o be perfonmed e ordes
to ostabhish
falure

fow farlure nislo Polk 3] estimates that o9 non
misston duration hie would
conducted moorder to have S0% confidence that the
probubility of falure 15 no larget than one me o hundred

tests have to o bo

Cleatlvo it s inmpractical o patform o9 tests of 8000 Jns w
dwation Indeed, the NSTAR progaam will conduct only
thiee Tong-duration tosts:

(5000 his
at full posweny usmge o bowis Rescarel Center (LeRU
bunlft thrustes

2 0me test for 150% of the engime desig

I One test for the full design hie of the engi

It fequns
of 12,000 hus at 1ull powery with o thraster binlt by the
NSTAR thraster contracton, Huphes Blection Dyonannes
Phvision (HEDID)

O eyeled endutance test consisting o1 SO0

on ofl
vycles over the falt design Bfe wath an THE DD bl
thruste

I wddion. twvo shorter duration NSTAR wear tosts Tine

been completed o 2.000-0n test [2] and w 1.000-ho 1ost | ).

both ustig LeRC-bultthrusters.

tsh for the
::C:,f__ i

Vihdation of the service hie and failo
NNTAR on engine will be

combiaton of the mfonmation obtwoed we these Tony-

r./?__.__/__r;,_

dimation tests topether with probubilistic analyses of the

prncpal engune fnlure modes

13

This combined approach s

Famcee the NSTAR progiane confuins too 1

fong
duration tests 1o establish o low engine Tailure nsk by testing
Fhas s firther compheated by the fiet that oIl of the
cditerent by design Phey have difterent operating
modes and durahons desie

alone

.v/—f

to revedl unkoown fahie

odes and - chiatacteriee long-term engine  petlonmanee
Pven the throsters themselves won't be identical fon afl of
fferent
orsaniizations, and design modificaions (of non-critical
aleady bemg ITEDD
Undenstanding and modehng the physies of the principal
; wides provides th

those  Losts

stiee they are bemg bult by

COMpOIIS)  are made by

foundation which ties those fosis
topether 1o vahidute the engn Without this
tnderstandmg desien modifications, such as thos s made
followme the 2.000-hr test {2.4], could invahdate pro
testing m the establishment of the engme fatlure 1is1.

I addition, the NSTAR won engine must be throttled
over Lo to bnput power vanation Understanding: of the
processes involved m the prncipal fadwe modes greatly
cnhances whal can be said about fuihuie risk for operation ut
thirotfed condinons where significantly less fong durahion
Finally. its oxpoectod th
afler e NSTAR  technology 1s aceepted for nse on
planetary spacectaft nssion planners will push for highe
thiuster performanee (thrast, Ispy andor longeer hife The

sarvice life

(est expenence will be oblamed

NSTAR serviee e vahdation activiy will be usetul m
evalnating the oxtent toowhich the NSTAR thiost
used bevondats cunrent design capabihity

cat be

I the estabbshment of cngnne flure nsk thiough o

combination of Jong duration testing and

probabiahs

physies of filure analyses the primary puiposes of the long

dutation st~ e (o

I ddenbfy previonshy
provide mtormmation to chmate analysis oversights o

unknown  falure modes, and

[RESISN

2 Chanactenze the paramcters wlich dove the results of
the wnady ses
1 Clhnactenze the engime poslonmanee as o function of

line
fdecd. the st NSTAR wenr tost [2] rovealed a previously
unknown fafure mechanism terosion of the onter edee off
the cathode onfice plide and he

A erate review of fon engine endurance testing ov

e past 35 years was patiotmed e order 1o establish
prefummary list ot the
the NSTAR o0 engiie
sttt e e e fust patt of this pap

pected principal fatlue modes 1o
The resubts of this review are
Following the

e modes for

reviews the cutrent st of poncipal fa

the NSTAR 1om engine as presented and discussed Finalhy

exanples of e appheation of probalibstic sh assessient

to thiee of these fidure modes fed

CpPres,

Historical Review of bon Engine Life Testing

.f../,
“petoraned levels were achneved. The st
of broad-beam,

Very caly velopiment ofon engnne el

wllractive engn

cnbon
tote expetmentally demonstiated parfonmanees
SS500 s _/_v _,.#C,._ ~
that tme n the caly 19607s the history of 1on propulsion

rele clectron-bombad

CHETH

fovels as Tneh as 0% efticiency 1

technology development has been Tonecly focused i e
arcass achroving: efherent operation at progressively Tow

ppulses, steosand

spreiic scahing to other ong

acheving adequate engnne fife

Ctwo decades that followed, fechnologists o
proanly by the Lewis Research O wilidhy
successful i the fust tbwosreas. Todiy s ton engines atc the
most etliceent celectne propulsion devices in the ophinung

speatlic

pulse nnge o solar powered
12500 to 3000 s~ and  efficient
Lotmbardient ton enpines have boen successfully sealod an
order of magnitude me diouetar e both duections trom
Kaufinan s ougmal 10-cm dunneter thiuster Flection
bommbardiment jon engines rangig from T3¢ die with un
mput poscer of 7AW o 1S0-cn dia at 130 EW have been
000 10 T ratio

plunclary

coctio

Spavadti

bt and tosted representing wn ineredible |
mput pov cisj8 9|

Demonstrating a useful engine hiv with o low fle
1k how

1. has proved to be g much more difticubt




problem The carhest references onon throster technology

recogntzed the impottanee of lifetimie [101] and much of

the technology work sinee then bas been focused on
achieving this goal  Table T summanzes 05 jon engime
cndutance  tosls  covenng O diffarent thiaster sizes
(S8 101211152025 and 30 cm diamieter),  and  five
difterent propellants (He, Cso Neo A and Ky tound i the
literature covenng the 35 years siee the operation of the
first broad-bean. clection-bombardiment 1on engiie at LeRC
[12-53]

I general the story of the development of” Jong-life 1on
cngines oven the past thiee decades is one clanactetized by
continual reduction in the voltages of thiaster components

stubject towon spattenng The Merate reveals o history of

component techmology nnprovements which cnable efficrent
throster operation al ever tower (o magnitude) aceclerator
end voltages and discharge voltapes The NSTAR 1o
cngmne. with s 25V dischinge [4] and <180V acceclerato
end voltape (2] represents the culmmation of His trend

Such was the story fon the past 30 yoars, the fiist six o
vears  of on engine
however, old a difierent story

seven technology developient.
I this case the scarch for a
long-hved cathode technology plaved a prncipal 1ole In

1901 e best cathodes, the so-called thick-oxnde-Tay

cathodes: had a demonstrated hictine moanon engine of

about 000 hours {3 The wdvent of the onficed hollow
cathode and its appheation to 1o engrines in the nnd. 19007 s
alimost nnmediately enmuated the cathode as a life-limiting
Rawlin and Koslake [SS] desenbe cathode
which were natiated i 1967 and
demonstiated 12,000-hes of cathode operation

compeninl
chduranee fosts
To be sue
there have  been numeions  improvements to hollow
cathodes smee they were st intoduced and exhinstive
festing: covenng al least 3 arders of magnitude e cimission
cunient. - But hollow cathodes which e protected fiom
contannisttion have proved to be remarkably robust alimost
npht trom the start Both cathodes on SER'T 1 thiuster 1

operated for mote than 16,000 howrs in spuce and the

cathodes on thruster #2 for 18,000 hows {1o]. Operation of

all four SERT L cathodes was terminated only when the
imercuny propellant was exhausted {16].
hollowe cathodes have demonstiated greater than 20,000
hows of oparation on meteury [56] and xenon [57]
However, for eyehe opetation cathode heater schubility s
stllanactive arca of 1escanch [98].

Failure Modes

From the data m Table T a hst of failie modes which
have occuned dunmg on engine endurance festing was
compiled. This hst of 18 difteient observed nlwe todes is
eiven i Table 2 Incompihing this hist a fathine was defined
as any event whieh aither necessitated openng the vacuum
chamber to fixoor gesnlted moa loss of full operating

Ground tests of

Thus the balle delamnation o Rett 2N s
counled as a fnlure even thoueh the test was contined fo
}LGO00 1replaced
Snhalyo the mabality to operate st banm canent of 15 A
atler 2300 hours m Retl” 37 boecause the discharge would oo
mto towmode™ s ulso counted as a failure

OF the o8 tests e Table 119 waie itenapted by o
fatlre of <ome kmd and o were voluntanly tenminated

capability

antother hows afler the ballle swas

The high fraction of voluntanly termumnated tests 15w result
provanly of the relatively short duration of these enduranes
tests - Only o of these tests were for Jonper than the 80001
service e vialidation goal tor NSTAR

‘Fable 2 Historically Observed Lon Engine
Failure Modes

No. Description
Aceelendton groove croston from neatialiven 10ns
[To-1822)
Aveelerwtor gnd stiactutal finhie due to dineet 1on
Fimpingement from defocused bearlets caused by
Lape tnetathe fhikes o the sereen gnd [23.2.1.37]
3 Aced gnd structural falwe due o clige-
S oxchangeion croston | 52]
I and shorting due o aceel gnd matenal sputicr -
P deposited onthe sereen gind and subseqguent
Cabimg {15 9] '
S Uneleatable gnd short [1o,19]

0 Severe pnd aremg (new pnds) [42]
e degnadation due 1o onfice plate crosion
]
S ontializer depradation due to onfice clogging:
[13 0]
9 1ol brise jomt [15]

1O Ty solator vapotver degadation o fidture [1902]
FE 3 Isolator futlure due to excessive voltuge |2].

12 Ghaphite baftte delanmnation [28].

(3

Bathe croston resulting i discharge “low-mocde”
I'in"%ﬁf'

T Cathode heater farluee [ 13.14).

|5 Mam cathode crosion (onfice enlargeent) [13]

lo | Shorted cathode keeper wae mside the ground
. ~erzen (degradation of wire insulation) [ 38]

Fe Brozen Hy propellant feed line [12]

18 1 Catastiophic foss of viscram [31]

Y

Fatlie mode 1 from Table 2 is the fiumilian “groove”
croston which resulted m the i-flight fuilure of the SFRT I
thrusters. Reonenting the neutichzer away from the grids
climumated this futlwoe mode m the carly 19707

Structutal finfure ot the aecell gnd due to dineet 1on
mpimgctnent from detocused beamnlets caused by Lnge
flakes of materal on the sereen gnd (failure mode 2 1s still

be viable flwe mode Sputier-containient mesh added to



dischutge chamber sutfiaces subject 1o sputter deposition,
however, is designed to hit the size of flakes that do fonm
toa size thatisn™ tharmtul

Aceelerator gad stiactural fwlwe due 1o churpe-
exchange 1on crosion (mode 3) will eventually ocan if the
crigine v opatated for a sufticiently long tune  this fulure
mode will be discussed in detath m the next section,

Mode 4 gnd shorting due to accelerator grid muterial
spulter-deposited on the sereen gnd and subsequent flaking
15 considerad to still be a credible tnlure mode

Unclearable gnd sharts tnode ) were responsible for
the farlure of the SERT I thrusters in flight f1o] and was the
niechanisme for the end falme m the test-to-failure |49)
Several othet tests e Table 1had gnd shorts presumably due
to flakes of nutenal between the grids. T those tests where

this hid not tesult m oengme faitlure the gnd shorls were

cleaned by dischargmg o capacitor into the shiort vaporizing
the ke of matenal. The NSTAR svstem for New
Millenniom witt include a gnd cleanng cucunt

One of the T-senes 20-cm thruster endurancee tests futked
due o severe arcing between the giids (mode o). Sinee
these ends were new the fuiluie 15 believed to be due to
manufuctunng difficulies 10s not elear. however, why this

problem wasn tidenntied dunng thraster aceeptunce testing

Stee the resolution of this problem s not clear, 110s

impossible 1o say that 11 won™t happen again. It seems

teasonable that catelul acceptunce testing shonld make i
very unhkely

Neutralizer degidation (mode ) due to onifice plate
crosion 1soshll a possibility and care is bemg taken i the
NSTAR program to make suie the neutiahzen 1 operated in
manner which results e minimum onfice plate erosion
fhis s done operating the neutializer with sufficient
propelfant flow that both the DC and AC neutralizer keeper
voltage Tevels are Tow dess than 25 Voand 5\ peak-to-peal,
tespectively)

Neatializer degradation due to anfice clogg
tmode 8) v not o hkely fwlure mode provided xenon of
adequate purty s dehvered to the cathode

The falme of the isolator braze joint (mode 9) s
7C:C<ﬂl to be arest

of a chenneal eaction between liguid
Hg and the braze matenal. This s not an issue for xenon-
fucled thrusters,

Of the 19 engie fahes out of the 05 tests in Table 1, o
(or nearly 13) were ielated to the high voltuge propellant
solators which sepaate the grounded propellant system
from the Ingh voltage cngine. Most of these fuihires (4 of o)
were due to contwnmation of the owter swiface of the
soldtor which increased its conductivity (mode 10). The
icreased conductivity tesulted IR heating of the isolator
and the adjacent mercury vaporizet. Eventually, more
power i3 conducted to the vaponzer fiom this heating
moechanism than 15 bemg wdded by the vaporizer heate
When thus point is reached the mercury low rate cannot be

¢ taled W
senon propellant the high voltage isolators wie still subgect to
surface contanunation. but the luck of vaporizers tor xenon

controlled and the engne s considarad 1o

iakes the engme much more tolerant of this contamination
Fadine  of the Ingh voltuge s lace
contamination is considerad unhkely for the NSTAR engime

The cathode high voltuge propellant isolator i the first
NSTAR 2.000-In test fnked when excessive voltage was
apphied across it (meode 1 Fatlures of this sort should not
occur m future NSTAR foesting smee the igh voltape power
sapplies to be used have a voltage capability that s Tess than
the voltuge tating of the isolators

suflles do not existin the NSTAR nng-cusp dischange

isolators due o

chamber configuration ~o futlure mode 12 15 not relevant to
the NSTAR engine

I the 10.000-hn test of Ref 37 the batlie of the 30-¢mn
divergent field thiaster was so severady croded atter 7300-hs
that the discharge chamber would no longer funetion
proparly (mode 13

s produced o change in control
chinactenstic m which the dischaige chamber would only
oparate e Tow-mode

charactenzed by low beam curent.
highe mam propetlant flow 1ate and poor engine perfonnance
Nonnal discharge chamber operation could be mamtained
oy for bear conents bolow a certam Tevel The maxinnim
achievable beann cortent decreased with time after 7300 tis.
The NSTAR thiuster has no baftle and cathode pole prece
and the mam propallunt Nlow 1ate 15 not contiolled by the
bewmn current so this exact fatlure mode can not oceur in the
NSTAR engine
cttects could degrade the ischarge chamber performancee to
the pomt that the engme can no donger be operated at
Only the execntion of the plimned long-
duration tests for NSTAR can determine if this i likely

Cathode heater fathire tmode 1 s still o viable fwlure
niechantsm, especially for missions e which thousands of
on‘oftf eveles wie regmeed However, new heater matenals
developed for the Space Station Alpha plasima contactor
Tave been successfully rosted mexcess of 10,000 on‘olt
cveles |58

Imgine degradation due to enfargement of the main
cathode onfice (mode 15 has not been observed i the
NSTAR thruster and it is heheved that maintaining sufficient

However it s possible that crosion or aging

od kevel

fow rate thiough the cathode and operating at low discharpe
voltages makes tns an unhkely fnbure mechanism.

The test m Refl 38 was halted by the cathode keepar
wire which shotted 1o thiuster body preventing the
cathode from startiy, cmode To) The short occured
because  the I thenmally.  The
NSTAR thruster 1s being destgned to make sure the wie
nsulation has the appropriate temperatere capability for th
cnvitoniment o wluch 1t will be used, so this failue
mechantsi, wlnle possible) s considered unhkely.

wite sulation degrad

Reference 12 hstsa test of a mereury throster which was
mterrapted when o mercury feed lme fioze and aptured



dunng a pertod when the thruster was oft tmode 17) The
switeh to xenon propellant chnnnates this as o viable filure
mode.

Frnally, the test i Ref? 37 was halted by a catastiophie
foss of vacuumm while the engine was opertating (imode 18).
While this fallure s not related to the thruster it is
possibility v any fong duration test, althougl it considered
unhikely. Much of the mformation regarding crosion and
sputler-deposttion from this test was lost due to this event
which resulted mesipnificant ol back-sticammg, from the hot
diflusion pumps onto the hot engine,

NSTAR Failure Modes

Based on the above  hst o of
extiupolation of the crosion charactensties from endurance
lests which were suspended before fwlure, and testing
expenicnee with the NSTAR thruster the tollowing bist of
credible fatlire modes for the NSTAR enpine has been
compiled

observed  faillures,

Lo Accelerator grid structural fmlure due 1o diect ion
nmpigement from defocused beamlets causad by flakes
on the sereen gid

2. and shorting by flukes 1o big to be cleared by the
NSTAR gnid clearing cireunt

30 Acedlaator gnd stactual fathne due 1o charge-
exchange 1on crosion.
4. Electton-backstreamning due to cnlargement of  the

accelerator gnd uportures,
5.0 Cathode heater thare due 1o tharmal eveling
0. Cathode ortfice plate erosion.
Screen gud erosion
Note, that falue maodes 400 and 7 the above hst did not
appear iy the hist of I8 fathine modes observed in previous
on engine endinance test expenence. NSTAR failure mode
1. electton-backsticaming  due 1o enlmgement of  the
aceeletator gnd apertures was identificd as o possible failure
mechanisim as a 1esubt of the 2.000- and 1.000-hr NSTAR
wein tests [2.4] Maode o, cathode onfice plate erosion was
also rdentified after the 2,000-hr test Design changes made
afler the 2.000-lv test and  prelunmanty venfied i the
subsequent 1.000-hr fest ame believed to huve signiftcantly
untigated this failure mode [4]

sereet gnd eroston (NSTAR falure mode 1) has been
on the list of possibl: failure modes for 1on engines for a
long e, Severe sereen gid erosion wus observed in the
2.000-hr test. Design changes to reduce the fraction of
doubly-charged 1ons 11 the discharge chinnber and lower the
voltage difference between the sereen gnd and the discharge
chamber plasnie made afler this test resulted novery little
sereen grd eroston tn the follow-on 1.000-1r test [4]

Faillure mode 1 1s a consequence of the production of
sputter-deposited matenal in the discharge chamber which

then flakes oft and rests on the screen gnd  In space, the

spacectafl acceletation due to propulsion system operation
will tend o aceckerate any foose flukes m the discharge
chambar toward the sereen grad - "Fhere aie two approaches
to educemg the nsk of fnlures from this mechansme The
fust and best way 15 to 1educe the guantity of sputter-
deposited matenal produced mthe discharge chamber. The
very Jow operating discliarge voltage (25 Vi and aceeptable
fraction of doubly-charged 1wons are mtended to produce a
very low sereen gnd eroston rate and sinee the screen gnid is
the pinary soutee of sputtered materl for the NSTAR
thruster this should signficantly reduce the sk of flake
formation.  The second approach i1~ to ticat the miterion
dischatge  chamber subject to et matenal
deposition to make the deposited maternal adhere better and
to control the stze of any flukes which miay be produced

st hices

Fallmie mode 2 5 also related to the production of
metallic flakes from spatier-deposited matenal I this case,
however, the flakes could onginate ather fiom mside the
discharge chamber or fiom accelerator grd material that s
sputier-depostted on the sereen gnd

Fatlure mode 30 as mentionad above. will eventually
cause the engine to fal - Probabiistic modelmg of this weat-
out mode is presented in the following section 1o assess the
farlure sk from tlus mode for the NSTAR design life
fquahification time of 12,000-hs at full power;

Lastly. cathode heater fatluire doe thenmad eyveling s
primanly o matenals ssue 1t is belioved that heater testing
being conducted in support of the space station plasina
contactor program s dinectly apphicable to the NSTAR
thruste thenmal
cychng tests are not included i the NSTAR Iife validation
program with the exception that the thid NSTAR long
duration testis a eyeling tost i whiel the thruster will be
subjeeted to 5,600 on oft cyeles winle demonstiwning s full
total mrpudse capabibity

cathodes Thorctore, extensinve heato

Probabilistic Risk Assessment
Sensitivity Testing

The NSTAR jon eneme operating point i~ determined
by the values of five indapendent parameters the main
propellant flow rate. the cathode flow rate the neutralize
flow rate 18 mamtained cqual to the cathode Bow 1ale), the
beame power supply voltuge, the bewm current. and the
nettializer keepet conent. Al othar engine operating
patameters such as thoust, Isp, input power, eflicieney,
discharge current, cte.. are dependent purameters. Al cach
point 1 the 4o to | mput power thiottle range of  the
NSTAR thruster the operating, chatactensties aie detenmined
by the values of the five mdependent paraeters. These
patameters, however, cannot be specitied exactly. The
uncertainties in these patameters for the NSTAR propulsion
sysfemare griven m Table 30 The NSTAR propellant feed



system, for example, s bamge desiened 1o contiol the
propedlant flow pates to 1 3%

Table 3NSTAR Independent Parameter Uncertaintics

Independent Parameler Uncertainty

Main Flow Rate L %
Cathode Flow Rate ’ © 3%
Jeam Current ) 1%
Beam Power Supply Voltage | © 5%
Neut. Keeper Current | 126

A series of sensiivity tests was been condueted on the
NSTAR engimecnmg model thruster (ENT23 at both the
Rescarch Center and IP1L These were
conducted usmg a Taguchr [ol] expetimental  design
approach to determine the sensitivity of the  dependent
purameters o vanations m the mdependent puameters over

LLewis tests

the uncertamty ranges specified in table 3 In the setup and
conduct of these tests the efteet of the neatiahizer keepar
curtent varations were agnored  on the basis that this
putanieter has essentially no eflect on the rest of the engine
operation. The sensitivity data ware then curve fit using
commercially avatlable software designed for this purpose
[02]. The resultmg, curve fits are used to mterpolate between
the sensitivity test data pomts.

A Monte Carlo simulation used to o ponerate
prababdity distibution functions for selected  dependent
pataiielers. This done by
distiibution functions therr respective
ranges for all of the mdependent patameters

WS

uniform
uncertainty
For a given
trial a value for cach mdependent patameter was randomly
selected Trom within s distnibution. and the value of the
destiied dependent paranieter was caleulated hom the curve
fits to the sensiivity data

was assuming,

over

This process was 1epeated for
typically 30,000 trals. The results were tabulated and sorted
o bins of wform width covermg the g of observed
values for the selected dependent parameter Typically S0
bins were used. Dividing the fiequency of occurrence by

the total number of tnals gives the relative probability of

observing the dependent parameter within o ¢iven bin

The results of this procedure for the spoctfic impulse at
b power are given - bigs 1o where cach data symbol
represents the value fora particudar bine ‘This distribution 1n
speeific impulse 15 a 1esult of the allowable vanations
propellant flow rate, beam voltage and bewn current, and
has @ standard dovintion of 66 s The other thruster
patameters, thiust, etticiencey, ete | have similar distributions.

I modeling, certwn wear-out modes it s of particular
interest to know the behavior of the discharge voltage and
the ratio of doubly charged 1ons m the discharge chambel
Folfowing the procedure discussed above the full powes
distributions of both of these parameters were caleulated and

are shown in Figs: 2 and 3. The fact the mdependent engine
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Fig. 1 Specifie  impulse  distribution  basced  on

sensitivity test results for operation at the NSTAR full
power point.

parameters cannot be controlled exactly has a direet impact
on the modehing of engine wew-out modes and dictates that
the  wear-out mechamsms modeled
determmstically. One could always seleet the worst case

cannot  be
values from these distnbutions und use them i deterministic
caleulations of end of life. but doing so would artificially
penalize the engine capabihity
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Fig. 2 Discharge voltage distribution function at the

NSTAR full power operating point.

Probabilistic modehng techniques are better suited to
sttuations such as this where the values of the mputs
patameters ure uncertain. In addition, swe shall see that not



only are the operating conditions subject to uncertamties,
but also that certain aspects of the wear-out models are also

uncertain The probabibistic methodology of Moote, ot )
[63,01] enables both of these types of uncertamtics to be
treated in @ quantifiable manner
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Fig. 3 Double ion current ratio distribution function at
the NSTAR full power point.

Accelerator Grid Erosion - Structural Failure

One of the falue modes for wn engimes s struetural
fathre of the accelerator gnd due to charge-exchange 1on
sputiering. Detatls of the secelerator gnd chary c-exchange
crosion geometry have beon desenbed m detid by Polk [59)
and Rawlin {60].  In general the aceclorater gnd fails
structurally when the charge-exchange “pits and grooves™
wear completely through the grid. It 1s expected that this
will take place first at the center of the gnd whare the highest
erosion rates are observed

The total mass removed fiom the downstrcanm face of

the accelerator grid at the tme of structural filure may be
cstimated by assuming the charge-exchange erosion remains
entuely within the pit and giooves pattern. This is only
approximately correct {19] since significant undercutting
oceurs on the upsticam side of the accelerator giid near
structural fatlure which 1~ outside of the pits and grooves
pattern {591 The effect of this underenttmg has been
neplected i the analyses that follow making the results
conservalive.  Assuming a rectangular cross section for the
groove shape, the total mass removed from the aceeleratos
gnd at fallure, me 1s given by [59]

m, A, Pt pt,. (1)
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Fig. 4 Calculated  probability  distribution  of

accelerator grid mass loss at structural failure due to
charge-exchange erosion.

where A, is the active gnid wea. ¢, 15 the mitial accelerator
gnd open arca fiaction, o 1 the fraction of the accelerator
ernd webbing covered by the pit and grooves croston patiern,

s accelerator grnid mass loss flatness parameter detined as

the ratio of peak to average accelerator grid mass loss pear
untt arca, g 1s the density of the gind matenal. and 7, 15 the
accelerator gnd thickness.  The accelerator gnd mass loss
flatness parameter is assumed to be equal to the acceleraton
eid ion nmpingement current flatness parameter so it

/ /. :
, (2)
S R D YR

where J, 1s the accelerator grid impimgement cwrent and

Jayewr the niaximum aceelerator grid impmgement current

density at the center of the gnd averaged over the locadl pits
and grooves erosion pattern

The values of o and f, in Eq. (1) can not be spoeified
exactly, This is a result pomanly of a lack of Lnowledge
about their true values aud what the functional dependence
of these parameters 1s on the thraster operating conditions.
Basced on easurements of the 1on beam cuntent density
distribution across the grids of the NSTAR engine and
empirical evidence that the accelerator gnd muss loss
distribution may be broader than the 1on beam current
distnibution, £, 1s assumed o be in the range 0411 to 0.50.
‘The eroded arca fraction, « 13 approximated  ftom
photographs taken of the accelerator grids afler the 2,000-hr
and 1,000-hr tests 12,4} and 15 behieved to be in the range
0.37 10 0.46. Based on these uncertainties Eq. (17 may be
used to caleulate the probability distribution ol aceckerator
erid mass loss at fatture. This distribution s shown i Fig. 4



for the parameter values given m Tuble 1 The wecclerator
end mass loss ot fuillute can, at best,
distribution rather than a simgle number because the inputs
to Fq. (1) can not be spectfied exactly. The larpe range of
passible values for the accelerator grid muss loss at tulure
cflects owr Jack of knowledge concernmg the final grid
CIOSION geomelry.

be speeified

I'able 4 Input parameter values for accelerator grid
charge-exchange erosion model.

Parameter a, Range of Values

: (uniform

: distributions)
Beam current, J, (A) " R
Beam power supply voltage (V) 1045 to 1155
Main flow rat ?.2,:: j 22o0t0 210
Cathode flow rate (scem) 29110 3.09
S0 (%) 03510 0,50
17, (V) _ 17110 189
b (V) ! It 15
Py (V) , J10 10
Mass loss flatness parameter, /, 0.11to 0.0l
Froded areu fraction, « 035100 18
Effective sputter yield fuctor, 4, 3710 0.50

The rate
charge-e

al which accelerator gnd mass s removed by
xchange tons, 71 15 given by

m, J Y . (3)

where Yis the sputier vield at normal incrdence for xenon on
molybdenum, /2 1s the fiaction of the measured
grid current which stitkes the pits and
pattern on the downstream grid surface, s s the mass of un
atom of grid material, e 15 the electron charge, and A is a
parameter which reflects the
the net sputt
the sputter yield at normial incidence
o redeposttion effects 1 the pits and grooves due the
relatively deep aspecet ratio of these features or a lowes
average 1on energy due to the producnon of significant
numbers of charge-exchange ions in locations ,3 e the
local potential is negative with respeet to the beam plasma
The sputter yield ::2.::_:.0: required by Eq.o (3) was
calculated from a curve fit to the data of Rosenberg and
Wehner [05 ]

The range for the ratio of accclerator cunent to beam
current i Table 4 0f 0.35 10 0.30 % was selocted o capture
the expected vahie i space at the low end to approximately
the highest value observed during extended duration testing
The range for the coupling voltage, 17 of 1142\ was mude

d accelerator

QIOOVeR 2108101

xpernantal observation that

This i~ most hkely due

er yield for aceclerator gnds 15 only a fraction of

broud cnough to capture existing data with about o 1V
matgm on cither side. The parameter 1
potential of the beam plasma relative to the ambient space
plasma 0f 1 space) or factlity ground for ground tests.
Measurements at JPL with the NSTAR thruster indicate «
AN for this paraineter. Sunilar measurements on a
30-cin divergent field thruster i the NSTAR endurance test
chamber returned a value of about 12 V. ‘The SERT T flight
data indicated that the beam plasma could be 30 10 40 V
above the ambient space potential. Under these conditions
the charpe-exchange ions stitking the screen gnd would be
expected 1o do so with un addition 30 or 10 This 18«
small effect for the SERT 11 thrusters i which  the
accelerator grd voltage was -1600 V. bt 1t 1< o significant
fraction of the NSTAR accelerator grid voltage of =180 V
For the analyses herem, ﬁv.‘ was assumed to b the range
Ao 10 Vountl this i 15 betler understood  Expanding
the Ingh end of this range to 10V reduces the caleulated grid
e at o fatbue nsk of 0.1 by approximately 2-khis The
energy of the 1ons strking the downstieam surface of the
accelerator grid s given by -1°

The mass loss flatness patameter, £, has o range of
values  determined by

represents the

value of

SRS

the mcasured 1on beam current
density flatness paramcter at the low end, and the meusured
accelerator grid flutness paraimcter from the test of Ref 47 at
the ngh end These duta are believed to capture the actuid
value of f, sinee there is evidence that the facility
background pressuie broadens 7, relative 1o the beam current
density distiibution and the NSTAR tests are performed at
lower chamber pressures than the test of Ref® 1

‘The range of possible values for the eroded area fraction
eiven Table 4 represents the approximate meastu od value for
o trom the 2.000-hr and 1 .000-ht endurance tosts at the fow
end and a value which cncompasses the test of Refl 17 ot the
hugh end {59}

The effective sputter vield vanation in Table 4 covers
the ratio of actual 1o caleulated values ftom the NSTAR
1.000-hr test at the low end (o the value 0.5 wlnch has been
observed m other ion engine endurance tests

For the range of the mput parameters given in Table <
the distmbution i accelorator grid mass loss rate due to
charge-exchange 1on sputtering was caleulated and is shown
i Fig. 50 In generating tas distribution it was assumed that
753% of the accelerator giid impingement current strikes the
pits and grooves pattene 1e . fF- 0.75 In the 1,000-he test
[1] the accelerator grid mass loss rate in the pits and groove
was estimated to be 2.5 g khr (afler adjustmg the measured
change of the gnd for sputter-deposited from the
faclity and for the mass lost in the enlargement of the
aceelerator gnd apertuies which suggests that /- 0.75 may
be about night 1t should be noted however, that in the
2,000-hr test (2], the accclerator grid mass loss rale was
much Jower at about 1.3 g/khr. The reason for this large

NIAass




difftrence 15 unknown given that the aceclerator gnd

curtents and voltages in these tests were nearlyadentical [1]
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Fig. 5 Calculated distribution in accelerator grid mass
loss rate duc to charge-exchange ions, for operation at
full power, assuming 75% of the accelerator grid
current strikes the pits and grooves.

The time required 1o crode the accelerator gnd (o
structural failure, 7%, may be obtamed by combining Egs (1)
and (3) o get

A0 @ yal et
J P m,

It 1s clear from Figs. 4 and 5 that both the amount of miass
removed by the tme of fatlure and the rate at which 1 s
removed characterized by distnibutions. These
distnibutions combine to produce o distribution in the
caleulated time to stroctural faluie of the aceelerator gind
Three such distnbutions have been caleulated for three
values of /1= (0.00, 0.75, 0.90) and the range of paramatars
given in Table 1 Normalizing and then mtegrating these
distributions over different run times results in curves of the
probability of failure versus run time as shown i Fig. o, Fo
F= 075, the 50%¢ conditional falure nisk oceurs at o run time
of about 21,000 hours. For this curve there is no significant
risk of failling the planned 8,000-hr endurance test due
structural failue of the accelerator grid by charge-exchange
CTOSION.

are

Screen Grid Frosion — Structural Failure

A second fatture mode s sputter-crosion of the screen
grid by ions produced in the discharge chamber  These are
ions which are directed toward the accelerator system but
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Fig. 6 Failure risk for the accelevator grid due
structural failure from charge-exchange erosion at full
power, f1 is the fraction of the accelerator grid current
which causes the erosion on the downstream surface of
the grid.

don’t get focused thiough the screen gnd apartures. Instead,
they strike the screen gid webbing slowly reducing its
thickness through sputtering. When the thickuess of cente
region of the sereen gnd 1s reduced (o zero the screen gud
has failed.

The maximum rate at which the thickness of the sereen
end s reduced s given by [66]

where wo1s the maxnnum screen grid thickness reduction
rate. j, andj,, are the centerline singly-churged and doubly-
charged 10n current densities, respectively, and Vo oand )y,
are the correspondimg normal-meident sputter yields, The
local 10n current densitics are related to the beam cunent by

1 ¢, J,
g Lolg, (0 SR

gy (0)

where @ is the eflective sereen grid transparency 10 10ns. ¢,
15 the physical open area fraction of the screen gnd, K,7 ' s
the measured double to single 1on current ratio, and /, is @
parameter which conects the measured value of 2, to s
maximum centerhine value [66],1¢
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The value of /; was calculated by Rawhn [oo] based on
charactenstics of the ExB probe used to measure R and
more spatially detailed double jon data obtamed on 30-cn
mercury thrusters.  The ExB probe was posttioned fat
enough from the thruster that it would acceptions across the
full thruster diameter m one axis. Thus, the probe measures
essentially @ double 1on current ratio averaged along a
diameter.  The model of sereen gnd erosion, however,
requires the value of the double 1on current 1atio on the
centerline of the thruster. Therefore, Rawlin calculated a
value for f; 1o adjust the measured double ion current 1atio
to represent the centerline value  Rawhi's value was
subsequently modificd to account for the difterences i on
beam flatness parameters between the NSTAR thraster and

the mercury thrusters,  This process produced the range of

values for this parameter given in Tuble S

Combimng Eqs. (5) and (o) results 1 the followmg

expression for the maximum sereen grid thickness reduction

rate m terms of the independent and dependent parameters
measured in the sensitinvaty tests.

/’ A \“
Jom Y, % '
1 ¢ BEERAN 2 ;

¢; \/;‘}L(]' ¢7)U/)(] ‘\/;/(:0)'

e (8)

End of life for the sereen gnd. 7 was determimned by the

tie 1t ook to erode completely through the grid at the rate
given in g (9 1.c.

()
MW

Equation (8) requires the sputtar yvields for xenon
incident on molybdenum at encrgies corresponding to the
engine dixcharge voltage (of order 25 V) Unfortunately
there is no sputter yield data at these voltages. Rawlin [66],
therefore, extrapolated existing duta into the required energy
range using a threshold value of zero at an 1on enargy of 24 8
eV. Sinee extrapolations are nherently  uncertain, un
uncertainty of 4 25% was added to the sputter yield values
caleulated fiom this procedure.

The 1on current flatness parameter, £, given in Table S s
given a relatively narrow range fiom 0.4 to 044, This i a
reflection that the beam current density distnibution just
downstream of the accelerator grid 1s measured direetly and
these micasurements are believed 1o be a good 1epresentation
of the 10n current distnbution to the sereen gnd mside the
discharge chamber.

As in the aceelerator gnd crosion model o Monte Carlo
simulation was performed using Eqgs. (8) and (9) with the

10

The
stmulation consisted of 30,000 tnals and produced the failuie
rsk o versus run time curve shown n Fig Clearly, these
caleulations mdicated by the curve for operation at the
nominal NSTAR full power point suggest u neghgible fatlure
nisk in 8,000 or 12,000 howrs due to scieen grd erosion

ranges of mput parameters speetfied - Table S

‘Table § Input parameter values for the screen grid
erosion model.

Parameter Range of Values
| (uniform
distributions)
1 7t0 ] 78
101510 1155
22010240
291 to 3.0V
17110 189
1 25%

Beam current, J; (A)

Beam powet supply voltage (V)
Main flow rate (scem)

Cathode flow rate (scem)
Accelerator grid voltage, I, (V)
Single ion sputter yield, T+
Double ion sputter yield, Fr -
Double i1on ratio  correction
centerline parameter, /; i

1 25%
1 5010 t.o7

lon current flatness parameter, /. 0.1 to 0.44

14 — g e
Curve for 5%
low main flow, ,
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Fig. 7 Caleulated screen grid failure risk due to

structuratl failure from sputtering.

The other curve in Fig. 7 was eenerated by modifymg,
the inputs used 1o generate the nominal full power case m
three ways. Fust, the cathode flow rate was fixed at the
nominal run flow rate (middle of the distribution).  Second,
the main flow rate was set to a fixed value 5% below the
nominal mamn flow rate. “Tturd, the discharge voltage was set
to a fixed value of 31 V. These conditions were set (o
approximate the engime operating conditions beheved to
exist during the 2,000-hr test 2] The curves in Fig 8



mdicate that the effect of these changes on the screen gnd
hife s substantial. Under these conditions the 50% fatture
probability occurs at a run time of about 9,100-hrs. Lincarly
extrapolating the sereen grid wear rate of 4742 wnkhr from
the 2,000-hr test {2} indicates wear through of the 380 wm
thick gnd in 7.800 to 8,400 hrs.

Future Plans

Near-term future activities include refinements of the
accelerator gnid structural failure model.  In particular the
expected beam plasma potential in space 15 not well
understoed. A beam potential that is sigmificantly higher
{te. 107s of volts) than that assumed in the present analysis
would significantly aggravate accelerator grid erosion,

Work 15 currently underway to develop a model of the
crosion of the accelerator grid hole diameters and engine
falure do to clectron-backstreaming. It 1s possible that this
may be the first fallure mechanism for the thruster

In addition, work 1s needed on modehng of the behavies
of sputter-deposited films. A description of the activitics
which should be included in such a study arc outlined by
Polk [3]. This s important sice lustorically a number of the
observed fatlures have resulted from the formation of flikes
in the cischarge chamber.

Fially, mechanism which caused the high onifice plate
croston in the NSTAR 2,000-hr test is not understood, nor is
the process by which this eroston mechanism was mitigated
in the NSTAR 1,000-hr test understood. It 1s important to
understand this mechanisin m order to make suie we can
avord it in the future.

Conclusions

A review of 1on engine endurance testing over the past
35 years revealed 18 failure different mechanmsms which
mterrupted 19 of the 65 extended duration tests conducted
over this time period. Of these only four are believed to be
applicable to the NSTAR ion engine. Another three fatlure
modes were added to the list of credible NSTAR failure
mechanisms based  on  extrapolation 2103101
charactenstics from endurance tests which were suspended
belore fatlure and test expernience with the NSTAR thruster.

Validation of the service life and quantification of the
fatlure nsk for the NSTAR 1on engine is being accomplished
through a combmation of extended duration testing and
probabilistic  analyses of the credible failme modes.
Probabilistic modehng techniques are needed to quantify the
uncertainties in projected engine hfe due to allowable

of

vartattons in the engine mput parameters and any lack of

knowledge regarding the behavior of mode! dnivers
The application of probabihistic analyses to two failure
modes; accelerator gnd structural failure due to charge-

11

exchange croston, and screen end stractural fatlure due to
sputter-crosion from discharge chamber 1ons; indicates that
naither of these falure modes s likely to be a senous nisk to
the successful completion of the on-going NSTAR &,000-hr
Nor are these falure modes hkely to prevent
demonstration of the engine qual Life of 12,000-hrs. There
s much addition work necded to evaluate the other S
credible fatlure modes for the NSTAR thruster,

tost
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Table 1 lon

Thruster Endurance Tests

Thruster Year _ Hours w Prop. Jp I's j Jydg 1 4 iy Comments
_ _ @ M Cy MW

S e Thrusters i : i ,

e SIT-5 Electrostatic | 1972 n 1000 Hg 0.025 m 1200 , <1 -1200 | 40 Groove erosion from neut. Erosion
thrust vectoring, , | Ly direct jon imp. Warping of accel.
grids [22] ; i grid strips. o

e SIT-S: Translating 1972 2023 He 0.025 | 1000 <0.5 | -1000 | 37-40 | 1" 2030 hrs with translating screen
screen grid [23.26]) ” grid. Little accel. erosion. 20,000-hr

| | projected grid life. No “pits &
| | . grooves” pattern. 10" thrust vectoring,

o SIT-5 Electrostatic | 1973 7692 Hg | 0,025 © 1300 -900  38-40 A Last 7692 hrs with electrostatic thrust
thrust vectoring w , i » vectoring grids on same discharge
erids [ 23.24] W ,, chamber. Three grid shorts cleared

i Ly “zapping.™ Accel. grid failure
, , ﬁ terminated the test due to flakes on
ﬁ i screen grid. Significant neut. orifice
_ | , : . plate erosion.

¢ SIT-5: Single axis 1972 1367 1 Hg 0.025 ¢ 1400, 018 | -500 N/A | Projected grid lifetinie of 10,000-hrs
electro-static thrust , _ : | with minor mods.
vector [25] | : : ! o

e SIT-S: Translating 1973 | 3000 . Hg 0.025 1 1000 -10006  N/A ' Continuation of 2023 hr test above fo
sereen gnid [27) _ , ! I atotal of 5000-hrs on the grids. Lasi

w , ” W I 3-khrs with no beam deflection. No
’ ,_ ., . . H flakes. Projected 20,000-hr grid life.

8 cm Thrusters ; | | W W ”

o ATS1[12) 1970 | 465 Cs . NA | NA | Projected lifetinie 10,000 to

« ATS-[12] 1972 750 Cs ) N'A N/A # 20.000 hrs

¢« ATS-|12] 1973 | 1100 Cs i j N'A NA S

e S-cm Lab model 1974 200 He : , 61.6 . Accelerated discharge chamber
(3] ‘ ) .” | , ” o_d&o: test (intentionally high 1

e 8-cmt Lab model 1974 1000 He N CONA DN A i lon machined aceelerator grid
[31] . ‘ : | | S .

e §-cm lLab model 1976 | 15,040 Hg 0.072 | 1240 | 047 _ -500 37 460 on/off cycles. Baffle replaced at
(28] 1156 hrs. >-200 V decrease in

electron-backstreaming margin.
! ! ' Considerable erosion of the accel
_ ! grid. No change in thruster
SO ! performance. ‘
o §-cn EMT [29] 1978 | 1300 Hg, 0.072 p 09 40 5200 on‘oft cycles. No change in
| ! screen or accel. grid thickness.
! A , ; | Chamfering on the upstream side of’
‘ ; ‘ | | | the accel. grid. S
o 8-cni TAPS [45] 1984 94189 Hg 0072 | 1200 | 03s | o200 38 Significant neut. erosion. Isolator

b .

braze joint failure. Charge-exchange
through pits in accel. grid. Grid shont
from accel material deposited on
screen grid developed in post test
handling. Little change in thruster
performance.




Thruster Year : Hours Prop. Je [ Jo g i Comments
‘ A V) o ,
o S-cmi IAPS |44] 1988 70587 He 0.07] 1208 0.4 | 2557 onvoff cycles. Neutralizer
to | ! i degradation with time. Substantial
0.69 | i | accel. grid erosion, but no through
i pits. Accel. grid aperture enlargement
t (17% increase in open area fraction).
‘, i No loose flakes in the discharge
1 ‘ | chamber
10-cm Thrusters ! ;
e st Kaufman 1962 150 g 0.20 ¢ 2500 | 1 Accel. grid mass loss rate 15.3 g/khr.
Thruster [ 10,11] 3 : | | Projected accel. grid life of 1000 hrs.
i 1 . Beam flainess parameter 040,
e UK T4A [21] 1976 2315 He 0.16 N/A 029 ' In 2 tests with different cathodes
1 ¢ Grid tife projected at = 30.000 hrs
E ! i l - Flakes appeared at 701 hrs,
e UK TS5 Mark 3 [53] | 1993 500 Xe | 0457 1 1100 | 038 » Three-gind with negative decel. grid
5 500 Xe 0457 1 1100 | 0.38 ‘! i can reduce accel. grid erosion.
12-cm Thrusters | ’
o DF-1 [13,14) | 1965 0 2610 | Cs o440 | 3700 | 11 ]  Projected grid life of 20,000
o DF-2[13,14] 1966 3670 Cs 10439 | 3700 | 13| | hrs.
o DF-2[13,14] 1966 © 8150 Cs 1 0431 | 3650 1.8 | I Cathode heater failure. Neutralizer
| ‘ ' ! " clogging
¢ TRS BBM [52] 1990 9100 NXe | 0.500 | " Severe accel grid erosion. Switeh to
| 3-grid systeni. Sputler-resistant
; i ’ . coatings. Mesh for flake control
o TRS DM #1 [S2] 1991 - 7200 NXe ¢ 0.500 1 Added neutralizer shield. Expanded
| ) 1 mesh for flake control. Severe screen
e TRS DM #2 [52] E 1991 7100 Xe 0.500 1 i grid erosion. Signiticant accel. grid
! erosion
© TRSEM#1[52] 1992 6200 Xe | 2278 onr ot eyeles
e TRS EM #2 [52] 1992 | 5981 Xe | 2305 on‘off cyeles  Expanded mesh
o TRS I'M 43 [52) 1992 6873 Xe S 2387 on ot eyeles  for flake control
o TRS EM i1 |52] 1992 8129 Xe " 3233 on off eycles
* TRS PM #1 [52) 1993 4568 Xe ' Expanded mesh for tlake control
o TRS PM #2 [52] 1993 | 453 Xe
14 cm Thrusters ! I
* NAL 14-cm Lab 1990 1000 Ne
model [50] 1 7 |
o NAL 14-cmi Lab 1992 1859 Xe | 0471 1000 | N/A 352 | 613 onoff eyeles. Neut. degradation.
mode] {51] Substanual cathode erosion.
Discharge chamber flakes
1S cm Thrusters k
e SERT H Lab 1969 | 1800 He, NA T N/A | NA In 13 tesis of shields to prevent
thruster 1 [12] TErooVe” erosion
o SERT 11 Lab 1969~ 3300 Hg | 0232 3000 | 048 In2tests Neut. erosion at high ¥y
thruster 2 [12,20] ] o N , Cath. ontice dia. increase.
e SERT II Prototype | 1969 1000 Hg N'A | N/A N/A Planned 1000-hr test
-2 ) ) 7 7 o
o SERT II Prototype 1969 | 4729 He, NA N/A N/A In 3 tests. trozen Hg line. rcplhccd
(P-5)[12] ) main cath. with flight design
e SERT II Prototype 1970 779 He, Arcing internal (o PPU

(1-20) (12]

LV 4]




Thruster Year | Hours ,ﬁ Prop. ! Jy Iy Jidp 1, 1 Iy Comiments
4 , G LM C) MW ‘ _
o SERT II Test M (P- | 1970 | 2750 He ; 0255 1 3190 048 ¢ -1660 , 374 Propellant tank emptied. T.ast 4037
20y [12.16, 18, 19} , 4037 Hg | 0.200 | 3230 0.8 -1680 375 | hrs at 80% power due to
| . * isolator/vaporizer problem
* SERT H Test T (P- | 1970 5169 Hg 0.253 | 3130 1.0 -1610 | 364 | Voluntarily terminated. Loss of
10) [12.16.18,19] , vacuunt at 1400 and 3190 hrs, thraster
, cleanied of sputter-deposited material
) o ) ‘f each time. )
o SERT I Flight #1 1970 3781 Hg 0.25 3000 0.6 | -1550 | 37 Unclearable grid short
(16-18] )
o SERT 11 Flight #2 1976 | 2011 Hg 0.25 | 3000 0.6 -1550 | 37 Grid short. Short cleared in 1974,
[16-18] 66 Hg 0.085 | 3000 1.2 “ -1500 | 42 Emptied neut. Eoto:s:CE_r
20 cm Thrusters , ; W
o HRIL LM Cath. [14]) { 1967 1 1009 He M 0.60 | 6100 | 048 ﬁ NA Projected accel. grid life of 10,500
" | hrs End of life is determined by
N P bridge ﬁoﬂz:. ) )
o IPL 20-cm [12.41] 1971 1500 Hg N/A 4 N'A 12 thrsters run simultaneously. One
) ) : cathode faiture.
25 cm Thrusters , ,_ :
e 25-cm XIPS {43] 1985 | 1350 Xe 1.45 750 0.34 “ =300 28 3850 anoff cycles. Early cathode
. ,. ! “ ! W | erosion resulted in cathode
| * ; : " replacement afler a few hundred hrs.
| . ! , Accel gnd aperture enlargenient
‘ : : ‘ ) W . ; ‘, Girid shorts cleared by “zapping.”
30 cm Thrusters : W, ,
e 30-cm Lab Model N 1971 ﬁ 280 M Hg 1.5 10090 23 =500 h N/A A Confirm the effect of neut. orientation
{30] 4 ﬂ ) ‘ o k on accel grid erosion.
¢ 30-cm LabModel | 19720 1365+ Hg 25 1000 1 0.32 =500 1 40 Last 760 hrs at the operating point
132] ! showr Fxtrapolated time to taiture »
| | L 10,000 hrs.
e A)-cm Lab Model 1973 4 1552 ¢ 1 | 20to NA 0.2t -500 , N'A 1 No crosion from neutralizer iog
[33) ‘ ; o L2s 0.3 . ‘ o
o Ji-cm Lab Model | 1973 0 1580 ¢ Hg 20t0 | NA 1 0.2t0 -500 1 NYA L No erosion from neutralizer ions
(23] ) L 2s 03 Accel pitdepth = 0.0lmm
¢ 30-cm Lab Model 1973 4 500 ‘ Hg 1.5 1330 | 0.33 % -600 i 37 ! Flat grids with center support
[3] : I . | Lo o
¢ 30-cm Lab Model 1973 1 500 I Hg 1.5 1330 | 0.33 -500 , 37 ! Dished gnds. Cathode heater
[31) P ; o o ; * protlen. ‘
e 30-cm L.ab Model 973 110, Hg 1 1S 1330 0.33 . 600 37 Planned for 6000 hrs. Catastrophic
{31] m A | i loas of vacuum at 1100 hrs with
i ! | , engine on. Lots of back-sputtered SS
; . L froni vacuum tank due to bean
, i | divereence. Cathode isolator
) . _ ‘ , _ ‘ o degradation with time. ‘
¢ 30-cm Lab Model 1975 1 1872 _, He | LSto | 1100 | N/A =500 | 33to | 19 test segments. Screen grid gained
{35] _ Lo20 , 40 19 ¢ accel grid lost 3.3 g (1.76
* A : gkl
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Thruster

o 30-c1 701 EMT
[36.37]

* 30-cm 901 EMT
[38]

o 30-cm I-1 EMT
[39.40)

30-cm J2 ENT [42]

30-cm JREMT [12]

30-cm J4 EMT [42]

30-em IS EMT [42]

30-cm1 J6 EMT [42)

30-cm 17 EMT [42]

30-cm Lab Model
Ring-Cusp [47]

30-cm J-Series [48]

30-cm J-Series {46] !

30-cm J-Series [49] |

19751

1976

1981

1982

1982

1982

1982
1982

1982

1988 ’
1990

1992

1993

|
i
|
|
I
|
|
i

- T
Year !

Hours ;

10.000

4165

4263

819
2785
104
S070
390
336
408
689

500

900

900

Prop.

He,

'Ilg

Ar

Jg
)

1.7 to

0.3

5.0

2.8

Vs
V)
1100

1100

L1100

1100
1100
j 1100
" 600

1100

e g e e

1100

1550

1050

Jadp

(%0) |

0.2

T N/A

037

0.37

0.37

037

0.15

0.37

0.37

[ 0.35

125

|
!

|
|
|
i
|
!

i
|
{
|

I
)

=500

2300

.300

-300
=300

=300

=500

T

Vp
)
37

‘wd
[ 31

13

Comments

Beam current started at 1.5 A was
changed to 1.7S A, then 1.5 A, 1.0 A
and finally 0.5 A, Flakes on screen
erid at 4530 hrs. Hole in baffle at
S845 hrs. Discharge chamber failure
at 7300 hrs (could no longer maintain
full beam current). Grid shorts
cleared by “zapping.™ Grids were no
longer functional afier the test.
Cathode and neut. had little erosion.
Planned for 10,000 hrs. Terminated
at 1165 hrs by a shorted wire under
the ground screen. Flakes in the
discharge chamber afler 4165 hrs.
Cathode orifice in excellent condition.
Higher than expected screen grid
erosion (370 pm eroded to 240 qum),
Shiver of material on screen grid at
2670 hrs. <0 18 jum scereen grid
erosion. No cathode erosion, slight
neut. orifice chamfering. Engine life
projected to be consistent with 15,000
hrs

Planned for 15,000 hrs. Contract
terminated

Planned for 15,000 hrs. Cathode
propellant isolator failure.
Planned for 4,000 hrs. Severe grid
arcing. ) )
Planued for 4.000 hrs at min. power.
Voluwtarily terniinated )
Planned for 4.000 hrs. Cathode
propellant isolator failure

Planned for 4.000 hrs. TC short
Planned for 400 hrs. End ot test.
Planned for 700 hrs. Failing main
propellant isolator

Wear test at 10-kW. I-Series thruster
design not suitable to Jong life at 10
kW due to balfle erosion o
5.5 KW wear test. Accel. through pits.
Cathode ignitor erosion. Cathode
orifice plate erosion. No {lakes.
Liftle screen grid erosion. Projected
accel grid life of 11.000 hrs
Negative decel. grid used to protect
the accel. grid. Little accel. grid
erosion at 6.0 kW,

Intentional test to tatlure of the
accelerator grnid. Intentionally
enhanced accel grid erosion Lo
shorten the test. End of test was due
to grid shorting,




Thruster

e 30-cin NSTAR
EMT!L (2]

. 30-cm NSTAR
EMTI1b [4]

Year

1995

1995

Hours

2150

1024

Prop.

Jp

®)
1.76

1.76

Vg
4]
1100

1100

Jads

(%0)
048

048

)
-180

-180

24.5

Comments

Propellant isolator failure. lligh
screen grid erosion, discharge
chamber flakes. High cathode
erosion. No neul. erosion.
Acceptable accel. grid erosion.
Projected accel. grid life of 21,500
hrs.

No cathode erosion  No screen gﬁ(i
erosion. No discharge chamber
flakes. Acceptable accel. grid

erosion.
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