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GLOSSARY

Arcjet Device thatheatsa propellantstreamby passing
ahigh-currentlectricalarcthroughit, beforethe pro-
pellantis expandedhrougha downstrearmozzle.

Hall effect Conductionof electriccurrentperpendicular
to anappliedelectricbeldin a superimposethagnetic
peld.

Inductivethruster Devicethatheatsapropellantstream
by meansf aninductive dischage beforethe propel-
lantis expandedhrougha downstreanmozzle.

lon thruster Device thatacceleratepropellantions by
anelectrostatidreld.

Magnetoplasmadynamicthruster Device thatacceler
atesapropellaniplasmaby aninternalor externalmag-
neticbeldactingon aninternalarccurrent.

Plasma Heavily ionizedstateof matter usuallygaseous,
composedof ions, electrons,and neutral atoms or
moleculesthathassufPcientelectricalconductvity to
carry substantialcurrentand to reactto electric and
magneticbodyforces.
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Resistojet Device thatheatsa propellantstreamby pass-
ing it through a resistvely heatedchamberbefore
the propellantis expandedthrough a downstream
nozzle.

Thrust Unbalancedinternal force exerted on a rocket
duringexpulsionof its propellantmass.

THE SCIENCE AND TECHNOLOGY of electric
propulsion (EP) encompass broad variety of strate-
giesfor achieving very high exhaustvelocitiesin order
to reducethe total propellantburdenand corresponding
launchmassof presentand future spacetransportation
systemsThesetechniquegroup broadlyinto threecat-
egories: electrothermabpropulsion,whereinthe propel-
lantis electricallyheatedthenexpandedhermodynami-
cally througha nozzle;electrostatigpropulsion,wherein
ionized propellant particles are acceleratedthrough
anelectricbeld;andelectromagnetipropulsionwherein
current driven through a propellant plasma interacts
with an internal or external magneticbeldto provide a
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stream-wisdodyforce.Suchsystemganproducearange
of exhaustvelocitiesandpayloadmassfractionsanorder
of magnitudéhigherthanthatof themostadvancedchem-
ical rockets, which cantherebyenableor substantially
enhancemary attractve spacemissions.The attainable
thrustdensitieqthrustperunit exhaustarea)of thesesys-
temsare muchlower, however, which predicatedonger
Right timesandmorecomple missiontrajectoriesin ad-
dition, thesesystemsequirespace-bornelectric powver
suppliesof low specbc massand high reliability, inter
facedwith suitablepower processingequipment.Opti-
mization of EP systemsthusinvolves multidimensional
trade-ofsamongmissionobjectives propellantaindpower
plantmasstrip time,internalandexternalervironmental
factors,andoverall systemreliability. An enduringinter
nationalprogramof researchand developmentof viable
electricthrusterhasbeenin progresdor severaldecades,
and over the pastfew yearsthis hasled to the increas-
ing useof a numberof EP systemson commercialand
governmentabpacecraftMeanwhile,yetmoreadwanced
EP conceptshave maturedto high credibility for future
missionapplications.

. CONCEPTUAL ORGANIZATION
AND HISTORY OF THE FIELD

A. Motiv ation

The stimulus for development of electrically driven
space propulsion systemsis nothing less fundamen-
tal than Newton® laws of dynamics. Since a rocket-
propelled spacecraftin free Right derives its only
acceleratiorfrom dischage of propellantmassts equa-
tion of motion follows directly from conseration of
the total momentumof the spacecraftand its exhaust
stream:

md m . Q)

wherem is the massof the spacecraftt ary giventime,
U its acceleratiorvector . thevelocity vectorof the ex-
hausietrelativetothespacecrafiandm therateof change
of spacecraftnassdueto propellant-massxpulsion.The
productm . is calledthethrustof therocket, T, andfor
mostpurposesanbetreatedasif it wereanexternalforce
appliedto thespacecrafitsintegralover any giventhrust-
ing time is usuallytermedtheimpulse, |, andtheratio of
themagnitudeof T to the rateof expulsionof propellant
in unitsof sea-leel weight,mag,, hashistoricallybeenla-
beledthe specbc impulse,ls ¢ go. If ¢ is constant
over a given period of thrust,the spacecrafachieves an
incrementin its velocity, , Which dependdinearly on
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e andlogarithmicallyon the amountof propellantmass
expended:

eln — 2)

wherem, andm; arethetotal spacecraftnassatthestart
andcompletionof theacceleratioperiod.Cornverselythe
deliverablemasdraction,m; my, isanegative exponen-
tial in thescalarratio e
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Inclusionof signibcantgravitational or dragforceson
thelightof thespacecrafaddsappropriatéermsto Eq.(1)
andconsiderablycomplicatests integration,but it is still
possibleto retainrelation (3), provided that is now
regardedas a more generalizedharacteristiovelocity
incremenindicative of the enegetic difbculty of the
particularmissionor maneuer. Howeverrepresentedhe
salientpointis simply thatif the spacecrafis to deliver a
signibcantportionof its initial masgo its destinationthe
rocket exhaustspeedmustbe comparabldo this charac-
teristic velocity increment.Clearly, for missionsof large

, the burdenof thrustgeneratiormustshift from high
ratesof ejectionof propellanimasdo highrelatve exhaust
velocities.Unfortunately conventionalchemicalrockets,
whetherliquid or solid, monopropellanbr bipropellant,
arefundamentallyimited by their available comhustion
reactionenegiesandheattransfertolerancedo exhaust
speedsof a few thousandmetersper second,whereas
mary attractve spacemissionsentail characteristiove-
locity incrementsat leastan order of magnitudehighet
Thus,somefundamentallydiberentconcepfor theaccel-
erationof propellantmassthat circumwentsthe intrinsic
limitations of chemicalthermodynamiexpansionis re-
quired.Into this breechstepthefamily of electricpropul-
sionpossibilities.

B. Conceptual Subdivision

So that propellant exhaust speedsin the range above
10,000m/secdesirabldor interplanetanfiight andother
high-enegy missionsanbeobtainedprocessebasically
differentfrom nozzledexpansiorof achemicallyreacting
Row mustbe invoked. More intenseforms of propellant
heatingmay be employed, provided thatthe walls of the
rocket chamberandnozzleare protectedfrom excessie
heattransfer Alternatively, the thermalexpansionroute
maybebypassedompletelyby directapplicationof suit-
ablebodyforcesto accelerat¢hepropellanstreamEither
of theseoptionsis mostreasonabljaccomplishedby elec-
trical meanswhich constitutethe technologyof electric
propulsion.
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Historically, conceptuallyandpragmaticallythis peld
hastendedo subdvide into threecateyories:

1. Electothermalpropulsion whereinthe propellantis
heatedby someelectricalprocessthenexpanded
througha suitablenozzle

2. Electmostaticpropulsion whereinthe propellantis
acceleratetby directapplicationof electrostatic
forcesto ionizedparticles

3. Electomagneticpropulsion whereinthe propellantis
acceleratedinderthe combinedactionof electricand
magnetidbelds

Over their periods of development,each of theseap-
proachesasspavnedits own arrayof technicalspecial-
tiesandsubspecialtiests own balancesheebf advantages
andlimitations,andits own cadreof proponentandde-
tractorsbut in seriousassessmengachhasvalidly qual-
ibedfor particularnichesof application,mary of which
donotseriouslyoverlap.Throughouthehistoryof EPde-
velopmentthe original subdvision of the beld into elec-
trothermal glectrostaticandelectromagnetisystemdas
remaineduseful, and this subdvision will be respected
throughthe balanceof this article. It should be recog-
nized,however, thatin virtually all practicalsystemstwo
or evenall threeof theseprocessefunctionin somecon-
certto accelerategshannelandexpandthepropellantlow,
andin mary casest is theefbcag of thiscooperatiorthat
determinegshe utility of any givendevice.

The exhaustvelocities attainableby thesemethods,
especiallythe latter two, are more than adequatefor
mary large-\elocity-incrementmissionsbeyond the vi-
able chemicalrange.Indeed,somerestraintof their
capability may be requiredbecauseof their associated
(power supply penaltyOClearly, eachof theseconcepts
entailstwo functionalcomponentsthe thrusteritself and
anelectricpower supplyto drive it. Thelatteraddsmass,
myp, to the compositepropulsionsystemin somepropor
tiontothepowerlevel of operation P, whichinturnscales
with the squareof the exhaustvelocity:

T e m 2
> > 4)
where is the specibc massof the power supply (mass
per unit power), and is the efbcieng with which the
thrustercorvertsits input power to thrustpowver, T ¢ 2.
Sincetherequisitepropellantmassscalesnverselywith
e, it followsthatfor ary givenmissionrequirement,
thereis an optimum  that minimizesthe sum of the
propellantmassand that of the requisitepower supply
Relation(4) alsoemphasizethe importanceof utilizing
power systemf low specbc massandthrustersof high
corversionefbcieng. Overlaid on all this is the evident
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necessityfor impeccablereliability of both components
of the systemover long periodsof unattendedperation
in thespaceervironment.

C. Histor y of Effort

Theattractvenesof EPfor abroadvarietyof spacdrans-
portationapplicationswvas recognizeddy the patriarchof
moderrrocketry, RobertH. Goddardasearlyas1906.His
RussiancounterpartKonstantinTsiolkovskiy, proposed
similar conceptsin 1911, as did the GermanHermann
Oberthin his classicbookon spac®&ight in 1929andthe
Britishteamof ShepheréndCleaver in 1949 Butthebrst
systematiandtutorial assessmertf EP systemsshould
beattributedto ErnstStuhlingerwhosebooklon Propul-
sionfor Spacer-light nicely summarize$is seminalstud-
iesof the 1950s.

The rapid acceleratiorof the U.S. spaceambitionsin
the 1960sdrove with it the prst coordinatedesearctand
developmentprogramsexplicitly addressindeP technol-
ogy. Inits earliestphasethis ebort drew heavily onreser
voirs of pastexperiencean otherareasof physicalscience
and engineeringthat had employed similar electrother
mal, electrostaticand electromagneticonceptgo their
own purposessuchasarc-heatedvind tunnelsandweld-
ing practice,cathoderay tubesand mass-spectroscopic
ionsourcesandmagnetohydrodynamaéhanneRowsand
railguns.Fromthesetransposedechnologiesblossomed
a signipcantnew componenbf the burgeoningspacen-
dustrythatconcernedtself notonly with thedevelopment
of viable electric thrusters,but alsowith the provision
of suitableelectricpower suppliesand power condition-
ing equipmentmajor groundtestfacilities,andsophisti-
catedmissionanalysesfasmogasboraf potentialspace
applications.

Following asizablenumberof experimentallight tests,
EP enteredts eraof commercialapplicationin the early
1980s, as resistojetsbecamecommon options for sta-
tion keepingand attitude control on tensof commercial
spacecraftin theearly1990s electrothermaércjetswere
adoptedor northBsouthstationkeeping(NSSK) of mary
communicationsatellitesin geosynchronousarthorbit
(GEO). The year 1994 saw the brst useof electrostatic
ion thrustersfor the NSSK of commercialsatellites,and
theyear1998theirapplicationonaplanetaryNASA mis-
sion. Although Hall thrustershave beenusedon Soviet
and Russianspacecrafisince the mid-1970s,and there
have beena few applicationsof pulsedplasmathrusters,
electromagnetithrustersareonly now enteringtheir era
of applicationon Westerncommercialspacecraftin to-
tal, the numberof electrically propelledspacecrafthas
gonefrom singledigits in the 1960sto doubledigits in
the1970sand1980sandhasreachedhetriple-digit mark
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in the late 1990s.A recentemphasisn researcrandde-

velopmenthasbeenthe scalingdown, in both physical
size and power level ( 100 W), of mary EP concepts
for future applicationson micro-spacecraftAt the other
extreme, the prospectof enegetic mission§l with large

camgoandpilotedpayload$l totheplanetsyhichstando

bendt mostfrom ER, remainduturistic until therequired
high power levels (100kW andabove) becomeavailable
in space.

IIl. ELECTROTHERMAL PROPULSION

A. Overview

Electrothermal propulsion comprises all techniques
whereby the propellantis electrically heatedin some
chamberandthenexpandedthrougha suitablenozzleto
corvertits thermalenegy to adirectedstreamthatdeliv-
ersreactve thrustpower to thevehicle. Threesubclasses
of this family may be denotedin termsof the physical
detailsof the propellantheating:

1. Resistojetswhereinheatis transferredo the
propellantfrom somesolid surface,suchasthe
chambemwall or a heatercoil

2. Arcjets whereinthe propellantis heatedoy an
electricarcdriven throughit

3. Inductivelyandradiativelyheateddevices wherein
someform of electrodelesdischage or
high-frequenyg radiationheatsthe Row

Eachof thesestratgjiesrelieves someof the intrinsic
limitationsof thechemicakocketin thesensehatthepro-
pellantspeciesnaybeselectedor its propitiousphysical
propertiesndependentlpfany comlustionchemistrybut
heattransferconstraint@ndfrozenf3ow losseglosseslue
to unrecuperateénegy GrozerQin the internal modes
anddissociatiorof the moleculesyemainendemic.

The grossperformanceof ary electrothermathruster
canbe crudelyforecastby meansof a rudimentaryone-
dimensionaénegy argumenthatlimits theexhaustspeed
of theRow from afully expandechozzleto . 2cpTe,
wherec,, is the specbc heatat constanpressureper unit
massof the propellantand T, is the maximumtolerable
chambetemperaturePropellant®f thelowestmolecular
weightthusseempreferableandindeedhydrogenmight
at brst glanceappearoptimum,but in practiceits frozen
Bow propensitiesand difbculty of storagecompromise
its attractvenessMore complex moleculargasesuchas
ammoniaandhydrazinewhich dissociaténto fairly low
efbective molecularweightsand high specbc heatgas
mixturesin thechamberarecurrentlymorepopularbutin
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thesecaseslso,frozen3ow kineticsin thenozzleremain
importantto performance.

B. Resistojets

In theresistojesubclas®f devices,chambetemperature
is necessarilyimited by the materialsof thewalls and/or
heatercoils to some3000K or less,and hencethe ex-
haustvelocities,evenwith equilibratechydrogengcannot
exceedl0,000m/secwhichis nonethelesafactorof two
or threebeyondthatof the bestchemicalrockets.In con-
temporarypractice,lower performancebut morereadily
spacestorablepropellantssuchashydrazineandammo-
nia, alongwith biowastegasessuchaswatervaporand
carbondioxide, are more commonlyemployed because
of their overall systemadwantages.

Beyond the frozen Row kinetics, the major practical
challengéfacingresistojetechnologyis retainingthein-
tegrity of theinsulatorandheateisurfacesattheveryhigh
temperatureshe conceptdemandswhile still minimiz-
ing the viscousandradiatve heatlossesthat further de-
creasehrusterefbcieng. Sincethemid-1960smary con-
Pgurationsof resistojethave beenconceved, researched,
and developedto optimize theseprocessesand a few,
suchasthe Right-readymoduleshavn schematicallyand
in the photographin Fig. 1, have evolved to practical
spacethrustersand beendeployed on suitablemissions.
A typical resistojetusescatalytically decomposedy-
drazineasits propellantandachieves an exhaustvelocity
of 3500m/secandathrustof 0.3N at an efbcieng of 80%
whenoperatingat a power level of 750W.

Fromasystenmpointof view, resistojetareparticularly
attractve becausehey readily lend themselesto inte-
gration with previously developedand commonlyused
propellantstorageandRow managemengystemdor hy-
drazinemonopropellanthrusters. Another advantageis
their low operationaloltage,which, unlike thatin other
EP systemsdoesnot requirecomplex power processing.
For thesereasonsandthefactthatsatellitesn GEOoften
have excesselectricalpower, resistojetavereamongthe
prst EP optionsto be usedfor the NSSK of communica-
tion satellitesWhile theearliestuseof resistojetsn space
datesto 1965 (the Air Force Vela satellites) their adop-
tion oncommerciakpacecraftlid not startuntil the 1980
launchof the brst satellitesn the INTELSAT-V seriesA
morerecentapplicationhasbeenfor orbit insertion,atti-
tudecontrol,anddeorbitof LEO satellites,ncludingthe
72 satellitesin thelridium constellation.

C. Arcjets

If an electrothermathrusteris to attain exhaustspeeds
substantiallyhigherthan 10,000m/sec,interior portions
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FIGURE 1 Photograph and schematic of a Bight-ready hydrazine
resistojet. [Courtesy of the Primex Corporation.]

of the propellantow throughthe heatingchambemust
reachtemperaturesashigh as10,000K, while beingre-
strainedfrom directcontactwith thechamberandnozzle
walls. Thus,steepradialgradientsn temperaturenustbe
sustainedwhich renderghe entiref3ow patternexplicitly
two-dimensionalThe mosteffective andstraightforvard
meansfor achieving suchproblesis by passingan elec-
tric arcdirectly throughthe chambelin someappropriate
geometryFigure2 shavs adiagramanda photograplof
a prototypicalthrusterof this class,commonlycalledan
electrothermahrcjet.Direct currentsof tensor hundreds
of amperesare passedhroughthe gasf3ow betweenan
upstreanconical cathodeanda downstreamannularan-
ode integral to the exhaustnozzle,generatinga tightly
constrictedarc columnthatreachesemperaturesf sev/-
eraltensof thousand®f degreeson its axis. Theincom-
ing propellantis usuallyinjectedtangentially thenswirls
around,along,andthroughthis arc, expandingin the an-
ode/nozzleo averagevelocitiesof tensof thousandof
metersper second.Properlydesignedand operatedthe
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chambemrndnozzlewallsremaintolerablycoolunderthe
steepradialgradientsandeventhearcattachmentegions
on the cathodeandanodearesomevhat protectedby the
electrodesheathprocesseseven thoughthe cathodetip
mustreachincandescertemperatureso provide thereg-
uisite thermionicemissionof electroncurrent.

Analyticalmodelsof thrusterof thistypeusuallyrepre-
sentthearcin threesggmentsacathoddall region,which
functionsto heatthecathodeip andextractelectrongrom
it; anarccolumn,whereinohmicheatinghboxsustainthe
necessaryonization againstinterior recombinationand
radiationlossesandananodefall region, whereinthearc
terminatesn a diffuseannularattachmenbn the diverg-
ing nozzlewall, depositingthermalelectronenegy into
thebodyof thethrusterHeatingof thepropellantactually
occursin twoimportantmodesby directpassagef acore
portion of the Bow throughthe arcitself, andby conduc-
tionandcorvectionto theouter3ow fromthechambeand
nozzlewalls,whichthemseleshave beenheatedy radi-
ation from the arc columnandby the anodeattachment.
Thislatter, regeneratie componentescuesheefbciengy
of thethrustersomeavhatfrom thedetrimentafrozenRow
lossesassociatedavith thefailure of the hottestportion of
thecoreRow to recover muchof theenegy investedn its
ionizationanddissociationAsidefrom thesefrozenRow
losses,the efbcieng also suffers from viscouseffects,
nonuniformheatadditionacrosghe Row, andheatdepo-
sition in the nearelectroderegionsdueto voltagedrops
in the electrodesheaths.

Arcjets on contemporaryoperationalBights typically
usecatalyticallydecomposetiydrazineaspropellantand
operateat a power level of about1.5 kW with an ex-
haustvelocity betweer6000and6000m/secandan efp-
ciengy up to 40%.While ammoniapy virtue of its lower
molecularmass,can offer an exhaustvelocity as high
as 9000 m/secat the samepower levels, the associated
compleity of the massfeedingsystemfavors the useof
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FIGURE 2 Photograph and schematic of a 1.5-kW arcjet in
operation. [Courtesy of the Primex Corporation.]
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hydrazine Sincethesearcjetsoperateatavoltageof about
100V, which is generallyhigherthanthe spacecrafbus
voltage, dedicatedpower processingunits, whosemass
canexceedhatof thedry propulsionsystemarerequired.

Startingwith the brst of the Telstar4 seriesof GEO
communicatiorsatellitedaunchedn 1993, hydrazinear-
cjetshave quickly gainedacceptancasviablepropulsion
optionsfor NSSK. They representhe secondevolution-
ary step, after resistojetsjn the useof EP systemsand
offer substantiabropellantmasssavings over all previ-
ous monopropellanpropulsionoptions. Although a re-
centtest Right of a 30-kW ammoniaarcjet (on the Air
ForceESEXspacecrafthasdemonstratethepotentialof
this higherpower classof electrothermapropulsionfor
morethrust-intensie missionssuchasorbit transfersand
primarypropulsionmaneuers,thedifbculty of providing
suchhigh power in space,combinedwith the lifetime-
limiting problemsof electrodeerosionand whiskering
have sofar delayedsuchapplications.

D. Inductivel y and Radiativel y Heated Devices

Themostvulnerableslementof directcurrentarcjetsare
theelectrodeshattransmitthe high currentsfrom the ex-
ternalcircuittothearcplasmaandtheirerosiorultimately
limits the operationallifetime of thesethrusters.In ef-
fortsto alleviatethis basicproblem,anumberof moreex-
oticconceptdor electrothermgbropulsiorhave beerpro-
posedandimplementedwhereinthepropellants ionized
andheatedby meansof someform of electrodelesslis-
chage.Thesehavevariedwidely in powerlevels,geome-
tries, propellanttypes,anddensitiesandhave utilized ap-
plied frequenciesangingfrom low radiofrequeng (RF)
tothemicrowave bandsin all casesthestratgy is to heat
the free electroncomponenbf the ionized propellantby
meanf anappliedoscillatingelectromagnetiéeld and
thento rely eitheronambipolardibusionto directtheions
andneutralsalonganappropriateexhaustchannelinduc-
tive thrusters)or on collisional and radiative heatingof
the neutralcomponentby a sustainedplasmaupstream
of thethroatof a diverging nozzle(microwave thrusters).
Devicesof this classarethus hybrid electrothermabnd
electrostati@and,indeed sincesomeof themalsoemploy
magnetideeldsto conPneanddirecttheRow, mayactually
embodyall threeclasse®f interaction.

Early enthusiasnfior this classof acceleratorsvas nec-
essarilytemperedoy the relatively low efbcieng/ of RF
and microvave power generationtechnologiesof that
time, whichwould have transcribednto intolerablymas-
sive spacepower suppliesMore recentadvancesn solid-
statepower processinghave revived someof thesecon-
cepts,althoughnonehasyet beenf3ight-testedThe most
matureof theseconceptds currentlya microvave elec-
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trothermalthrusterthat operateswith hydrogen,nitro-

gen,or ammoniaat exhaustvelocitiesrangingbetween
4000m/secand12,000m/secandefbcienciesashigh as
60%, excluding the efbciengy of the microwave source.
Themicrowave electrothermathrusterseemsarticularly
amenableto scalingto low powers. While most of the
recentdevelopmenthasbeenatthekilowattlevel, scaled-
down prototypesoperatingefbcientlyat 1L00W andbelow

have alsobeendeveloped.

lll. ELECTROSTATIC PROPULSION

A. Basic Elements

Thefundamentathermalimitationsonattainablesxhaust
speedsandlifetimes associatedavith the heatingand ex-
pansionprocesse®f electrothermahcceleratorganbe
cateyorically circumwentedf thepropellants directlyac-
celeratedby an external body force. The simplestsuch
device, in conceptjs theion thrustey whereina beamof
atomicionsis acceleratedby a suitableelectricbeld and
subsequentlgeutralizedy anequallux of freeelectrons.
The essentiaklementsf sucha thrusteraresketchedin
Fig.3,whereacollisionlessstreanof positveatomicions,
liberatedfrom somesource s acceleratedby anelectro-
static Peld establishedetweenthe sourcesurfaceanda
suitablepermeablgrid. Downstreanof thisregion, elec-
tronsfrom anothersourcejoin the ion beamto produce
a streamof zeronet chage, which exits the accelerator
at a speeddeterminechot only by the net potentialdrop
betweenthe ion sourceand the plane of effective neu-
tralization,but alsoby the chage-to-massatio of theion
specieemployed.

A quick calculation basedon reasonablelectrodedi-
mensionsmanageablappliedvoltagesandavailableion
chage-to-masgatios, indicatesthat extremely high ex-
haustspeedswell in excessof 10° m/sec,are readily
achiezable.Indeed given the power supplymasspenalty
which scalesstrongly with the exhaustvelocity accord-
ing to Eq. (4), thesedevicestendto optimizetheir thrust
efbcieng at too high an exhaustvelocity for mostnear
earth and interplanetarymission applications.A more
troublesomealravback,however, is thatregardlessof the
particularelectrodeconbgurationsandpropellantspecies
employed, thrustersof this classare severely limited in
their attainablethrustdensityby space-chaye distortions
of the appliedelectric beld pattern.Specbcally, it can
readily be shavn that the maximumion currentdensity
thatcanbe sustainedhrougha one-dimensionahcceler
ationgapd acrosswhichis appliedavoltageV is

4 2q1t2v32
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FIGURE 3 lon thruster schematic.

where is the dielectric permittivity constantandq M
is the ion chage-to-masgatio, all in mks units. It then
follows that the maximumthrust density of the emitted
beamdepend®nlyonV d:

T m. M. 8 V?

A A q 9 d
where A is the areaof the exhaustjet, while the corre-
spondingexhaustspeeddependonly onq M andV:

oqV 12
M

The thrustdensityand thrust power densitythat canbe
corveyed on the exhaustbeamfor attainablevaluesof

V d, andg M thuscomputeto rathersmall values,on
the orderof a few newtons per squaremeterand 10° W

per squaremeter respectiely, at best.On the positive
side,the attainablethrustefbcieng is essentiallyimited

only by theenegeticcostof preparingheindividualions,
which shouldbe a smallfraction of their exhaustkinetic
enegy. Systemoptimization,thereforejnvolvesa some-
whatcomplex multidimensionatrade-of amongthe ex-

haustspeedthrustdensity efbcieng/, andpower system
specbc massfor ary givenmissionapplication.

(6)

)

e

B. lon Thruster Technology
1. lon Sources

In practice,the most amenablepropellantsfor electro-
staticthrustershave proven to be cesiummercury argon,
krypton,and mostcommonlyxenon,and mary possible
sourcesof suchions of the requisiteefbciengy, reliabil-
ity, and uniformity have beenconceved and developed.
Of thesepnly three the electronbombardmentlischage

source,the cesiunbtungstensurface contactionization
source,andoneform of RF dischage source have sur
vived to application.

Theessentiatlementof thebombardmensourcesre
someform of cylindrical dischage chambercontaining
a centerlinecathodethat emits electrons,a surrounding
anodeshell,anda permeatingazimuthalandradial mag-
neticbeldthatconstraingheelectrongo gyratewithin the
chambetongenoughto ionizetheinjectedpropellantgas
andto directit, onceionized,to extractorandaccelera-
tor gridsdownstreamOnecontemporarymplementation
of sucha chambeiis shavn in Fig. 4. This particularde-
vice emplgys a hollow cathodeelectronsource wherein
is sustaine@ secondarylischagethatfacilitateselectron
emissiorfrom theinteriorwalls of thecathodecavity. The
magnetidbeld permeatinghe entirechambeiis provided
by threering magnetsempirically corbguredto estab-
lish a grosslydiverging but doubly cuspedpeld pattern
that optimizesthe dischage for ionization and ion ex-
tractionpurposesThe magnitudeof this beld is adjusted
in concertwith the anodé&cathodevoltagedifferentialto
maximizethe ionization efbcieng/ anddischage stabil-
ity while minimizing the productionof doubly chaged
ions,which would be out of focusin the acceleratogap
andthustendto erodethegridsthroughhigh-enegy sput-
tering. Typical valuesfor xenonandmercurypropellants
would bein theregimesof 0. 25T and30V, respectrely.
Slightly differentchambeiconbgurationsandbeld values
have alsobeenusedsuccessfully

Contaction sourcegely onthedifferencebetweerthe
electroniowork functionof ametallicsurfaceandtheion-
ization potential of alkali vaporsto ionize the latter on
contactwith theformer Very few metabalkali combina-
tions have this requisitepositive voltagedifferential,and
of thesethecombinatiorof tungsterandcesiumprovides
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FIGURE 4 Ring-cup ion thruster. [Courtesy of Colorado State University and NASA Glenn Research Center.]

the largest. The mostcommonimplementatiorhasbeen
toforcehotcesiumvaporthroughaporousungsterwafer
to enhancesurfacecontactput problemsn degradatiorof
wafer porosityandrecondensationf cesiumvaporhave
tendedto compromisethe ionizationefbcieng andlife-
time of thesesources.
TheRFionizationsourcegurrentlyfavoredin Western
Europeare similar in principle and corbgurationto the
U.S. electronbombardmensourcesgexceptthatthe dis-
chageis inductively driven RF ratherthandirectly cou-
pled dc. While the efbciengy and lifetime of theseRF
sourceseencompetitive, they entailthe complicationof
RFmodulesn theirpowerprocessingquipmentln Japan
anothercathodeles#on thrusterconcepthasbeendevel-
opedthat usesa microwave sourceto createand sustain
the plasmathroughelectroncyclotron resonancéECR)
andofferssomesystemandlifetime adwantages.

2. Accelerator Grids

In virtually all classe®f ion thrusterthepositiveionsare
extractedfrom thesourceandacceleratedownstreanby
a systemof grids corbguredto achieve the desiredex-
haustvelocity with minimumbeamimpingementin U.S.
bombardmenenginesfor example,adoublegrid conbg-
urationis usuallydisheddownstreamasshown in Fig. 4

to improve its mechanicaland thermal stability against
distortion. The upstreamgrid is maintainedat a higher
positive potentialthan requiredby the desiredexhaust
speedn orderto enhancéheion extractionprocessndin-
creasehespace-chaelimited currentdensitythatcanbe
sustainedThe downstreangrid thenreduceghe exhaust
planepotentialto the desiredvalue. This Gaccebdeced
schemehasthe advantagesof higherbeamdensityat a
given netvoltageandof reducingelectronbackstreaming
from the neutralizedbeamdownstream.

The grid perforationsare conbguredanalytically and
empiricallyto focustheion streaminto anarrayof beam-
letsthatpasgshroughwith minimumimpingementlin this
processthe downstreamrsurfaceof thedischage plasma
in the chamberactsas a third electrode,and sincethis
contouris not independenbf the dischage characteris-
tics andappliedgrid voltagesit canbe a sourceof some
instability. Furthercomplicationsare introducedby the
small fractionsof doubleions or neutralsthat bnd their
way into the beamand are henceforthout of focusand
freeto bombardthe grid surfaces.

3. Neutralizers

If theion beamemepging from the downstreanelectrode
is notto stall onits own interior potentialproble, it must
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be electrostaticallyneutralizedwithin a very few units of
grid spacing.Thisis typically achieved by provision of a
Bux of electronsusuallyfrom anothehollow cathodedis-
chage, which fortuitously mix effectively within theion
beamby meansof a variety of microscopicand macro-
scopicinternalscatteringprocessesOncesoneutralized,
this plasmaconstitutesa downstreamQrirtual electrod®©
thatcompleteghe axial potentialpattern.

4. System Aspects and Application History

Althoughthey aretechnicallythe mostcomplex EP sys-
tems,ion engineslike thoseoutlined abose and shavn
in Fig. 5 have beenthe mostthoroughlydevelopedand
testedf all EPdevices.Theirappeaktemsrimarily from
their maturity, demonstratedbng lifetime ( 20,000hr),
relatively low beamdivergence( 20 deg) andhigh efp-
cieng (65%)atausefulexhaustvelocity (30,000m/sec),
andpower levelsbetweer?00and4000W. Theseadwan-
tagesare someavhat offset by low thrustdensity system
compl«ity, and high-wltagerequirementsvhich trans-
late into power processingunit (PPU) speclbc masses
as high as 10 kg/kW. Their space-wrthinesshas been
demonstratetly morethanadozenU.S.andSoviet Right
tests startingin 1962 ,which have providedguidanceand
validationto ground-basedesearctanddevelopmentef-
fortsthathave ledto theoptimizationof their designsand
materials.

The brst operationaluse of ion thrustersoccurredin
19940ntheJapanes&TS-6andCOMET Ssatellitesfor
whichfour 12-cmionengineprovidedNSSKpropulsion.
This was followedin 1997by PAS-5, which inaugurated
thebrstU.S.commerciakatellitebustorely onionpropul-
sionfor GEO stationkeeping.

FIGURE 5 A 30-cm bombardment ion engine. [Courtesy of
Hughes Aircraft Co.]
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While ion enginescompetewell with other EP op-
tions for nearearthapplications their ability to operate
efbciently andreliably at even higher exhaustvelocities
makesthemideally suitedfor enegetic (i.e., high )
deep-spacenissions,wherelong thrustingtimes canbe
toleratedIn 1998 NASA @DeepSpacel becamehebrst
interplanetarymissionto bendot from ion propulsion.On
its way to its encountemith asteroidBraille, the space-
craft useda xenonbombardmenton propulsionsystem
to provide therequired  over 1800hr of thrust,while
consumingnly 12kg of propellantanddemonstratingn-
spaceperformancevithin 1% of thatmeasuredh ground
tests.Variouscommercialand scientbc missionsusing
ion propulsionareslatedfor launchin thenext few years,
includingtheworld@brstsample-and-returattemptfrom
anasteroidby the Japanes®USES-Cspacecraft.

C. Other Electr ostatic Propulsion Concepts

Marny of the compleities of ion bombardmensources,
multibeamfocusinggrids,electromagnetgndothersub-
system®fionthrustersanbebypassedltogetheif only
minutethrustlevels are neededCreatinga high electric
Peld concentratiorat the lips of a capillaryslit, asshavn
in Fig. 6, allows directionizationfrom theliquid phaseof
ametalto beachieved by beld emissionandtheresulting
ion beamcanbeaccelerate@lectrostaticallyto very high
velocities.Field emissionelectricpropulsion(FEEP)de-
vicesof this kind have evolved in Europesincethe late
1970sandhave uniquecharacteristicandadwantagesln
a typical FEEP device, cesiumpropellantfrom a small
resenoir is allowedto wettheinsideof al- m capillary
channelandform a free surfacebetweerthe blade-edge
lips of the emitter An electricbeld of a few kilovolts is

FIGURE 6 Schematic of a Peld emission electric propulsion
(FEEP) device.
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appliedbetweerthe emitterandanacceleratoelectrode,
and the resultingelectric beld concentrationst the slit
edgesform protrudingcusps,or Oraylor conesDon the
edgeof theliquid by meansof the competitionbetween
theelectrostatiéorcesandsurfacetensionWhentheelec-
tric beld reachesbeld emissionlevels (10° V/m), these
pointsbecomdocalion emissiorsites.Theextractedand
accelerateibn beamsaresubsequentipeutralizedy in-
jectingelectrondrom anappropriatesource For atypical
extractionvoltageof 10 kV, theion exhaustvelocity is in
excesf 100,000m/sectheefbciend closeto 100%,and
thethrust-to-paverratioaboutl6 N/W. AlthoughFEEP
thrusterswith thrustlevelsashighas5 mN have beende-
velopedby the EuropearSpaceAgengy, neartermappli-
cationsarefor missiongequiringsmallandprecisethrust.
While no suchdeviceshave yet 3own, a numberof mis-
sionsareplannedn theUnited StatesandEuropejnclud-
ing systemsassociatedvith space-bornénterferometers
for detectionof gravitationalwaves,andmissionsrequir
ing Pnepointingandformation3ying of micro-spacecratft.
SincetheseFEEPdevices are operatedwith cesiumbe-
causefitshighatomicmass|ow ionizationpotential Jow
melting point (28.4 C), andgoodwetting capabilities,a
numberof practicalproblemsrelatedto spacecrafplume
interactionsandpropellantcontaminatiorwill needto be
resohed.

Another simple electrostatidhrusterconceptthat has
theadvantagesver FEEPof higherthrust-to-paverratios
and the use of more benignpropellantsis the colloidal
thruster It employs similar physical processesexcept
that nonmetallicliquids are usedand sub-micron-sized
chagedparticles(colloids)areproducedcandaccelerated.
Thisyieldsspecbc impulsesmorecompatiblewith near
earthmissions.Much of the work on colloidal thrusters
was carriedout in the 1960sand identibed limitations
on the achiezable chage-to-masgatios and the unifor-
mity of the the chage-to-masddistributions. The for-
mer transcribego excessiely large voltages(hundreds
of kilovolts) to attain the desirableexhaustvelocities
(10,000m/sec)andthe latterresultsin large beamdiver-
gencesNonethelessnorerecentesearcln Russiaandin
theUnitedStatesdriven by theadventof micro-spacecraft
missions hasreturnedcolloidal electrostatidhrustersto
thearsenabf electricmicropropulsioroptions.

IV. ELECTROMAGNETIC PROPULSION

A. Basic Concept

The third categyory of EP relieson the interactionof an
electriccurrentpatterndriven througha conductingpro-
pellantstreamwith a magnetidceld permeatinghe same
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FIGURE 7 Crossed-keld electromagnetic thruster schematic.

region to provide the acceleratingpody force. Suchsys-
temscanproducexhausispeedsonsiderablyigherthan
thoseof the electrothermatlevices, andthrustdensities
muchlarger thanthoseof the electrostatidhrusters but
are phenomenologicallynore complex and analytically
lesstractablehaneitherof thesealternatves. Theessence
of anelectromagnetithrusteris sketchedn Fig. 7, where
someelectrically conductingRuid, usuallya highly ion-
ized gas,is subjectedo an electric beld E and a mag-
netic beld B, perpendiculato eachotherandto the Buid
velocity u. The currentdensity j driven by the electric
Peld interactswith B to provide a streamwisébodyforce
f j B thataccelerateshe Ruid alongthe channel.
The procesanayalternatiely berepresenteérom a par
ticulate point of view in termsof the meantrajectories
of the current-carryingelectronswhich, in attemptingto
follow the electric beld, are turned dowvnstreamby the
magneticheld, transmittingtheir streamwiseanomentum
totheheavy particlesin thestreanby collisionsand/orby
microscopigolarizationpelds.It isimportantto notethat
in eitherrepresentationtheworking Buid, althoughhighly
ionized,is macroscopicallyeutral hencenotconstrained
in its mass3ow densityby space-chayelimitationsasin
theelectrostatiaccelerators.

B. Varieties

Unlike the electrothermabr electrostaticclasseswhich
offer only afew practicalconbgurations electromagnetic
acceleratiorpresentsnyriad possibilitiesfor implemen-
tation. The applied belds and internal currentsmay be
steady pulsed,or alternatingover a broadrangeof fre-
guenciesthe B beldsmaybeexternallyappliedorinduced
by the currentpatterns;and a broad variety of propel-
lanttypes,includingliquidsandsolids,maybeemployed,
alongwith a hostof channelgeometriesglectrodeand
insulatorconbgurationsmeanf injecting,ionizing,and
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ejectingthepropellantsandmodesof delivery of thereq-

uisite electricalpower. As a result of ongoingresearch
anddevelopmentsincethe late 1950s,a hugenumberof

suchpossiblgpermutationsf theelectromagnetipropul-

sionconcepthave beenstudied both experimentallyand

theoretically but only a few have survived the gauntlet
of requisiteefbciengy, reliability, rangeof performance,
and systemcompatibility to retain enduringtechnolog-
ical promise.Of these,most advancedare the steady
orquasi-steadynagnetoplasmadynanm(®PD) thrusters,
the Hall-current accelerators,and the pulsed plasma
devices.

C. Magnetoplasmad ynamic Thruster s
1. Operating Principles

Assketchedn Fig.8,themagnetoplasmadynantitruster
(MPDT) is characterizedy a coaxial geometryconsti-
tuted by a centralcathode an annularanode,and some
form of interelectrodensulator Gaseougpropellantsare
introducedinto the upstreamportion of the channel,
whereaftethey areionizedby passagéhroughanintense,
azimuthallyuniform electricarcstandingn theinterelec-
trodegap.If thearccurrentis high enoughjts associated
azimuthalmagneticheld is sufbcientto exertthe desired
axialandradialbodyforcesonthepropellanf3ow, directly
acceleratingt downstreamandcompressingt towardthe
centerlineinto an extremely hot plasmajust beyond the
cathodetip. Subsequengxpansionof this plasma,along
with the directaxial accelerationyieldsthe requisiteex-
haustvelocity.

Theoretically theseselfpeld acceleratorganbe rep-
resentedn relatively simple continuumplasmadynamic
form or in moreelaborateahreefuid plasmakinetic for-
mulations.Irrespectve of their interior details, electro-
magnetiadensoranalysisyieldsa genericthrustrelation:

J? la

T — In—= A 8
4 re ®)

FIGURE 8 Magnetoplasmadynamic thruster (MPDT) schematic.
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whereT is thetotal thrust, thevacuummagneticper
meability, J the total arc current,r, andr. the effective
arc attachmentadii on the anodeand cathodeand A a
parameteslightly lessthanunity thatdepend®nthebner
detailsof thecurrentattachmenpatternontheelectrodes.
Notethatthisrelation,which generallyagreesvith exper
iments,isindependentf themasd3ow rateandary other
propertieof thepropellantthustheexhaustvelocitymust
scaleas the ratio J? m. An importantnondimensional
scalingparameter , whicharisesn severalotherempiri-
calandtheoreticakcontets, includingthe onsetof severe
erosionandthe appearancef variousmodesof plasma
waves andinstabilities,is calculatedfrom the following
formula:

2 12
riT n A
(o3
@, M2 ®)

wherethepropellanisrepresentellyitsionizationpoten-
tial ; andatomicmassM. NominalMPDT operationis
achieved at 1 while stableandlow-erosionoperation
is typically limited to 2. Thelifetime of suchdevices
is limited by componenterosion,mostnotably evapora-
tion of cathodematerial,andthe performances bounded
by lossesassociatedvith ionizationandthermalenegy
frozenin theRBow aswell aslossesn theelectrodesheaths.
The modelingand control of mary lossmechanismsre
complicatedby the presencef plasmaturbulencedueto
current-drven microinstabilitieswhich cancauseexces-
sive ionizationandheating.

In spaceapplicationsthe optimumpower rangeof op-
erationwill be delimited on the low side by the needto
ionizethepropellantfully andto keeptheelectroddosses
relatively smallcomparedvith thethrustpower. The up-
perpowerlimit will beseteitherby tolerableerosiorrates
andplasmainstabilities,or by the realitiesof the overall
systemincludingtheavailablespaceowersourceandas-
sociatetheatrejectionequipmentAt megavattpowerlev-
elsandcorrespondingropellantf3ow rates,bothground
testingandspaceestingof thesehighly promisingdevices
presenformidabletechnologicahndeconomigroblems.
Indeed,at presentthereareno U.S. facilities capableof
long-termmegawatt operationof steady-stat&PDTs.

2. Present and Projected Capabilities

The MPDT has demonstratedts capability of provid-
ing specbc impulsesin therangeof 150@8000secwith
thrustefbcienciessxceedingd0%.High efbciengy (above
30%)is typically reacheanly athighpowerlevels(above
100 kW); consequentlythe steady-stateversion of the
MPDT is regardedas a high-paver propulsionoption.
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When the thrusteris operatedbelony 200 kW, the self-

inducedmagnetideldbecomesnly mamginally sufbcient

to provide the desiredbodyforce,andexternalbeldsare
frequentlyaddedto enhanceperformancen this range.
However, in its megawatt versions the self4eld MPDT

hasthe unique capability amongall developedelectric
thrustersof processingeryhighpowerlevelsin asimple,

compact.androbust device that canproducethrustden-
sitiesashigh as10° N/m?. Thesefeatureshave rendered
thesteady-stat®PDT particularlyattractvefor enegetic

deep-spaceissionsrequiringhigh thrustlevels, suchas
pilotedandcaigo missionsto Marsandthe outerplanets,
aswell asfor nearestermorbit raisingmissions.

In additionto the presentunavailability of high powver
in space,the cathodeerosionratesof the steady-state
MPDT (which canbeashighas0.2 g/C), have slowed
the evolution of steady-stateMPDTs toward Right ap-
plications. A version of the steady-stateMPDT, called
thelithium Lorentz-forceaccelerato(Li-LFA), shavn in
Fig. 9, usesa multichannelhollow cathodeand lithium
propellantto substantiallyreducethe cathodeerosion
problemwhile signibcantly raising the thrust efciencgy
at moderatelyhigh power levels. For example,a 200-kW
Li-LFA hasdemonstrate@ssentiallyerosion-freeopera-
tion over 500 hr of steadythrustingat 12.5N, 4000sec
Is, and 48% efbcieng. Sinceno other electric thruster
hasyet shavn sucha high power processingcapability
the Li-LFA is at the forefront of propulsionoptionsfor
nuclearpowereddeep-spacexplorationandheary caigo
missiongto the outerplanets.

FIGURE 9 A 100-kW-class, lithium MPDT or Lorentz-force
accelerator.

Electric Propulsion

In orderto bendst from theadvantage®f MPD propul-
sion on today® power-limited spacecraftthe MPDT can
alsobeoperatedn aquasi-steadyQS)pulsedmodeusing
Bat-tophigh-currentpulsedong enough( 350 sec)for
asteady-stateurrentpatternto dominatetheacceleration
processThe QS-MPDT canthus bendst from the high
efbcieng/ associatedvith the instantaneoukigh power,
while drawing low steady-statpowerfrom thespacecraft
bus. This approachwas adoptedn the brst MPDT to Ry
asapropulsionsystema 1-kW-classQS-MPDTthatop-
eratedsuccessfullyin 1996 onboardthe Japanes&pace
Flyer Unit. (Previous MPDT spac@®ight testsby Japan
andtheRussian 1975,1977,1980,and1983werepurely
experimental.)

While no presenbperationakpacecrafemploy MPD
propulsionsystemsongoingresearchand development
actiities in Russiaandthe United Stateson the Li-LFA,
andin EuropeandJaparonthegas-fedMPDT, aimatfur-
therimproving theperformancendlifetime of thesteady-
stateMPDT to a level that meetsnearfuture advanced
propulsionneeds.

D. Hall Thruster s
1. Operating Principles

If ary electromagneticacceleratoris operatedat low
enoughplasmadensityor highenoughmagnetidreld, the
currentdriven throughit will divertfrom strictalignment
with the appliedelectric Peld to acquirea componenin
theE B directiorN aform of thewell-known (Hall ef-
fectOthat derives from the ability of the current-carrying
electrongdo executesignibcantportionsof their cycloidal
motionsin thecrossedbeldsbeforetransferringheirmo-
mentumo theheavy particlesln extremecasesthisHall-
currentcomponentantotally dominateheconductioror
Q.orentzOcomponent.

Low-densityHall-currentacceleratorgxploit this ef-
fect by providing channeland bPeld geometrieghatlock
the plasmaelectronsinto a nearly collisionlesscross-
stream drift, which leaves the positive ions free to
acceleratedowvnstreamunder a componentof the ap-
plied electric bPeld. In a sensesuchdevices are hybrid
electrostatiBelectromagneticacceleratorswith space-
chageneutralizatiormutomaticallyprovidedby theback-
groundof drifting electronsBecauseghe magnetichelds
in thesedevicesareexternally supplied,andbecause¢he
massfiow densitiesare intrinsically low, thesethrusters
optimizetheir performanceat considerablyjower powers
thanthoseof the selfeld MPD devices.

2. Evolution and Present Capabilities

CoaxialHall plasmaacceleratorsvere optimizedin the
Former Russiaduring the late 1960sto the late 1990s,
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wherethey attainedeflcienciesabose 50%. Someof the
original work on Hall thrusterswas also conductedin
the United Statesn the earlyandmid-1960s but interest
in that acceleratowanedin favor of more extensve ion
thrusterdevelopment,until a vigorousrevival of interest
beganin the United StatesEurope andJaparin 1991.
Today® Hall thrustersare sometimesreferredto as
Qrlosed-electron-dri@devices, given the azimuthaldrift
of electronghatis commonto all presentariantsof such
thrusters.The mostcommonversionsare the stationary
plasmathruster(SPT) (also termedthe Gnagneticlayer
thruste€) andtheanoddayerthruster{ALT). Theformer
differs from the latter by its extendedchannel,the use
of insulatorchambewalls, and the extent of the quasi-
neutralacceleratiomegion, but bothrely onthe sameba-
sicprinciplesfor ionizingandacceleratinghe propellant.
A schematiof aHall thrusterof the SPTtypeis shovnin
Fig. 10.Electrondrom thecathodeenterthechambeiand
are subjectedto an azimuthaldrift in the crossedradial
magneticand axial electric belds,whereinthey undego
ionizing collisionswith theneutralpropellantatoms(typ-
ically xenon)injectedthroughthe anode While the mag-
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netic beld strengthis sufbcientto lock the electrondn an

azimuthaldrift, it doesnot signibcantly affect the trajec-
tory of theions,whicharedirectlyacceleratety theaxial

electricbeld.An axialelectror3ux equato thatof theions

reacheghe anodedueto a crossbeld mobility thatoften

exceedsclassicalvalues,and the samef3ux of electrons
is availablefrom the cathodeto neutralizethe exhausted
ions. Quasi-neutralityis thus maintainedthroughoutthe

chamberand exhaustbeam,and consequentlyo space-
chagelimitationisimposedntheaccelerationywhichal-

lows relatively high thrustdensitiescomparedvith those
of corventional electrostaticpropulsiondevices. Nomi-

nal operatingconditionsof acommoniight module(e.g.,
the RussianSPF100) operatingwith xenonare a 2- to

5-mg/seanasdiow rate;a200-to 300-V appliedvoltage,
yielding a plasmaexhaustvelocity of 16,000m/sec;and
athrustof 40880 mN, at efbcienciesof about50%.

3. Applications and Flight History

Hall accelerator®f the closed-drifttype are at present
the mostcommonlyusedplasmathrusters.Since 1972,

FIGURE 10 Schematic of a Hall thruster with an extended insulator channel (stationary plasma thruster, or SPT),
showing the external cathode, the internal anode, the radial magnetic Peld, and typical particle trajectories.
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morethan110Hall thrustershave been3own on Russian
spacecraftand morethan 52 thrustersremainin opera-
tion. They have alsobeenusedasplasmasourcesn active
spacexperimentslin view of theirhigh specbc impulse,
relatively high efbciengy, and high thrust density Hall
thrusterscontinueto be developedby industryandgov-
ernmentfor purposesf orbit insertion,attitudecontrol,
anddragcompensatiorBecausef the stringentrequire-
mentsfor trouble-freeoperationfor mary thousandof
hours, efforts to improve performanceand lifetime are
currentlyunderway in the United StatesRussiaEurope,
andJapanThesdncludeeffortsto lowerbeandivergence
(which is typically between30 and 40 degrees),to re-
duceelectromagnetiénterference(due to varioustypes
of plasmaoscillations),to lower erosionrates,andto in-
creasethrust efbciencies.Stridestoward more efbcient,
compactandlightweight PPUs(with specbc massess
low as 5 kg/kW) arealsobeingmade.

E. Pulsed Plasma Thruster s

Thepower conserationstratgy underlyingquasi-steady
operationof MPDTSs can be carriedfurther by employ-
ing small powver systemsto drive plasmathrustersin
short ( 10- sec) bursts of high instantaneougpower
( 10 MW). The enegy involved is typically storedin

Electric Propulsion

capacitorbanksor inductor coils, thendeliveredrapidly
to theelectrodedy someform of high-speedwitch.

Whenagas-fedpulsedplasmahruste(GF-PPT)is op-
eratedin a predominantlyelectromagnetienode,the ac-
celerationis achieved by GnavplowOactionof a current
sheedriven by its self-induced_orentzbodyforce. Vari-
ousgeometrieshathadbeenusedin earlythermonuclear
fusionexperimentsincludingcoaxialgunsandlinearand
thetapinchdischages(Fig. 11), have beenmodibedinto
propulsionconbgurations.

In the early andmiddle 1960s,GF-PPTsystemswvere
developedthathadefbcienciesabore 20%at specbc im-
pulsemnear5000sec,usingsomet5 Jof storedenegy per
pulse,but sincethemainfocusof EPresearclatthattime
was on developingprimary propulsionsystemsGF-PPT
researctanddevelopmentbbedby theendof thatdecade
duethe needfor massve capacitorsandthe enegy and
lifetime requirement®f thefast-actingzalvesrequiredto
ensurehigh massutilization efbciengy.

However, onederivative of this conceptsurvived in the
formofthesimpleablative pulsedlasmahrustei(APPT),
which promisedto solve the massutilization problem
withouttheuseof valves,andto sazesystemmassy shed-
dingthecomplex massstorageandcontrolsystem®f their
gas-fedcounterpartsin the APPT, shovn schematically
in Fig. 12, thesurfaceof apolymerblock (mostcommonly

FIGURE 11 Various pulsed plasma thruster (PPT) conbgurations.
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FIGURE 12 Schematic of an ablative pulsed plasma thruster
(APPT).

Tel3on) is successiely erodedby intermittentarc pulses
driven acrossts exposedface andthe ablatedmaterialis

acceleratedy a combinationof thermalexpansionand
self-peld electromagnetiforces.

The APPT hasthe claim of beingthe brst EP system
to operatein orbit, whenthe 1964 Soviet Zond-2space-
craftusedsix TelRon APPTsfor sunpointingcontrol. The
United Statesfollowed in 1968with the LES-6 satellite,
which usedfour APPTsfor easbwest station keeping
(EWSK). Sincethen,APPTshave hada sporadichistory
of applicationand, exceptfor a small numberof exper
imental suborbitaland orbital testsby the United States
and China, they have beenusedon only a seriesof bve
U.S. Navy satelliteslaunchedn thelate 1970sandearly
1980s.It was not until the mid-1990s,in the contet of
power-limited small satellites,that APPT researchand
developmentwere rekindled. Improved capacitortech-
nology, combinedwith the simplicity of the APPT and
its propellantstorageand feed system,and its capabil-
ity of providing small and preciseimpulsesat high spe-
cibc impulseandarbitrarily low spacecrafpower, made
it suitablefor mary attitude-controlchoreson power-
limited small satellites.A small but gronving numberof
upcomingU.S.missionsusingAPPTshave beernplanned,
whichwill useflight-readymodulessuchasthatshavnin
Fig. 13.

Two of themostseveredefbcienciesof APPTs,namely
their low efbcieng/ ( 15%) at low pulse enegies and
spacecraftontaminatiorby the polymerproductsin the
plume, have spurredsomerevival of their gas-fedpro-
genitors.GF-PPTshave the advantagesof compatibility
with a wide rangeof propellants,cleanerexhaust,and
a wider scalability of performanceRecentadvancesin
low-inductancehigh-frequenyg, andhigh-currenpulsing
technologieshave relieved the low massutilization ef-
cieng problemthatplaguedhe1960sprototypesFurther
improvementof thesedeviceswill dependnabetterun-
derstandingf the natureandscalingof the comple dis-
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FIGURE 13 A Right-ready Tel3on ablative pulsed plasma thruster
(APPT) module using two thrusters, positioned on the opposite
ends of the thrust axis. [Courtesy of the Primex Corporation.]

sipatve mechanismsn suchunsteady3ows, andon the
theability to controlandabatethe cantingandinstability
of theacceleratingurrentsheets.

F. Inductive Thruster s

Aswith theelectrothermadrcjetsthemostvulnerablesle-
mentsof all theelectromagnetithrustersiescribedbove
aretheelectrodesurfacesHencetherehasbeensomeon-
going interestin a variety of inductive possibilitiesthat
requireno electrodeglirectly exposedto theintensedis-
chage ernvironment.Again, mostof theseconceptshave
beerntransposeffom othertechnologiesncludingpulsed
inductive dischages,traveling wave accelerator®f var-

ious classesRF fringe-beld acceleratorsand cyclotron
resonancelevices.All involve inherentlyunsteady3ows
over awide rangeof operatingfrequenciesandall must
tradeoff theabsencef electrodeerosioragainsgenerally
poorercouplingefbciengs betweerthe externalcircuitry

andtheacceleratingropellaniplasmalik etheinductive
electrothermamachinestheiroverallsystemsufferfrom

the more complex andmassve power processingequip-
mentneededo drive them,althoughsomeof this disad-
vantagehasbeenamelioratedy recentimprovementsn

solid-stateelectronictechnologyso thattheir future may
besomevhatbrighterthantheir past.

V. SYSTEMS CONSIDERATIONS

A. Power Conditioning

Almost all electric thrusters,except resistojets,operate
at voltageslarger than those provided by the standard
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bus of solarpowveredspacecraftThis necessitatetheuse
of power processingsubsystemshat transposehe pri-
mary power from the space-bornsourceto therequisite
voltagescurrentsandduty cyclesof the given thrusters.
The PPU canhave muchinfBuenceover the overall ef>-
cieng, reliability, andmasof thetotal propulsiorsystem.
Aside from voltage conditioning,eachclassof thruster
presentsts own demand®nthe PPU.Mary electrother
mal arcs, for example, can develop negative slopesin
portionsof their voltageécurrentcharacteristicshat are
tantamounto negative impedancdor the power source
and must be suitably ballastedif the arcis to be prop-
erly controlled. lon thrustersrequire a broad range of
electrodevoltagesand currentsfor their dischage an-
odeshollow cathodesandacceleratingridsandmustbe
protectecagainshigh-wltageshortsandinsulatorbreak-
downs. High-paver MPD acceleratorsequirehugecur-
rentsatrelatively low voltagesandtheirunsteadyersions
presentan additionaloverlay of enegy storageandpro-
cessingequirementsAlmostall electricthrustergequire
someignition mechanisnthatinevitably complicateghe
power package.

Onlythemostmaturethrusterconcepthave hadsignif-
icant Bight-qualiped PPU development.For a hydrazine
arcjet, whosetypical operatingvoltage peaksat about
100V, the PPUis about91% efbcientandhasa specbc
massof about2.5 kg/kW. A photographof four Right-
ready arcjetsand their PPU is shavn in Fig. 14. The
PPU penaltybecomesworsefor highervoltage devices
suchasthexenonHall thrusterandthe xenon-ionengine,
whosePPUshave efbcienciesof 93% and 88%, respec-
tively, andspeckbc massesashighas10kg/kW. Almostall
electricthrusterPPUsdevelopedto datearefor usewith
solar panelpower sourcesand would needto be recon-
sideredwhennuclearandotherhigherpower sourcesare
deployed.

FIGURE 14 Four RBight-ready arcjets with their power processing
unit (PPU). [Courtesy of the Primex Corporation.]
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B. Primary Power Sources

All this pawer conditioningtechnologymustrelateto a
primary sourcethatis itself reliable, compatible,and of
sufbcientlylow spechc masgo functionin thegivenspace
application Althoughvariousnuclearchemicalandsolar
thermalcorversioncycleshave beenstudiedaspotential
spacecrafpower sourcespracticallyall presensatellites
rely exclusively on solar panelsand batteriesfor power
sourcesConsequentlyprogressn photovoltaic cell tech-
nology is critical to the continuedgrowth of EP appli-
cationson nearearthspacecraftPresenstandardsilicon
solarcellscostabout$1500/Wandhave a power density
of aboutl40W/m?, whichcorrespondso aspechc power
of 40W/arraykg. Themostlik ely neartermimprovement
on theseare gallium arsenide(GaAs) cells, which have
beenproven to yield 220 W/m?. Whensuchsolar cells
areaugmentedvith aluminizedMylar concentratorghey
promisespecbc powersof 100W/arraykg, which should
greatlyenhancehe proliferationof EP systemsAnother
critical improvementin solarpower technologyis the de-
creaseof solarcell dggradationfrom accumulatecervi-
ronmentalradiationdose.This is particularly crucial for
theEPmissiongsuchasorbit raising)whichrequiresub-
stantiallylongertransfertimesthanthoseof theimpulsive
maneuerseffectedby high-thrustchemicalrockets.

While for mary nearearthmissionsof relatively mod-
est solaror chemicalenegy sourcesmay be viable,
for the interplanetarymegawatt scaleof operationsnu-
clearpower systemsof majordimensionswill inevitably
berequiredwhichwill furthercomplicatehetotalsystem
with attendanenvironmentalandsafetyhazards.

VI. APPLICATIONS

Although the primary motivation for development of

space-wrthy EP systemds the conseration of propel-
lant massfor missionsof large characteristiaelocity in-

crementselectric thrustersoffer a numberof attractie

secondaryoperationalbendsts, including precisionand
variability of thrustlevelsandimpulseincrementsgener

ousshutdavn andrestartapabilitiesandtheuseof chem-
ically passve propellantsTheir majorlimitationsarethe
needfor sophisticatedxternal power sourcesyery low

to modestthrustdensitycapabilities,andlittle empirical
experiencewith unattendedperationin the spaceervi-

ronment.All thesecharacteristicsene to circumscribe
the classe®f missionsfor which EP may reasonablybe
considered.

Obviously, thelimited thrustdensitiepredicatehrust-
to-massratios for electric systemsthat are not propi-
tious for rapid maneuersin stronggravitational belds.
Thereare no launchor ascenbdescentapabilitiesnear
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planetarysurfaces andevenouterorbit transferexercises
canbeperformedonly very slowly over gentlespiraltra-
jectories.Thus, nearplanetapplicationswill be limited
to thoseattitude-controlstation-leeping,drag-reduction,
andmodestorbit-changingunctions(suchasorbit phase
changes$n LEO constellationsjvherethe minutenessind
precisionof thrust,propellantconseration,andlonglife-
time give themsuperiorityover chemicaloptions.Many
suchapplicationdhavebeerrecognizedndevaluatedand
in severalcasesppropriatelectricsystemsave beenor
soonwill be,deployed.

In thedomainof interplanetarygight, however, EP of-
fersmuchmoresubstantiahdvantage®ver chemicakys-
tems,whichextendin severalimportantcasego enabling
missionsthat simply could not be performedby means
of ary otherreasonablyrojectedpropulsiontechnology
Thesdncludeheary cagoand/ompilotedmissiongo Mars
andthe outerplanetsandmary unpilotedprobesbeyond
the solarsystemandout of the ecliptic plane.

Comparisorof electricand chemicalsystemgor ary
ambitiousmission, piloted or unpiloted,revealsthat the
basicdynamicaldistinctionis betweeressentiallyimpul-
sive thrustincrementsprovided by the latter and much
more protracted,lower-level thrust probles necessarily
andin somecasesadwantageoushprovidedbytheformer.
Analyticaloptimizationof extendedvariablethrusttrajec-
toriesfor interplanetarytransportatioris a comple task,
far from fully renderedn contemporarymissionanaly-
ses.Superimposedn thestrictly dynamicalaspectarea
hostof systemicconsiderationssuchastheimportanceof
RBight time to crew, otherpayloadconsiderationsnternal
andexternalervironmentalhazardsutility of the powver
supplyat destinationfraction of payloadto be returned,
secondarymissiongoalsin Right, humanand structural
compatibility with RBight maneuerssuchasaerobraking
andswingby andin-RBight adjustmentservice andemer
geng returncapabilities Sincemary of these gspecially
thoseinvolving humanfactors currentlyhave inadequate
fundamentatlatabaseandtheoreticatepresentationshe
compositemission assessmentare shaky, at best,and
muchmoresophisticate@gnalysewvill berequiredbefore
debnitive missionprojections.
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Finally, as alreadymentioned beforeary suchambi-
tious EP missionscanseriouslybe contemplatednonso-
lar alternatves for high-pover sourcesn spacemustbe
developed For mostlypolitical reasonsplansfor deploy-
mentof nuclearhigh-pover sourcesn spacehave sofar
failedto materialize andconsequentlyhe useof electric
thrusterdor primarypropulsionin enegeticmissionshas
hada cyclical history of falsestartsanddisappointments.
Indeed,the recentvigorousrejuvenationof the beld of
electric propulsioncan be attributed, at leastin part, to
a consciousshift in emphasisway from the high-paver
missionservisagedduring the 1960sand 1970stoward
the lessambitiousbut morerealisticpowverlimited small
satellitesof today Now that mary EP systemshave en-
teredthemainstreanof astronauti¢echnologytheirrole
in helpingto expand humanambition beyond the inner
part of the solarsystem althoughstill dependenbn the
hitherto unrealizeddevelopmentof high-paver sources,
is perhapon morecredibleground.
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