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GLOSSARY

Ar cjet Device thatheatsa propellantstreamby passing
ahigh-currentelectricalarcthroughit, beforethepro-
pellantis expandedthroughadownstreamnozzle.

Hall effect Conductionof electriccurrentperpendicular
to anappliedelectricÞeldin asuperimposedmagnetic
Þeld.

Inducti vethruster Devicethatheatsapropellantstream
by meansof aninductive dischargebeforethepropel-
lant is expandedthroughadownstreamnozzle.

Ion thruster Device that acceleratespropellantions by
anelectrostaticÞeld.

Magnetoplasmadynamicthruster Device thatacceler-
atesapropellantplasmabyaninternalorexternalmag-
neticÞeldactingonaninternalarccurrent.

Plasma Heavily ionizedstateof matter, usuallygaseous,
composedof ions, electrons,and neutral atoms or
molecules,thathassufÞcientelectricalconductivity to
carry substantialcurrentand to react to electric and
magneticbodyforces.

Resistojet Devicethatheatsapropellantstreamby pass-
ing it through a resistively heatedchamberbefore
the propellant is expandedthrough a downstream
nozzle.

Thrust Unbalancedinternal force exerted on a rocket
duringexpulsionof its propellantmass.

THE SCIENCE AND TECHNOLOGY of electric
propulsion (EP) encompassa broad variety of strate-
gies for achieving very high exhaustvelocitiesin order
to reducethe total propellantburdenandcorresponding
launchmassof presentand future spacetransportation
systems.Thesetechniquesgroupbroadly into threecat-
egories:electrothermalpropulsion,wherein the propel-
lant is electricallyheated,thenexpandedthermodynami-
cally througha nozzle;electrostaticpropulsion,wherein
ionized propellant particles are acceleratedthrough
anelectricÞeld;andelectromagneticpropulsion,wherein
current driven through a propellant plasma interacts
with an internal or external magneticÞeld to provide a
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126 Electric Propulsion

stream-wisebodyforce.Suchsystemscanproducearange
of exhaustvelocitiesandpayloadmassfractionsanorder
of magnitudehigherthanthatof themostadvancedchem-
ical rockets, which can therebyenableor substantially
enhancemany attractive spacemissions.The attainable
thrustdensities(thrustperunit exhaustarea)of thesesys-
temsaremuchlower, however, which predicateslonger
ßight timesandmorecomplex missiontrajectories.In ad-
dition, thesesystemsrequirespace-borneelectricpower
suppliesof low speciÞc massandhigh reliability, inter-
facedwith suitablepower processingequipment.Opti-
mizationof EP systemsthus involvesmultidimensional
trade-offsamongmissionobjectives,propellantandpower
plantmass,trip time, internalandexternalenvironmental
factors,andoverall systemreliability. An enduringinter-
nationalprogramof researchanddevelopmentof viable
electricthrustershasbeenin progressfor severaldecades,
and over the pastfew yearsthis hasled to the increas-
ing useof a numberof EP systemson commercialand
governmentalspacecraft.Meanwhile,yetmoreadvanced
EP conceptshave maturedto high credibility for future
missionapplications.

I. 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 NewtonÕs laws of dynamics.Since a rocket-
propelled spacecraft in free ßight derives its only
accelerationfrom dischargeof propellantmass,its equa-
tion of motion follows directly from conservation of
the total momentumof the spacecraftand its exhaust
stream:

mú� � úm� e� (1)

wherem is themassof thespacecraftat any given time,
ú� its accelerationvector, � e thevelocityvectorof theex-
haustjet relativetothespacecraft,and úmtherateof change
of spacecraftmassdueto propellant-massexpulsion.The
product úm� e is calledthethrustof therocket, T, andfor
mostpurposescanbetreatedasif it wereanexternalforce
appliedto thespacecraft.Its integralover any giventhrust-
ing time is usuallytermedtheimpulse,I , andtheratioof
themagnitudeof T to therateof expulsionof propellant
in unitsof sea-level weight, úmgo, hashistoricallybeenla-
beledthe speciÞc impulse, Is � � e� go. If � e is constant
over a given periodof thrust,the spacecraftachieves an
incrementin its velocity, � � , which dependslinearly on

� e andlogarithmicallyon theamountof propellantmass
expended:

� � � � e ln
mo

m f
� (2)

wheremo andm f arethetotalspacecraftmassat thestart
andcompletionof theaccelerationperiod.Conversely, the
deliverablemassfraction,m f � mo, isanegativeexponen-
tial in thescalarratio � �� � e:

m f

mo
� e� � �� � e� (3)

Inclusionof signiÞcantgravitationalor dragforceson
theßightof thespacecraftaddsappropriatetermstoEq.(1)
andconsiderablycomplicatesits integration,but it is still
possibleto retain relation(3), provided that � � is now
regardedas a more generalizedÒcharacteristicvelocity
increment,Óindicative of the energetic difÞculty of the
particularmissionor maneuver. Howeverrepresented,the
salientpoint is simply thatif thespacecraftis to deliver a
signiÞcantportionof its initial massto its destination,the
rocket exhaustspeedmustbecomparableto this charac-
teristicvelocity increment.Clearly, for missionsof large
� � , theburdenof thrustgenerationmustshift from high
ratesof ejectionof propellantmasstohighrelativeexhaust
velocities.Unfortunately, conventionalchemicalrockets,
whetherliquid or solid, monopropellantor bipropellant,
arefundamentallylimited by their availablecombustion
reactionenergiesandheattransfertolerancesto exhaust
speedsof a few thousandmetersper second,whereas
many attractive spacemissionsentail characteristicve-
locity incrementsat leastan orderof magnitudehigher.
Thus,somefundamentallydiÞerentconceptfor theaccel-
erationof propellantmassthat circumventsthe intrinsic
limitations of chemicalthermodynamicexpansionis re-
quired.Into thisbreechstepthefamily of electricpropul-
sionpossibilities.

B. Conceptual Subdivision

So that propellant exhaust speedsin the range above
10,000m/secdesirablefor interplanetaryßight andother
high-energymissionscanbeobtained,processesbasically
differentfrom nozzledexpansionof achemicallyreacting
ßow mustbe invoked.More intenseforms of propellant
heatingmaybeemployed,providedthat thewalls of the
rocket chamberandnozzleareprotectedfrom excessive
heattransfer. Alternatively, the thermalexpansionroute
maybebypassedcompletelyby directapplicationof suit-
ablebodyforcestoacceleratethepropellantstream.Either
of theseoptionsis mostreasonablyaccomplishedby elec-
trical means,which constitutethe technologyof electric
propulsion.
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Historically, conceptually, andpragmatically, thisÞeld
hastendedto subdivide into threecategories:

1. Electrothermalpropulsion, whereinthepropellantis
heatedby someelectricalprocess,thenexpanded
throughasuitablenozzle

2. Electrostaticpropulsion, whereinthepropellantis
acceleratedby directapplicationof electrostatic
forcesto ionizedparticles

3. Electromagneticpropulsion, whereinthepropellantis
acceleratedunderthecombinedactionof electricand
magneticÞelds

Over their periods of development,each of theseap-
proacheshasspawnedits own arrayof technicalspecial-
tiesandsubspecialties,itsownbalancesheetof advantages
andlimitations,andits own cadresof proponentsandde-
tractors,but in seriousassessment,eachhasvalidly qual-
iÞed for particularnichesof application,many of which
donotseriouslyoverlap.Throughoutthehistoryof EPde-
velopment,theoriginal subdivision of theÞeld into elec-
trothermal,electrostatic,andelectromagneticsystemshas
remaineduseful,and this subdivision will be respected
throughthe balanceof this article. It shouldbe recog-
nized,however, thatin virtually all practicalsystems,two
or evenall threeof theseprocessesfunctionin somecon-
certtoaccelerate,channel,andexpandthepropellantßow,
andin many casesit is theefÞcacy of thiscooperationthat
determinestheutility of any givendevice.

The exhaustvelocities attainableby thesemethods,
especially the latter two, are more than adequatefor
many large-velocity-incrementmissionsbeyond the vi-
able chemicalrange.Indeed,somerestraintof their � e

capability may be requiredbecauseof their associated
Òpower supplypenalty.ÓClearly, eachof theseconcepts
entailstwo functionalcomponents:thethrusteritself and
anelectricpowersupplyto drive it. Thelatteraddsmass,
mp, to thecompositepropulsionsystemin somepropor-
tiontothepowerlevel of operation,P,whichin turnscales
with thesquareof theexhaustvelocity:

mp � � P �
� T� e

2�
�

� úm� 2
e

2�
� (4)

where� is the speciÞc massof the power supply(mass
per unit power), and � is the efÞciency with which the
thrusterconvertsits input power to thrustpower, T� e� 2.
Sincethe requisitepropellantmassscalesinverselywith
� e, it followsthatfor any givenmissionrequirement,� � ,
there is an optimum � e that minimizes the sum of the
propellantmassand that of the requisitepower supply.
Relation(4) alsoemphasizesthe importanceof utilizing
power systemsof low speciÞc massandthrustersof high
conversionefÞciency. Overlaid on all this is the evident

necessityfor impeccablereliability of both components
of the systemover long periodsof unattendedoperation
in thespaceenvironment.

C. Histor y of Effor t

Theattractivenessof EPfor abroadvarietyof spacetrans-
portationapplicationswas recognizedby thepatriarchof
modernrocketry,RobertH.Goddard,asearlyas1906.His
Russiancounterpart,KonstantinTsiolkovskiy, proposed
similar conceptsin 1911, as did the GermanHermann
Oberthin his classicbookon spaceßight in 1929andthe
British teamof ShepherdandCleaver in1949.But theÞrst
systematicandtutorial assessmentof EPsystemsshould
beattributedto ErnstStuhlinger, whosebookIon Propul-
sionfor SpaceFlight nicelysummarizeshisseminalstud-
iesof the1950s.

The rapid accelerationof the U.S. spaceambitionsin
the1960sdrove with it theÞrst coordinatedresearchand
developmentprogramsexplicitly addressingEPtechnol-
ogy. In its earliestphase,thiseÞort drew heavily onreser-
voirsof pastexperiencein otherareasof physicalscience
and engineeringthat had employed similar electrother-
mal, electrostatic,andelectromagneticconceptsto their
own purposes,suchasarc-heatedwind tunnelsandweld-
ing practice,cathoderay tubesand mass-spectroscopic
ionsources,andmagnetohydrodynamicchannelßowsand
railguns.Fromthesetransposedtechnologiesblossomed
a signiÞcantnew componentof theburgeoningspacein-
dustrythatconcerneditself notonlywith thedevelopment
of viable electric thrusters,but also with the provision
of suitableelectricpower suppliesandpower condition-
ing equipment,majorgroundtestfacilities,andsophisti-
catedmissionanalysesof asmorgasbordof potentialspace
applications.

Followingasizablenumberof experimentalßight tests,
EPenteredits eraof commercialapplicationin theearly
1980s,as resistojetsbecamecommonoptions for sta-
tion keepingandattitudecontrol on tensof commercial
spacecraft.In theearly1990s,electrothermalarcjetswere
adoptedfor northÐsouthstationkeeping(NSSK)of many
communicationsatellitesin geosynchronousearthorbit
(GEO). The year1994saw the Þrst useof electrostatic
ion thrustersfor theNSSKof commercialsatellites,and
theyear1998theirapplicationonaplanetaryNASA mis-
sion. Although Hall thrustershave beenusedon Soviet
and Russianspacecraftsince the mid-1970s,and there
have beena few applicationsof pulsedplasmathrusters,
electromagneticthrustersareonly now enteringtheir era
of applicationon Westerncommercialspacecraft.In to-
tal, the numberof electrically propelledspacecrafthas
gonefrom singledigits in the 1960sto doubledigits in
the1970sand1980sandhasreachedthetriple-digit mark
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in the late1990s.A recentemphasisin researchandde-
velopmenthasbeenthe scalingdown, in both physical
size and power level (� 100 W), of many EP concepts
for future applicationson micro-spacecraft.At the other
extreme,the prospectof energetic missionsÑ with large
cargoandpilotedpayloadsÑ to theplanets,whichstandto
beneÞt mostfrom EP, remainsfuturisticuntil therequired
high power levels(100kW andabove) becomeavailable
in space.

II. ELECTROTHERMAL PROPULSION

A. Overview

Electrothermal propulsion comprises all techniques
whereby the propellant is electrically heatedin some
chamberandthenexpandedthrougha suitablenozzleto
convert its thermalenergy to adirectedstreamthatdeliv-
ersreactive thrustpower to thevehicle.Threesubclasses
of this family may be denotedin termsof the physical
detailsof thepropellantheating:

1. Resistojets, whereinheatis transferredto the
propellantfrom somesolid surface,suchasthe
chamberwall or aheatercoil

2. Arcjets, whereinthepropellantis heatedby an
electricarcdriven throughit

3. Inductivelyandradiativelyheateddevices, wherein
someform of electrodelessdischargeor
high-frequency radiationheatstheßow

Eachof thesestrategiesrelieves someof the intrinsic
limitationsof thechemicalrocketin thesensethatthepro-
pellantspeciesmaybeselectedfor its propitiousphysical
propertiesindependentlyofany combustionchemistry,but
heattransferconstraintsandfrozenßow losses(lossesdue
to unrecuperatedenergy ÒfrozenÓin the internal modes
anddissociationof themolecules)remainendemic.

The grossperformanceof any electrothermalthruster
canbe crudelyforecastby meansof a rudimentaryone-
dimensionalenergyargumentthatlimits theexhaustspeed
of theßow fromafully expandednozzleto � e �

�
2cpTc,

wherecp is thespeciÞc heatat constantpressureperunit
massof the propellantandTc is the maximumtolerable
chambertemperature.Propellantsof thelowestmolecular
weightthusseempreferable,andindeedhydrogenmight
at Þrst glanceappearoptimum,but in practiceits frozen
ßow propensitiesand difÞculty of storagecompromise
its attractiveness.More complex moleculargasessuchas
ammoniaandhydrazine,which dissociateinto fairly low
efÞective molecularweightsand high speciÞc heatgas
mixturesin thechamber,arecurrentlymorepopular,but in

thesecasesalso,frozenßow kineticsin thenozzleremain
importantto performance.

B. Resistojets

In theresistojetsubclassof devices,chambertemperature
is necessarilylimited by thematerialsof thewalls and/or
heatercoils to some3000� K or less,andhencethe ex-
haustvelocities,evenwith equilibratedhydrogen,cannot
exceed10,000m/sec,whichis nonethelessafactorof two
or threebeyondthatof thebestchemicalrockets.In con-
temporarypractice,lower performancebut morereadily
spacestorablepropellants,suchashydrazineandammo-
nia, alongwith biowastegasessuchaswatervaporand
carbondioxide, aremore commonlyemployed because
of their overall systemadvantages.

Beyond the frozen ßow kinetics, the major practical
challengefacingresistojettechnologyis retainingthein-
tegrity of theinsulatorandheatersurfacesattheveryhigh
temperaturesthe conceptdemands,while still minimiz-
ing the viscousandradiative heatlossesthat further de-
creasethrusterefÞciency. Sincethemid-1960s,many con-
Þgurationsof resistojethave beenconceived,researched,
and developedto optimize theseprocesses,and a few,
suchastheßight-readymoduleshown schematicallyand
in the photographin Fig. 1, have evolved to practical
spacethrustersandbeendeployed on suitablemissions.
A typical resistojetusescatalytically decomposedhy-
drazineasits propellantandachievesan exhaustvelocity
of 3500m/secandathrustof 0.3N at anefÞciency of 80%
whenoperatingatapower level of 750W.

Fromasystempointof view, resistojetsareparticularly
attractive becausethey readily lend themselves to inte-
gration with previously developedand commonlyused
propellantstorageandßow managementsystemsfor hy-
drazinemonopropellantthrusters.Another advantageis
their low operationalvoltage,which, unlike that in other
EPsystems,doesnot requirecomplex power processing.
For thesereasons,andthefactthatsatellitesin GEOoften
have excesselectricalpower, resistojetswereamongthe
Þrst EPoptionsto beusedfor theNSSKof communica-
tion satellites.While theearliestuseof resistojetsin space
datesto 1965(the Air ForceVela satellites),their adop-
tion oncommercialspacecraftdid notstartuntil the1980
launchof theÞrstsatellitesin theINTELSAT-V series.A
morerecentapplicationhasbeenfor orbit insertion,atti-
tudecontrol,anddeorbitof LEO satellites,includingthe
72satellitesin theIridium constellation.

C. Arcjets

If an electrothermalthrusteris to attain exhaustspeeds
substantiallyhigherthan10,000m/sec,interior portions
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FIGURE 1 Photograph and schematic of a ßight-readyhydrazine
resistojet. [Courtesy of the Primex Corporation.]

of thepropellantßow throughtheheatingchambermust
reachtemperaturesashigh as10,000� K, while beingre-
strainedfrom directcontactwith thechamberandnozzle
walls.Thus,steepradialgradientsin temperaturemustbe
sustained,whichrenderstheentireßow patternexplicitly
two-dimensional.Themosteffective andstraightforward
meansfor achieving suchproÞles is by passingan elec-
tric arcdirectly throughthechamberin someappropriate
geometry. Figure2 shows adiagramandaphotographof
a prototypicalthrusterof this class,commonlycalledan
electrothermalarcjet.Direct currentsof tensor hundreds
of amperesarepassedthroughthe gasßow betweenan
upstreamconicalcathodeanda downstreamannularan-
ode integral to the exhaustnozzle,generatinga tightly
constrictedarccolumnthat reachestemperaturesof sev-
eral tensof thousandsof degreeson its axis.Theincom-
ing propellantis usuallyinjectedtangentially, thenswirls
around,along,andthroughthis arc,expandingin thean-
ode/nozzleto averagevelocitiesof tensof thousandsof
metersper second.Properlydesignedandoperated,the

chamberandnozzlewallsremaintolerablycoolunderthe
steepradialgradients,andeventhearcattachmentregions
on thecathodeandanodearesomewhatprotectedby the
electrodesheathprocesses,even thoughthe cathodetip
mustreachincandescenttemperaturesto provide thereq-
uisitethermionicemissionof electroncurrent.

Analyticalmodelsof thrustersof thistypeusuallyrepre-
sentthearcin threesegments:acathodefall region,which
functionstoheatthecathodetip andextractelectronsfrom
it; anarccolumn,whereinohmicheatinghboxsustainsthe
necessaryionization againstinterior recombinationand
radiationlosses;andananodefall region,whereinthearc
terminatesin a diffuseannularattachmenton thediverg-
ing nozzlewall, depositingthermalelectronenergy into
thebodyof thethruster. Heatingof thepropellantactually
occursin two importantmodes:bydirectpassageof acore
portionof theßow throughthearcitself, andby conduc-
tionandconvectiontotheouterßow fromthechamberand
nozzlewalls,whichthemselveshavebeenheatedby radi-
ation from thearccolumnandby theanodeattachment.
This latter, regenerativecomponentrescuestheefÞciency
of thethrustersomewhatfrom thedetrimentalfrozenßow
lossesassociatedwith thefailureof thehottestportionof
thecoreßow to recover muchof theenergy investedin its
ionizationanddissociation.Asidefrom thesefrozenßow
losses,the efÞciency also suffers from viscouseffects,
nonuniformheatadditionacrosstheßow, andheatdepo-
sition in the near-electroderegionsdueto voltagedrops
in theelectrodesheaths.

Arcjets on contemporaryoperationalßights typically
usecatalyticallydecomposedhydrazineaspropellantand
operateat a power level of about1.5 kW with an ex-
haustvelocity between5000and6000m/secandanefÞ-
ciency up to 40%.While ammonia,by virtue of its lower
molecularmass,can offer an exhaustvelocity as high
as 9000 m/secat the samepower levels, the associated
complexity of themassfeedingsystemfavors theuseof

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 generallyhigherthanthespacecraftbus
voltage,dedicatedpower processingunits, whosemass
canexceedthatof thedrypropulsionsystem,arerequired.

Startingwith the Þrst of the Telstar-4 seriesof GEO
communicationsatelliteslaunchedin 1993,hydrazinear-
cjetshavequickly gainedacceptanceasviablepropulsion
optionsfor NSSK.They representthesecondevolution-
ary step,after resistojets,in the useof EP systemsand
offer substantialpropellantmasssavings over all previ-
ous monopropellantpropulsionoptions.Although a re-
cent test ßight of a 30-kW ammoniaarcjet (on the Air
ForceESEXspacecraft)hasdemonstratedthepotentialof
this higherpower classof electrothermalpropulsionfor
morethrust-intensivemissionssuchasorbit transfersand
primarypropulsionmaneuvers,thedifÞculty of providing
suchhigh power in space,combinedwith the lifetime-
limiting problemsof electrodeerosionand whiskering
havesofar delayedsuchapplications.

D. Inductivel y and Radiativel y Heated Devices

Themostvulnerableelementsof directcurrentarcjetsare
theelectrodesthattransmitthehighcurrentsfrom theex-
ternalcircuit tothearcplasma,andtheirerosionultimately
limits the operationallifetime of thesethrusters.In ef-
fortsto alleviatethisbasicproblem,anumberof moreex-
oticconceptsfor electrothermalpropulsionhavebeenpro-
posedandimplemented,whereinthepropellantis ionized
andheatedby meansof someform of electrodelessdis-
charge.Thesehavevariedwidely in powerlevels,geome-
tries,propellanttypes,anddensitiesandhaveutilizedap-
plied frequenciesrangingfrom low radiofrequency (RF)
to themicrowavebands.In all cases,thestrategy is to heat
the freeelectroncomponentof the ionizedpropellantby
meansof anappliedoscillatingelectromagneticÞeldand
thento rely eitheronambipolardiÞusionto directtheions
andneutralsalonganappropriateexhaustchannel(induc-
tive thrusters)or on collisional and radiative heatingof
the neutralcomponentby a sustainedplasmaupstream
of thethroatof a diverging nozzle(microwave thrusters).
Devicesof this classarethushybrid electrothermaland
electrostaticand,indeed,sincesomeof themalsoemploy
magneticÞeldstoconÞneanddirecttheßow,mayactually
embodyall threeclassesof interaction.

Earlyenthusiasmfor thisclassof acceleratorswasnec-
essarilytemperedby the relatively low efÞciency of RF
and microwave power generationtechnologiesof that
time,whichwouldhave transcribedinto intolerablymas-
sivespacepowersupplies.Morerecentadvancesin solid-
statepower processinghave revived someof thesecon-
cepts,althoughnonehasyet beenßight-tested.Themost
matureof theseconceptsis currentlya microwave elec-

trothermal thruster that operateswith hydrogen,nitro-
gen,or ammoniaat exhaustvelocitiesrangingbetween
4000m/secand12,000m/secandefÞcienciesashigh as
60%, excluding the efÞciency of the microwave source.
Themicrowaveelectrothermalthrusterseemsparticularly
amenableto scalingto low powers. While most of the
recentdevelopmenthasbeenat thekilowatt level, scaled-
downprototypesoperatingefÞcientlyat100W andbelow
havealsobeendeveloped.

III. ELECTROSTATIC PROPULSION

A. Basic Elements

Thefundamentalthermallimitationsonattainableexhaust
speedsandlifetimesassociatedwith theheatingandex-
pansionprocessesof electrothermalacceleratorscanbe
categoricallycircumventedif thepropellantis directlyac-
celeratedby an external body force. The simplestsuch
device, in concept,is theion thruster, whereina beamof
atomicions is acceleratedby a suitableelectricÞeld and
subsequentlyneutralizedbyanequalßuxof freeelectrons.
Theessentialelementsof sucha thrusteraresketchedin
Fig.3,whereacollisionlessstreamof positiveatomicions,
liberatedfrom somesource,is acceleratedby anelectro-
staticÞeld establishedbetweenthe sourcesurfaceanda
suitablepermeablegrid. Downstreamof thisregion,elec-
tronsfrom anothersourcejoin the ion beamto produce
a streamof zeronet charge, which exits the accelerator
at a speeddeterminednot only by thenetpotentialdrop
betweenthe ion sourceand the planeof effective neu-
tralization,but alsoby thecharge-to-massratioof theion
speciesemployed.

A quick calculation,basedon reasonableelectrodedi-
mensions,manageableappliedvoltages,andavailableion
charge-to-massratios, indicatesthat extremelyhigh ex-
haustspeeds,well in excessof 105 m/sec,are readily
achievable.Indeed,given thepowersupplymasspenalty,
which scalesstronglywith the exhaustvelocity accord-
ing to Eq. (4), thesedevicestendto optimizetheir thrust
efÞciency at too high an exhaustvelocity for mostnear-
earth and interplanetarymission applications.A more
troublesomedrawback,however, is thatregardlessof the
particularelectrodeconÞgurationsandpropellantspecies
employed, thrustersof this classareseverely limited in
their attainablethrustdensityby space-chargedistortions
of the appliedelectric Þeld pattern.SpeciÞcally, it can
readily be shown that the maximumion currentdensity
thatcanbesustainedthrougha one-dimensionalacceler-
ationgapd� acrosswhich is appliedavoltageV� is

j �
4	
9

�
2q
M

� 1� 2 V3� 2

d2
� (5)
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FIGURE 3 Ion thruster schematic.

where	 is the dielectricpermittivity constantandq� M
is the ion charge-to-massratio, all in mks units. It then
follows that the maximumthrustdensityof the emitted
beamdependsonly on V� d:

T
A

�
úm� e

A
�

j M � e

q
�

8	
9

�
V
d

� 2

� (6)

where A is the areaof the exhaustjet, while the corre-
spondingexhaustspeeddependsonly onq� M andV:

� e �
�

2qV
M

� 1� 2

� (7)

The thrustdensityand thrustpower densitythat canbe
conveyed on the exhaustbeamfor attainablevaluesof
V� d, andq� M thuscomputeto rathersmall values,on
the orderof a few newtonsper squaremeterand105 W
per squaremeter, respectively, at best.On the positive
side,theattainablethrustefÞciency is essentiallylimited
onlyby theenergeticcostof preparingtheindividualions,
which shouldbea small fractionof their exhaustkinetic
energy. Systemoptimization,therefore,involvesa some-
whatcomplex multidimensionaltrade-off amongtheex-
haustspeed,thrustdensity, efÞciency, andpower system
speciÞc mass,for any givenmissionapplication.

B. Ion Thruster Technology

1. Ion Sources

In practice,the most amenablepropellantsfor electro-
staticthrustershaveproven to becesium,mercury, argon,
krypton,andmostcommonlyxenon,andmany possible
sourcesof suchions of the requisiteefÞciency, reliabil-
ity, anduniformity have beenconceived anddeveloped.
Of these,only three,theelectronbombardmentdischarge

source,the cesiumÐtungstensurface contact ionization
source,andoneform of RF discharge source,have sur-
vived to application.

Theessentialelementsof thebombardmentsourcesare
someform of cylindrical discharge chambercontaining
a centerlinecathodethat emitselectrons,a surrounding
anodeshell,anda permeatingazimuthalandradialmag-
neticÞeldthatconstrainstheelectronstogyratewithin the
chamberlongenoughto ionizetheinjectedpropellantgas
andto direct it, onceionized,to extractorandaccelera-
tor gridsdownstream.Onecontemporaryimplementation
of sucha chamberis shown in Fig. 4. This particularde-
vice employs a hollow cathodeelectronsource,wherein
is sustainedasecondarydischargethatfacilitateselectron
emissionfromtheinteriorwallsof thecathodecavity. The
magneticÞeldpermeatingtheentirechamberis provided
by threering magnets,empirically conÞguredto estab-
lish a grosslydiverging but doubly cuspedÞeld pattern
that optimizesthe discharge for ionization and ion ex-
tractionpurposes.Themagnitudeof this Þeld is adjusted
in concertwith theanodeÐcathodevoltagedifferentialto
maximizethe ionizationefÞciency anddischarge stabil-
ity while minimizing the productionof doubly charged
ions,which would beout of focusin theacceleratorgap
andthustendto erodethegridsthroughhigh-energy sput-
tering.Typical valuesfor xenonandmercurypropellants
wouldbein theregimesof 0. 25T and30V, respectively.
Slightly differentchamberconÞgurationsandÞeldvalues
havealsobeenusedsuccessfully.

Contaction sourcesrely on thedifferencebetweenthe
electronicwork functionof ametallicsurfaceandtheion-
ization potentialof alkali vaporsto ionize the latter on
contactwith theformer. Very few metalÐalkali combina-
tionshave this requisitepositive voltagedifferential,and
of thesethecombinationof tungstenandcesiumprovides
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FIGURE 4 Ring-cup ion thruster. [Courtesy of Colorado State University and NASA Glenn Research Center.]

the largest.The mostcommonimplementationhasbeen
to forcehotcesiumvaporthroughaporoustungstenwafer
toenhancesurfacecontact,but problemsin degradationof
waferporosityandrecondensationof cesiumvaporhave
tendedto compromisethe ionizationefÞciency andlife-
timeof thesesources.

TheRFionizationsourcescurrentlyfavoredin Western
Europearesimilar in principle andconÞgurationto the
U.S. electronbombardmentsources,exceptthat the dis-
charge is inductively driven RF ratherthandirectly cou-
pled dc. While the efÞciency and lifetime of theseRF
sourcesseemcompetitive, they entailthecomplicationof
RFmodulesin theirpowerprocessingequipment.In Japan
anothercathodelession thrusterconcepthasbeendevel-
opedthat usesa microwave sourceto createandsustain
the plasmathroughelectroncyclotron resonance(ECR)
andofferssomesystemandlifetime advantages.

2. Accelerator Grids

In virtually all classesof ion thruster, thepositive ionsare
extractedfrom thesourceandaccelerateddownstreamby
a systemof grids conÞguredto achieve the desiredex-
haustvelocitywith minimumbeamimpingement.In U.S.
bombardmentengines,for example,adoublegrid conÞg-
urationis usuallydisheddownstreamasshown in Fig. 4

to improve its mechanicaland thermalstability against
distortion.The upstreamgrid is maintainedat a higher
positive potential than requiredby the desiredexhaust
speedin ordertoenhancetheionextractionprocessandin-
creasethespace-chargelimitedcurrentdensitythatcanbe
sustained.Thedownstreamgrid thenreducestheexhaust
planepotentialto the desiredvalue.This ÒaccelÐdecelÓ
schemehasthe advantagesof higherbeamdensityat a
given netvoltageandof reducingelectronbackstreaming
from theneutralizedbeamdownstream.

The grid perforationsare conÞguredanalytically and
empiricallyto focustheion streaminto anarrayof beam-
letsthatpassthroughwith minimumimpingement.In this
process,thedownstreamsurfaceof thedischargeplasma
in the chamberactsas a third electrode,and sincethis
contouris not independentof the discharge characteris-
tics andappliedgrid voltages,it canbea sourceof some
instability. Furthercomplicationsare introducedby the
small fractionsof doubleions or neutralsthat Þnd their
way into the beamandarehenceforthout of focusand
freeto bombardthegrid surfaces.

3. Neutralizers

If theion beamemerging from thedownstreamelectrode
is not to stall on its own interior potentialproÞle, it must
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beelectrostaticallyneutralizedwithin a very few unitsof
grid spacing.This is typically achieved by provision of a
ßuxof electrons,usuallyfromanotherhollow cathodedis-
charge,which fortuitouslymix effectively within the ion
beamby meansof a variety of microscopicandmacro-
scopicinternalscatteringprocesses.Oncesoneutralized,
this plasmaconstitutesa downstreamÒvirtual electrodeÓ
thatcompletestheaxial potentialpattern.

4. System Aspects and Application History

Althoughthey aretechnicallythemostcomplex EP sys-
tems,ion engineslike thoseoutlined above and shown
in Fig. 5 have beenthe most thoroughlydevelopedand
testedof all EPdevices.Theirappealstemsprimarily from
their maturity, demonstratedlong lifetime (
 20,000hr),
relatively low beamdivergence(� 20 deg) andhigh efÞ-
ciency (65%)atausefulexhaustvelocity (30,000m/sec),
andpower levelsbetween200and4000W. Theseadvan-
tagesaresomewhat offset by low thrustdensity, system
complexity, andhigh-voltagerequirementswhich trans-
late into power processingunit (PPU) speciÞc masses
as high as 10 kg/kW. Their space-worthinesshasbeen
demonstratedby morethanadozenU.S.andSoviet ßight
tests,startingin 1962,whichhaveprovidedguidanceand
validationto ground-basedresearchanddevelopmentef-
forts thathaveledto theoptimizationof theirdesignsand
materials.

The Þrst operationaluseof ion thrustersoccurredin
1994on theJapaneseETS-6andCOMETSsatellites,for
whichfour12-cmionenginesprovidedNSSKpropulsion.
This was followedin 1997by PAS-5,which inaugurated
theÞrstU.S.commercialsatellitebustorelyonionpropul-
sionfor GEOstationkeeping.

FIGURE 5 A 30-cm bombardment ion engine. [Courtesy of
Hughes Aircraft Co.]

While ion enginescompetewell with other EP op-
tions for near-earthapplications,their ability to operate
efÞciently andreliably at even higherexhaustvelocities
makes them ideally suitedfor energetic (i.e., high � � )
deep-spacemissions,wherelong thrustingtimescanbe
tolerated.In 1998,NASA ÕsDeepSpace1becametheÞrst
interplanetarymissionto beneÞt from ion propulsion.On
its way to its encounterwith asteroidBraille, the space-
craft useda xenonbombardmention propulsionsystem
to provide therequired� � over 1800hr of thrust,while
consumingonly12kgof propellantanddemonstratingin-
spaceperformancewithin 1%of thatmeasuredin ground
tests.Variouscommercialand scientiÞc missionsusing
ion propulsionareslatedfor launchin thenext few years,
includingtheworldÕsÞrstsample-and-returnattemptfrom
anasteroidby theJapaneseMUSES-Cspacecraft.

C. Other Electr ostatic Propulsion Concepts

Many of the complexities of ion bombardmentsources,
multibeamfocusinggrids,electromagnets,andothersub-
systemsof ion thrusterscanbebypassedaltogetherif only
minutethrust levels areneeded.Creatinga high electric
Þeld concentrationat thelips of a capillaryslit, asshown
in Fig.6,allowsdirectionizationfrom theliquid phaseof
ametalto beachieved by Þeldemission,andtheresulting
ion beamcanbeacceleratedelectrostaticallyto veryhigh
velocities.Field emissionelectricpropulsion(FEEP)de-
vicesof this kind have evolved in Europesincethe late
1970sandhaveuniquecharacteristicsandadvantages.In
a typical FEEPdevice, cesiumpropellantfrom a small
reservoir is allowedto wet theinsideof a 1-� m capillary
channelandform a free surfacebetweenthe blade-edge
lips of the emitter. An electricÞeld of a few kilovolts is

FIGURE 6 Schematic of a Þeld emission electric propulsion
(FEEP) device.
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appliedbetweentheemitterandanacceleratorelectrode,
and the resultingelectric Þeld concentrationsat the slit
edgesform protrudingcusps,or ÒTaylor cones,Óon the
edgeof the liquid by meansof the competitionbetween
theelectrostaticforcesandsurfacetension.Whentheelec-
tric Þeld reachesÞeld emissionlevels (109 V/m), these
pointsbecomelocal ion emissionsites.Theextractedand
acceleratedion beamsaresubsequentlyneutralizedby in-
jectingelectronsfrom anappropriatesource.For atypical
extractionvoltageof 10 kV, theion exhaustvelocity is in
excessof 100,000m/sec,theefÞciency closeto100%,and
thethrust-to-powerratioabout16� N/W. AlthoughFEEP
thrusterswith thrustlevelsashighas5 mN havebeende-
velopedby theEuropeanSpaceAgency, near-termappli-
cationsarefor missionsrequiringsmallandprecisethrust.
While no suchdeviceshave yet ßown, a numberof mis-
sionsareplannedin theUnitedStatesandEurope,includ-
ing systemsassociatedwith space-borneinterferometers
for detectionof gravitationalwaves,andmissionsrequir-
ingÞnepointingandformationßyingof micro-spacecraft.
SincetheseFEEPdevicesareoperatedwith cesiumbe-
causeof itshighatomicmass,low ionizationpotential,low
melting point (28.4� C), andgoodwetting capabilities,a
numberof practicalproblemsrelatedto spacecraftplume
interactionsandpropellantcontaminationwill needto be
resolved.

Anothersimpleelectrostaticthrusterconceptthat has
theadvantagesover FEEPof higherthrust-to-powerratios
and the useof more benignpropellantsis the colloidal
thruster. It employs similar physical processes,except
that nonmetallicliquids are usedand sub-micron-sized
chargedparticles(colloids)areproducedandaccelerated.
ThisyieldsspeciÞc impulsesmorecompatiblewith near-
earthmissions.Much of the work on colloidal thrusters
was carriedout in the 1960sand identiÞed limitations
on the achievable charge-to-massratios and the unifor-
mity of the the charge-to-massdistributions. The for-
mer transcribesto excessively large voltages(hundreds
of kilovolts) to attain the desirableexhaust velocities
(10,000m/sec)andthelatterresultsin largebeamdiver-
gences.Nonetheless,morerecentresearchin Russiaandin
theUnitedStates,drivenby theadventof micro-spacecraft
missions,hasreturnedcolloidal electrostaticthrustersto
thearsenalof electricmicropropulsionoptions.

IV. ELECTROMAGNETIC PROPULSION

A. Basic Concept

The third category of EP relieson the interactionof an
electriccurrentpatterndriven througha conductingpro-
pellantstreamwith amagneticÞeldpermeatingthesame

FIGURE 7 Crossed-Þeld electromagnetic thruster schematic.

region to provide the acceleratingbody force.Suchsys-
temscanproduceexhaustspeedsconsiderablyhigherthan
thoseof the electrothermaldevices,andthrustdensities
muchlarger thanthoseof the electrostaticthrusters,but
are phenomenologicallymore complex and analytically
lesstractablethaneitherof thesealternatives.Theessence
of anelectromagneticthrusteris sketchedin Fig.7,where
someelectricallyconductingßuid, usuallya highly ion-
ized gas,is subjectedto an electricÞeld E anda mag-
neticÞeld B, perpendicularto eachotherandto theßuid
velocity u. The currentdensity j driven by the electric
Þeld interactswith B to provide a streamwisebodyforce
f � j � B that acceleratesthe ßuid along the channel.
Theprocessmayalternatively berepresentedfrom a par-
ticulate point of view in termsof the meantrajectories
of thecurrent-carryingelectrons,which, in attemptingto
follow the electric Þeld, are turneddownstreamby the
magneticÞeld, transmittingtheir streamwisemomentum
to theheavy particlesin thestreamby collisionsand/orby
microscopicpolarizationÞelds.It is importanttonotethat
in eitherrepresentation,theworkingßuid,althoughhighly
ionized,ismacroscopicallyneutral,hencenotconstrained
in its massßow densityby space-chargelimitationsasin
theelectrostaticaccelerators.

B. Varieties

Unlike the electrothermalor electrostaticclasses,which
offer only a few practicalconÞgurations,electromagnetic
accelerationpresentsmyriad possibilitiesfor implemen-
tation. The appliedÞelds and internal currentsmay be
steady, pulsed,or alternatingover a broadrangeof fre-
quencies;theB Þeldsmaybeexternallyappliedorinduced
by the currentpatterns;and a broadvariety of propel-
lanttypes,includingliquidsandsolids,maybeemployed,
along with a host of channelgeometries;electrodeand
insulatorconÞgurations;meansof injecting,ionizing,and
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ejectingthepropellants;andmodesof deliveryof thereq-
uisite electricalpower. As a result of ongoingresearch
anddevelopmentsincethe late1950s,a hugenumberof
suchpossiblepermutationsof theelectromagneticpropul-
sionconcepthave beenstudied,bothexperimentallyand
theoretically, but only a few have survived the gauntlet
of requisiteefÞciency, reliability, rangeof performance,
and systemcompatibility to retain enduringtechnolog-
ical promise.Of these,most advancedare the steady
orquasi-steadymagnetoplasmadynamic(MPD) thrusters,
the Hall-current accelerators,and the pulsed plasma
devices.

C. Magnetoplasmad ynamic Thruster s

1. Operating Principles

Assketchedin Fig.8,themagnetoplasmadynamicthruster
(MPDT) is characterizedby a coaxial geometryconsti-
tutedby a centralcathode,an annularanode,andsome
form of interelectrodeinsulator. Gaseouspropellantsare
introduced into the upstreamportion of the channel,
whereafterthey areionizedbypassagethroughanintense,
azimuthallyuniformelectricarcstandingin theinterelec-
trodegap.If thearccurrentis highenough,its associated
azimuthalmagneticÞeld is sufÞcient to exert thedesired
axialandradialbodyforcesonthepropellantßow,directly
acceleratingit downstreamandcompressingit towardthe
centerlineinto an extremelyhot plasmajust beyond the
cathodetip. Subsequentexpansionof this plasma,along
with thedirectaxial acceleration,yieldstherequisiteex-
haustvelocity.

Theoretically, theseself-Þeld acceleratorscanbe rep-
resentedin relatively simplecontinuumplasmadynamic
form or in moreelaboratethree-ßuid plasmakinetic for-
mulations.Irrespective of their interior details,electro-
magnetictensoranalysisyieldsagenericthrustrelation:

T �
� J2

4�

�
ln

ra

rc
� A

�
� (8)

FIGURE 8 Magnetoplasmadynamic thruster (MPDT) schematic.

whereT is the total thrust,� the vacuummagneticper-
meability, J the total arc current,ra andrc the effective
arc attachmentradii on the anodeandcathode,and A a
parameterslightly lessthanunity thatdependsontheÞner
detailsof thecurrentattachmentpatternsontheelectrodes.
Notethatthisrelation,whichgenerallyagreeswith exper-
iments,is independentof themassßow rateandany other
propertiesof thepropellant,thustheexhaustvelocitymust
scaleas the ratio J2� úm. An importantnondimensional
scalingparameter, 
 , whicharisesin severalotherempiri-
calandtheoreticalcontexts, includingtheonsetof severe
erosionandthe appearanceof variousmodesof plasma
waves andinstabilities,is calculatedfrom the following
formula:
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wherethepropellantisrepresentedbyits ionizationpoten-
tial � i andatomicmassM. NominalMPDT operationis
achieved at 
 
 1� while stableandlow-erosionoperation
is typically limited to 
 � 2. Thelifetime of suchdevices
is limited by componenterosion,mostnotablyevapora-
tion of cathodematerial,andtheperformanceis bounded
by lossesassociatedwith ionizationandthermalenergy
frozenin theßow aswell aslossesin theelectrodesheaths.
Themodelingandcontrol of many lossmechanismsare
complicatedby thepresenceof plasmaturbulencedueto
current-driven microinstabilitieswhich cancauseexces-
sive ionizationandheating.

In spaceapplications,theoptimumpower rangeof op-
erationwill be delimitedon the low sideby the needto
ionizethepropellantfully andto keeptheelectrodelosses
relatively smallcomparedwith thethrustpower. Theup-
perpowerlimit will beseteitherby tolerableerosionrates
andplasmainstabilities,or by therealitiesof theoverall
system,includingtheavailablespacepowersourceandas-
sociatedheatrejectionequipment.At megawattpowerlev-
elsandcorrespondingpropellantßow rates,bothground
testingandspacetestingof thesehighlypromisingdevices
presentformidabletechnologicalandeconomicproblems.
Indeed,at presentthereareno U.S. facilities capableof
long-termmegawatt operationof steady-stateMPDTs.

2. Present and Projected Capabilities

The MPDT has demonstratedits capability of provid-
ing speciÞc impulsesin therangeof 1500Ð8000secwith
thrustefÞcienciesexceeding40%.High efÞciency (above
30%)is typically reachedonlyathighpowerlevels(above
100 kW); consequently, the steady-stateversionof the
MPDT is regardedas a high-power propulsionoption.
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When the thrusteris operatedbelow 200 kW, the self-
inducedmagneticÞeldbecomesonlymarginallysufÞcient
to provide thedesiredbodyforce,andexternalÞeldsare
frequentlyaddedto enhanceperformancein this range.
However, in its megawatt versions,the self-Þeld MPDT
hasthe uniquecapability, amongall developedelectric
thrusters,of processingveryhighpowerlevelsin asimple,
compact,androbust device that canproducethrustden-
sitiesashigh as105 N/m2. Thesefeatureshave rendered
thesteady-stateMPDTparticularlyattractivefor energetic
deep-spacemissionsrequiringhigh thrustlevels,suchas
pilotedandcargomissionsto Marsandtheouterplanets,
aswell asfor nearer-termorbit raisingmissions.

In additionto thepresentunavailability of high power
in space,the cathodeerosionratesof the steady-state
MPDT (which canbeashigh as0. 2 � g/C),have slowed
the evolution of steady-stateMPDTs toward ßight ap-
plications.A versionof the steady-stateMPDT, called
thelithium Lorentz-forceaccelerator(Li-LFA), shown in
Fig. 9, usesa multichannelhollow cathodeand lithium
propellant to substantiallyreducethe cathodeerosion
problemwhile signiÞcantly raising the thrust efÞciency
at moderatelyhigh power levels.For example,a 200-kW
Li-LFA hasdemonstratedessentiallyerosion-freeopera-
tion over 500 hr of steadythrustingat 12.5N, 4000sec
Is, and 48% efÞciency. Sinceno other electric thruster
hasyet shown sucha high power processingcapability,
the Li-LFA is at the forefront of propulsionoptionsfor
nuclear-powereddeep-spaceexplorationandheavy cargo
missionsto theouterplanets.

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

In orderto beneÞt from theadvantagesof MPD propul-
sionon todayÕs power-limited spacecraft,theMPDT can
alsobeoperatedin aquasi-steady(QS)pulsedmodeusing
ßat-tophigh-currentpulseslongenough(
 350� sec)for
asteady-statecurrentpatternto dominatetheacceleration
process.The QS-MPDTcan thusbeneÞt from the high
efÞciency associatedwith the instantaneoushigh power,
while drawing low steady-statepowerfrom thespacecraft
bus.This approachwas adoptedin theÞrst MPDT to ßy
asa propulsionsystem,a 1-kW-classQS-MPDTthatop-
eratedsuccessfullyin 1996onboardthe JapaneseSpace
Flyer Unit. (Previous MPDT spaceßight testsby Japan
andtheRussiain 1975,1977,1980,and1983werepurely
experimental.)

While no presentoperationalspacecraftemploy MPD
propulsionsystems,ongoingresearchand development
activities in RussiaandtheUnitedStateson theLi-LFA,
andin EuropeandJapanonthegas-fedMPDT, aimatfur-
therimprovingtheperformanceandlifetimeof thesteady-
stateMPDT to a level that meetsnear-future advanced
propulsionneeds.

D. Hall Thruster s

1. Operating Principles

If any electromagneticacceleratoris operatedat low
enoughplasmadensityor highenoughmagneticÞeld,the
currentdriven throughit will divert from strict alignment
with theappliedelectricÞeld to acquirea componentin
the E � B directionÑ aform of thewell-known ÒHall ef-
fectÓthatderives from theability of thecurrent-carrying
electronsto executesigniÞcantportionsof theircycloidal
motionsin thecrossedÞeldsbeforetransferringtheirmo-
mentumto theheavy particles.In extremecases,thisHall-
currentcomponentcantotallydominatetheconductionor
ÒLorentzÓcomponent.

Low-densityHall-currentacceleratorsexploit this ef-
fect by providing channelandÞeld geometriesthat lock
the plasmaelectronsinto a nearly collisionlesscross-
stream drift, which leaves the positive ions free to
acceleratedownstreamunder a componentof the ap-
plied electric Þeld. In a sense,suchdevices are hybrid
electrostaticÐelectromagneticacceleratorswith space-
chargeneutralizationautomaticallyprovidedby theback-
groundof drifting electrons.BecausethemagneticÞelds
in thesedevicesareexternallysupplied,andbecausethe
massßow densitiesare intrinsically low, thesethrusters
optimizetheirperformanceatconsiderablylowerpowers
thanthoseof theself-ÞeldMPD devices.

2. Evolution and Present Capabilities

CoaxialHall plasmaacceleratorswereoptimizedin the
Former Russiaduring the late 1960sto the late 1990s,
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wherethey attainedefÞcienciesabove 50%.Someof the
original work on Hall thrusterswas also conductedin
theUnitedStatesin theearlyandmid-1960s,but interest
in that acceleratorwanedin favor of moreextensive ion
thrusterdevelopment,until a vigorousrevival of interest
beganin theUnitedStates,Europe,andJapanin 1991.

TodayÕs Hall thrustersare sometimesreferred to as
Òclosed-electron-driftÓdevices,given theazimuthaldrift
of electronsthatis commonto all presentvariantsof such
thrusters.The mostcommonversionsare the stationary
plasmathruster(SPT) (also termedthe Òmagneticlayer
thrusterÓ) andtheanodelayerthruster(ALT). Theformer
differs from the latter by its extendedchannel,the use
of insulatorchamberwalls, andthe extent of the quasi-
neutralaccelerationregion,but bothrely on thesameba-
sicprinciplesfor ionizingandacceleratingthepropellant.
A schematicof aHall thrusterof theSPTtypeis shown in
Fig.10.Electronsfrom thecathodeenterthechamberand
aresubjectedto an azimuthaldrift in the crossedradial
magneticandaxial electricÞelds,whereinthey undergo
ionizingcollisionswith theneutralpropellantatoms(typ-
ically xenon)injectedthroughtheanode.While themag-

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 Þeld, and typical particle trajectories.

neticÞeldstrengthis sufÞcientto lock theelectronsin an
azimuthaldrift, it doesnot signiÞcantlyaffect thetrajec-
toryof theions,whicharedirectlyacceleratedby theaxial
electricÞeld.An axialelectronßuxequaltothatof theions
reachestheanodedueto a crossÞeld mobility thatoften
exceedsclassicalvalues,andthe sameßux of electrons
is availablefrom thecathodeto neutralizetheexhausted
ions.Quasi-neutralityis thusmaintainedthroughoutthe
chamberandexhaustbeam,andconsequentlyno space-
chargelimitation is imposedontheacceleration,whichal-
lows relatively high thrustdensitiescomparedwith those
of conventionalelectrostaticpropulsiondevices.Nomi-
naloperatingconditionsof acommonßight module(e.g.,
the RussianSPT-100) operatingwith xenonare a 2- to
5-mg/secmassßow rate;a200-to 300-Vappliedvoltage,
yielding a plasmaexhaustvelocity of 16,000m/sec;and
a thrustof 40Ð80mN, atefÞcienciesof about50%.

3. Applications and Flight History

Hall acceleratorsof the closed-drift type are at present
the most commonlyusedplasmathrusters.Since1972,
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morethan110Hall thrustershavebeenßown on Russian
spacecraft,andmorethan52 thrustersremainin opera-
tion.They havealsobeenusedasplasmasourcesin active
spaceexperiments.In view of theirhighspeciÞc impulse,
relatively high efÞciency, and high thrust density, Hall
thrusterscontinueto be developedby industryandgov-
ernmentfor purposesof orbit insertion,attitudecontrol,
anddragcompensation.Becauseof thestringentrequire-
mentsfor trouble-freeoperationfor many thousandsof
hours,efforts to improve performanceand lifetime are
currentlyunderway in theUnitedStates,Russia,Europe,
andJapan.Theseincludeeffortsto lowerbeamdivergence
(which is typically between30 and 40 degrees),to re-
duceelectromagneticinterference(due to varioustypes
of plasmaoscillations),to lower erosionrates,andto in-
creasethrustefÞciencies.Stridestoward moreefÞcient,
compact,andlightweightPPUs(with speciÞc massesas
low as5 kg/kW) arealsobeingmade.

E. Pulsed Plasma Thruster s

Thepowerconservationstrategy underlyingquasi-steady
operationof MPDTs canbe carriedfurther by employ-
ing small power systemsto drive plasmathrustersin
short (
 10-� sec) bursts of high instantaneouspower
(
 10 MW). The energy involved is typically storedin

FIGURE 11 Various pulsed plasma thruster (PPT) conÞgurations.

capacitorbanksor inductorcoils, thendeliveredrapidly
to theelectrodesby someform of high-speedswitch.

Whenagas-fedpulsedplasmathruster(GF-PPT)isop-
eratedin a predominantlyelectromagneticmode,theac-
celerationis achieved by ÒsnowplowÓactionof a current
sheetdriven by its self-inducedLorentzbodyforce.Vari-
ousgeometriesthathadbeenusedin earlythermonuclear
fusionexperiments,includingcoaxialgunsandlinearand
thetapinchdischarges(Fig. 11),have beenmodiÞedinto
propulsionconÞgurations.

In theearlyandmiddle1960s,GF-PPTsystemswere
developedthathadefÞcienciesabove20%atspeciÞc im-
pulsesnear5000sec,usingsome65Jof storedenergyper
pulse,but sincethemainfocusof EPresearchat thattime
was on developingprimary propulsionsystems,GF-PPT
researchanddevelopmentebbedby theendof thatdecade
duethe needfor massive capacitorsandthe energy and
lifetime requirementsof thefast-actingvalvesrequiredto
ensurehighmassutilizationefÞciency.

However, onederivativeof thisconceptsurvived in the
formof thesimpleablativepulsedplasmathruster(APPT),
which promisedto solve the massutilization problem
withouttheuseof valves,andtosavesystemmassbyshed-
dingthecomplex massstorageandcontrolsystemsof their
gas-fedcounterparts.In the APPT, shown schematically
in Fig.12,thesurfaceof apolymerblock(mostcommonly
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FIGURE 12 Schematic of an ablative pulsed plasma thruster
(APPT).

Teßon) is successively erodedby intermittentarc pulses
driven acrossits exposedface,andtheablatedmaterialis
acceleratedby a combinationof thermalexpansionand
self-Þeldelectromagneticforces.

The APPT hasthe claim of beingthe Þrst EP system
to operatein orbit, whenthe1964Soviet Zond-2space-
craftusedsix TeßonAPPTsfor sunpointingcontrol.The
UnitedStatesfollowed in 1968with theLES-6satellite,
which usedfour APPTs for eastÐwest station keeping
(EWSK).Sincethen,APPTshave hada sporadichistory
of applicationand,except for a small numberof exper-
imentalsuborbitalandorbital testsby the United States
andChina,they have beenusedon only a seriesof Þve
U.S.Navy satelliteslaunchedin thelate1970sandearly
1980s.It was not until the mid-1990s,in the context 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 andpreciseimpulsesat high spe-
ciÞc impulseandarbitrarily low spacecraftpower, made
it suitable for many attitude-controlchoreson power-
limited small satellites.A small but growing numberof
upcomingU.S.missionsusingAPPTshavebeenplanned,
whichwill useßight-readymodulessuchasthatshown in
Fig. 13.

Two of themostseveredefÞcienciesof APPTs,namely
their low efÞciency (� 15%) at low pulseenergies and
spacecraftcontaminationby thepolymerproductsin 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 performance.Recentadvancesin
low-inductance,high-frequency, andhigh-currentpulsing
technologieshave relieved the low massutilization efÞ-
ciency problemthatplaguedthe1960sprototypes.Further
improvementsof thesedeviceswill dependonabetterun-
derstandingof thenatureandscalingof thecomplex dis-

FIGURE 13 A ßight-ready Teßon ablative pulsed plasma thruster
(APPT) module using two thrusters, positioned on the opposite
ends of the thrust axis. [Courtesy of the Primex Corporation.]

sipative mechanismsin suchunsteadyßows, andon the
theability to controlandabatethecantingandinstability
of theacceleratingcurrentsheets.

F. Inductive Thruster s

Aswith theelectrothermalarcjets,themostvulnerableele-
mentsof all theelectromagneticthrustersdescribedabove
aretheelectrodesurfaces.Hencetherehasbeensomeon-
going interestin a variety of inductive possibilitiesthat
requireno electrodesdirectly exposedto the intensedis-
chargeenvironment.Again, mostof theseconceptshave
beentransposedfromothertechnologies,includingpulsed
inductive discharges,traveling wave acceleratorsof var-
ious classes,RF fringe-Þeld accelerators,andcyclotron
resonancedevices.All involve inherentlyunsteadyßows
over a wide rangeof operatingfrequencies,andall must
tradeoff theabsenceof electrodeerosionagainstgenerally
poorercouplingefÞciency betweentheexternalcircuitry
andtheacceleratingpropellantplasma.Liketheinductive
electrothermalmachines,theiroverallsystemssuffer from
the morecomplex andmassive power processingequip-
mentneededto drive them,althoughsomeof this disad-
vantagehasbeenamelioratedby recentimprovementsin
solid-stateelectronictechnology, so thattheir futuremay
besomewhatbrighterthantheir past.

V. SYSTEMS CONSIDERATIONS

A. Power Conditioning

Almost all electric thrusters,except resistojets,operate
at voltageslarger than thoseprovided by the standard
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busof solar-poweredspacecraft.Thisnecessitatestheuse
of power processingsubsystemsthat transposethe pri-
marypower from thespace-bornesourceto therequisite
voltages,currents,andduty cyclesof thegiven thrusters.
The PPUcanhave muchinßuenceover the overall efÞ-
ciency, reliability, andmassof thetotalpropulsionsystem.
Aside from voltageconditioning,eachclassof thruster
presentsits own demandson thePPU.Many electrother-
mal arcs, for example, can develop negative slopesin
portionsof their voltageÐcurrentcharacteristicsthat are
tantamountto negative impedancefor the power source
and must be suitably ballastedif the arc is to be prop-
erly controlled. Ion thrustersrequire a broad rangeof
electrodevoltagesand currentsfor their discharge an-
odes,hollow cathodes,andacceleratinggridsandmustbe
protectedagainsthigh-voltageshortsandinsulatorbreak-
downs.High-power MPD acceleratorsrequirehugecur-
rentsatrelativelylow voltages,andtheirunsteadyversions
presentan additionaloverlay of energy storageandpro-
cessingrequirements.Almostall electricthrustersrequire
someignition mechanismthatinevitably complicatesthe
powerpackage.

Only themostmaturethrusterconceptshavehadsignif-
icant ßight-qualiÞed PPUdevelopment.For a hydrazine
arcjet, whosetypical operatingvoltage peaksat about
100V, thePPUis about91%efÞcientandhasa speciÞc
massof about2.5 kg/kW. A photographof four ßight-
ready arcjetsand their PPU is shown in Fig. 14. The
PPU penaltybecomesworsefor higher-voltagedevices
suchasthexenonHall thrusterandthexenon-ionengine,
whosePPUshave efÞcienciesof 93% and88%,respec-
tively, andspeciÞcmassesashighas10kg/kW. Almostall
electricthrusterPPUsdevelopedto datearefor usewith
solarpanelpower sourcesandwould needto be recon-
sideredwhennuclearandotherhigher-powersourcesare
deployed.

FIGURE 14 Four ßight-ready arcjets with their power processing
unit (PPU). [Courtesy of the Primex Corporation.]

B. Primar y Power Sour ces

All this power conditioningtechnologymust relateto a
primary sourcethat is itself reliable,compatible,andof
sufÞcientlylow speciÞcmasstofunctionin thegivenspace
application.Althoughvariousnuclear, chemical,andsolar
thermalconversioncycleshave beenstudiedaspotential
spacecraftpowersources,practicallyall presentsatellites
rely exclusively on solarpanelsandbatteriesfor power
sources.Consequently, progressin photovoltaiccell tech-
nology is critical to the continuedgrowth of EP appli-
cationson near-earthspacecraft.Presentstandardsilicon
solarcellscostabout$1500/Wandhave a power density
of about140W/m2, whichcorrespondstoaspeciÞcpower
of 40W/arraykg.Themostlikelynear-termimprovement
on thesearegallium arsenide(GaAs)cells, which have
beenproven to yield 220 W/m2. Whensuchsolar cells
areaugmentedwith aluminizedMylar concentrators,they
promisespeciÞc powersof 100W/arraykg,whichshould
greatlyenhancetheproliferationof EPsystems.Another
critical improvementin solarpower technologyis thede-
creaseof solarcell degradationfrom accumulatedenvi-
ronmentalradiationdose.This is particularlycrucial for
theEPmissions(suchasorbit raising)whichrequiresub-
stantiallylongertransfertimesthanthoseof theimpulsive
maneuverseffectedby high-thrustchemicalrockets.

While for many near-earthmissionsof relatively mod-
est� � solaror chemicalenergy sourcesmay be viable,
for the interplanetary, megawatt scaleof operations,nu-
clearpower systemsof majordimensionswill inevitably
berequired,whichwill furthercomplicatethetotalsystem
with attendantenvironmentalandsafetyhazards.

VI. APPLICATIONS

Although the primary motivation for development of
space-worthy EP systemsis the conservation of propel-
lant massfor missionsof largecharacteristicvelocity in-
crements,electric thrustersoffer a numberof attractive
secondaryoperationalbeneÞts, including precisionand
variability of thrustlevelsandimpulseincrements,gener-
ousshutdownandrestartcapabilities,andtheuseof chem-
ically passive propellants.Their majorlimitationsarethe
needfor sophisticatedexternalpower sources,very low
to modestthrustdensitycapabilities,andlittle empirical
experiencewith unattendedoperationin the spaceenvi-
ronment.All thesecharacteristicsserve to circumscribe
theclassesof missionsfor which EPmayreasonablybe
considered.

Obviously, thelimited thrustdensitiespredicatethrust-
to-massratios for electric systemsthat are not propi-
tious for rapid maneuvers in stronggravitational Þelds.
Thereareno launchor ascentÐdescentcapabilitiesnear
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planetarysurfaces,andevenouterorbit transferexercises
canbeperformedonly very slowly over gentlespiraltra-
jectories.Thus,near-planetapplicationswill be limited
to thoseattitude-control,station-keeping,drag-reduction,
andmodestorbit-changingfunctions(suchasorbit phase
changesin LEO constellations)wheretheminutenessand
precisionof thrust,propellantconservation,andlonglife-
time give themsuperiorityover chemicaloptions.Many
suchapplicationshavebeenrecognizedandevaluated,and
in severalcasesappropriateelectricsystemshavebeen,or
soonwill be,deployed.

In thedomainof interplanetaryßight, however, EPof-
fersmuchmoresubstantialadvantagesover chemicalsys-
tems,whichextendin severalimportantcasesto enabling
missionsthat simply could not be performedby means
of any otherreasonablyprojectedpropulsiontechnology.
Theseincludeheavy cargoand/orpilotedmissionstoMars
andtheouterplanetsandmany unpilotedprobesbeyond
thesolarsystemandoutof theeclipticplane.

Comparisonof electricandchemicalsystemsfor any
ambitiousmission,piloted or unpiloted,revealsthat the
basicdynamicaldistinctionis betweenessentiallyimpul-
sive thrust incrementsprovided by the latter and much
more protracted,lower-level thrust proÞles necessarily,
andin somecasesadvantageously,providedbytheformer.
Analyticaloptimizationof extendedvariablethrusttrajec-
toriesfor interplanetarytransportationis a complex task,
far from fully renderedin contemporarymissionanaly-
ses.Superimposedonthestrictly dynamicalaspectsarea
hostof systemicconsiderations,suchastheimportanceof
ßight time to crew, otherpayloadconsiderations,internal
andexternalenvironmentalhazards,utility of the power
supplyat destination,fractionof payloadto bereturned,
secondarymissiongoalsin ßight, humanandstructural
compatibilitywith ßight maneuverssuchasaerobraking
andswingby, andin-ßight adjustment,service,andemer-
gency returncapabilities.Sincemany of these,especially
thoseinvolving humanfactors,currentlyhave inadequate
fundamentaldatabasesandtheoreticalrepresentations,the
compositemission assessmentsare shaky, at best,and
muchmoresophisticatedanalyseswill berequiredbefore
deÞnitivemissionprojections.

Finally, as alreadymentioned,beforeany suchambi-
tiousEPmissionscanseriouslybecontemplated,nonso-
lar alternatives for high-power sourcesin spacemustbe
developed.For mostlypolitical reasons,plansfor deploy-
mentof nuclearhigh-power sourcesin spacehave sofar
failedto materialize,andconsequentlytheuseof electric
thrustersfor primarypropulsionin energeticmissionshas
hadacyclical historyof falsestartsanddisappointments.
Indeed,the recentvigorousrejuvenationof the Þeld of
electric propulsioncan be attributed,at leastin part, to
a consciousshift in emphasisaway from thehigh-power
missionsenvisagedduring the 1960sand 1970stoward
thelessambitiousbut morerealisticpower-limited small
satellitesof today. Now that many EP systemshave en-
teredthemainstreamof astronautictechnology, their role
in helping to expandhumanambitionbeyond the inner
part of the solarsystem,althoughstill dependenton the
hithertounrealizeddevelopmentof high-power sources,
is perhapsonmorecredibleground.
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