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Design details of a proposedhigh-energy ( 50 kJ/pulse), two-stagepulsed plasma thruster are pre-

sented. The long-term goal of this project is to develop a high-power ( 500kW), high speci ¢ impulse

(' 7500s), highly ef cient ( 50%), and mechanicallysimplethruster for useasprimary propulsionin a

high-power nuclear electric propulsion system.The proposedthruster (PRC-PPT1)utilizes a valveless,
liquid lithium-fed thermal plasmainjector (rst stage)followed by a high-enemy pulsed electromag-
netic accelerator(secondstage).A numerical circuit model coupledwith one-dimensionalcurr ent sheet
dynamics,aswell asa numerical MHD simulation, are usedto qualitati vely predict the thermal plasma
injection and curr ent sheetdynamics,aswell asto estimatethe projected performance of the thruster.

A setof further modelling efforts, and the experimental testing of a prototype thruster, is suggestedo

determinethe feasibility of demonstrating a full scalehigh-power thruster.
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1 Introduction

Isedelectromagneti@cceleratorare deviceswhich
useintenseburstsof electricalcurrent(

A) to createhighspeed m/s)jetsof plasma.
They nd applicationas plasmasourcesin mary basic
plasmascienceexperiments[] as well asin a specic
genreof electricspacepropulsiondevice calledthepulsed
plasmathruster(PPT)[J. The presentvork is motivated
by the desireto improve the performanceof pulsedelec-
tromagneticacceleratorin the context of plasmapropul-
sion.

In whatfollows, the designof a proposechigh-enegy
PPTis presentedTheemphasi®f thepresentatiofis con-
ceptualithis papersenesto de ne the principlesof oper
ationof the proposedhruster provide roughcalculations
for the potentialperformanceandidentify physicalpro-
cesseshatwill bethesubjectof futurephenomenological
modelling.We rst provideabrief backgrounaf thestate
of PPTtechnologyreadiness- to sere asa backdropfor
de ning our motivationfor pursuingthedevelopmenif a
new thruster
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1.1 Background

ModernPPTshave the potentialfor ful lling theattitude
controlrequirementgn asatelliteatgreatlyreducednass
andcost. They arealsobeingconsideredor constellation
maintenancéor missionssuchasinterferometriamaging
of the Earthfrom spaceor deepspacdrom anEarthorbit
(c.f., Polzinetal.[3]). Thebene tsof PPTsaretheir sim-
plicity, very smallimpulsebitsfor precisecontrolof satel-
lite motion, reliability, and high speci ¢ impulse. Two
classi cationsof PPTsexist, correspondingo the form
of propellantused: gas-fed(GFPPT)or ablatve propel-
lant (APPT). The gas-fedvariety hasthe advantage®f a
“clean” exhaustplumeandhigh speci ¢ impulse.Theab-
lative versionof the PPTusesa solid propellant,suchas

Te on, to provide otheradwantagesuchascompactness

and overall easeof systemintegration; however, plume
contamination(with somesolid propellants)and lower
speci ¢ impulsemay limit the applicationof APPTsfor
somemissions.

Fromabout1960to 1968PPTresearctocusedon the
gas-fedvariant(GFPPT).The GFPPTwaservisionedasa
potential“primary” propulsionsystemwherethe GFPPT
would procesdarge amountsof power ( 100 kW) and
provide enoughaveragethrust( 1 N) to performlarge

maneuers,suchasinterplanetarymissions[4. How-
ever, by the late sixties, researchturnedtoward steady-
ow electromagneticacceleration(the MPD thruster).
Thequasi-steadiPD thruster[3 allowedfor theamorti-
zationof ef ciency-robbinglossesntrinsic to pulsedop-
eration(suchas propellantloss at the leadingand trail-
ing edgeof the gasinjection pulse), throughthe use of
a protractedcurrentpulseand,hence allowed for higher
thrustef ciencies to be attained. A “secondary”propul-
sionniche,small attitudecontrolmaneuers,still ex-
istedfor the GFPPTHowever, ataboutthe sametime, the
ablative varietyof PPT(APPT)wasgainingfavor, mainly
dueto its mechanicasimplicity. The GFPPTrequireshe
storageof gaseougpropellantunderhigh pressureanda
fast-actingvalve to meterpuffs of propellantinto the dis-
chage chamber Further the propellantfeed systemin
the GFPPTis requiredto operatein a leak-freemanner
for mary ( ) shots.A ight quali ed systencapable
of performingthesedemandingaskswasnot availableat
thetime and,hencepnly APPTswere o wn[6].

This stateof affairsremaineduntil the mid-90's, when
thesomeof thenegative issuegelatedto propellantfeed-
ing in the GFPPTwereamelioratedy the availability of
more reliable valves andthe developmentof high-speed
solid-stateelectrical switching technology The former
developmentaddressethereliability issue while thelat-
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ter shaved promisefor substantiallyincreasingthe pro-

pellantutilizationef ciency. Thesetechnologiesvereim-

plementedn thethrustersof Ziemeretal.[7, 8, 9]. These
low enegy ( 10J) thrustersshawv promisefor replacing
APPTsin missionswhich requiresmall maneuers.
However, high-enegy thrustersprobably cannotbene t

from the new switching technologies since the neces-
sarily high currentlevels precludethe use of solid-state
switchingdevices.

Evenwith theadditionof thesenew technologiesPPTs
remainone of the leastefcient electric propulsionsys-
tems( 10%). However, the possibility of largeincre-
mentalgainsin performancenake PPTsoneof the most
interestingdevices,from aresearclperspectie.

1.2 Motivation and Approach

No onetype of thrusteris bestsuitedfor all typesof mis-
sions.For example,ion thrusteramay be the bestpropul-
sionoptionfor alarge , long durationmission; how-
ever, if shorttrip times are required,their characteristi-
cally low thrustdensitymay precludetheir usealtogether
Similarly, Hall thrustershave attractve performancetin-
termediatespeci ¢ impulselevels ( 2000s), but funda-
mentalphysicallimitations preventthemfrom achieving
the high speci c impulselevels requiredfor somemis-
sions. In short, every type of electric propulsiondevice
hasa parametespacewithin whichit performsbest.lIt is
our contentionthatthe PPTmay have uniquecapabilities
to satisfy the propulsionneedsfor missionsthat require
high speci ¢ impulse, high thrust ef ciency, and high
thrustdensity The motivationof the presenfprojectis to
developa high power ( 500 kW), high speci ¢ impulse
( 7500s), highly efcient ( 50%)thrusterfor useaspri-
mary propulsionin a high power nuclearelectric propul-
sionsystem.Thethrusterwhichwe call PRC-PPT1uses
a two-stageacceleratiorschemeto circumvent someof
the de ciencieswhich have plaguedearlier thrusterde-
signs.

High-enegy PPTshave alreadybeenexperimentally
shavn[10] to be capableof acceleratingcurrent sheets
to speedgreaterthan 150 km/s (correspondindo a spe-
ci ¢ impulseabove 15,000s,if 100%sweepingfciency
is assumed)Anotherstudy[4 demonstratethigh-enegy
PPToperationatgreateithan60%thrustef ciency (note:
the ef ciency wascalculatedusingthe estimatedpropel-
lent massinsidethe thrusterduring the currentpulse;the
cold-gaspulsewas substantiallylongerin durationthan
thedischageand,hence usingthe actual(total) cold-gas
massbit would have leadto a substantiallylower calcu-
latedvalueof thrustef ciency). Theseexperimentgrove
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thattherearenofundamentaphysicallimitationsthatwill
preventus from attainingour stateddesigngoals. Let us
statein one place,then,the practical limitations of past
laboratorydesignsvhichmustbeaddressetb bring high-
enegy PPTsto alevel of maturitythatwill allow themto
be consideredas a viable nearterm high-pawver electric
propulsionoption:

1. Propellant utilization ef ciency: Two mechanisms
contribute to low propellantutilization ef ciency in
gas-fedPPTs. As describedearlier the delivery of
discretegaspuffsto thedischagechambeusingme-
chanicalvalvesis dif cult. Ideally, a gasinjection
systemwould inject just enoughgasto Il the dis-
chage chamberandthenquickly close. For typical
thrusterdimensionsa valve open-closedurationof
no morethanabout100 sis requiredto avoid pro-
pellant leakageafter the electrical dischage pulse.
The designof a mechanical/alve to meetthis spec-
i cation is challenging. A secondpropellantloss
mechanismin PPTsresultsfrom incompletecou-
pling of the Lorentzforce densityto theworking gas.
This inef ciency occurswhenthe acceleratingcur-
rentsheets unableto fully entrainthepropellanthat
it encroachesipon. Permeabilityof currentsheets
remainsanactive researchopic[11].

2. Electrical ef ciency: Typical PPTssuffer from poor
electricalimpedancematchingbetweenthe source
andthe load. Oscillatory currentwaveformsresult,
whichleadto undesirablérestrike” in the dischage
chambemandsigni cant enepgy dissipationinsidethe
capacitor

3. Electrode erosion: Lifetime-limiting electrodeero-
sion remainsa major issuein assessinghe via-
bility of high-pover PPTs. Electrodeerosionhas
beenmoreextensiely studiedin steady- ow plasma
thrusters[1P Thereremainsa needfor an experi-
mentaldatabasef electrodeerosionratesfor PPTs,
using a variety of electrodematerials,propellants,
electrodegemperaturegurrentlevels, etc..

4. Reliability: The reliability (and lifetime) of high-
power PPTsis impactedmost strongly by the fol-
lowing componentsthe gasinjection valve, the ca-
pacitors,the high currentswitch, and the (eroding)
electrodes.New high-pover PPT designsmustad-
dressthe reliability of eachof thesecomponentsor
somehw eliminatethe needfor themin the system.

The “issues”that have beenenumeratedbove de ne
the challengesthat confront the developmentof a new
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thrusterthatis, new thrusterdesignsshouldstrive to pos-
itively impactoneor moreof thesePPTde ciencies.We
now list, in agenerabensehow ourproposedhrusterde-
signaddressesachof thesepoints (detailsof the design
will begivenin subsequergections):

1. Propellantutilization ef ciency: PRC-PPTlsesa
liquid metal (lithium) feed systemthat requiresno
mechanicalvalve. Propellantloading is achieved
throughthe vaporizationand ionization of a liquid
droplet( rst stage)thesizeof thedropletis tailored
to preciselydeliver the desiredpropellantmassto
the dischage chambeyr whereit is electromagneti-
cally acceleratedsecondstage). Thus,problemsas-
sociatedwith using a gaseougropellantfeed sys-
temareeliminated.To addresshepropellantsweep-
ing efciency issue, PRC-PPT1will operatein a
highergasdensityregimethanis typical. Traditional
PPTshave beenplaguedwith pooref ciency, atleast
partially, becauseghey have not beenoperatedn a
plasmaregime that fully exploits the potentialben-
e ts of pulsedplasmaacceleratiorby electromag-
netic forces. PPTshave generallybeenusedto ac-
celeratdow-densityplasmas Operationof thrusters
in this plasmaregime allows for the developmentof
certain undesirableparticle-kineticeffects, such as
Hall effect-inducedcurrentsheetcanting[13. PRC-
PPT1was designedto propel a highly collisional,
denseplasmathathasmore uid-lik e propertiesand,
hence,is more effectively pushedby a magnetic
eld[14]. TraditionalPPTsalsosuffer from dynamic
efciency lossesassociatedvith “snowplow” load-
ing of distributed neutralpropellant. The two-stage
schemeusedin PPF1 allows the propellantto be
loadedn amannemwhichmorecloselyapproximates
theoptimal“slug” loading.

2. Electrical ef ciency: PRC-PPTwill useatoroidal
“transmissionline” capacitor The custom-designed
capacitoy similar to thosedevelopedby Hayworth
et al.[15], will be impedancematchedto the load
(the thrusterarc dischage) to yield a non-ringing
currentwaveform, leadingto more ef cient trans-
fer of the capacitvely storedenegy. The capaci-
tor designwill alsoleadto a smaller lighter over-
all thrusterdesign. The thrusterdischage chamber
will occupy the hollow centralregion of the capaci-
tor; the useof a single,large capacitorof this design
hasbeenshavnto beconsiderablyighter (one-sixth)
thanacorventionalparallelcombinatiorof equalto-
tal capacitance[1]6 Also, the thrustergeometryhas
beenchosento maximizeelectricalefciency. The
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electrodecon guration is designedto form a “vir -
tual cathode(seesection2.1),which will maximize
thedischagechambegaxialinductancegradientand,
hencejncreaseheelectricalef ciency|2].

3. Electrode erosion: PRC-PPT1will usea hollow,
truncatedcathode(inner electrode). The aim is to
distributethe cathodecurrentoveralargerareapre-
ventcurrentconstrictioninsidetheelectrodematerial
(which occursat the leadingedgeof a propagating
currentsheet),andto provide a plasma-electrodim-
terfacethatis notstanedof propellant.Lithium pro-
pellantwaschosenfor amongotherreasonsto test
whetheror notthereducectlectrodeerosiorfoundin
the Lithium LorentzForce Accelerator(LiLFA)[17]
couldalsoberealizedin apulsedplasmathruster

4. Reliability: Theuseofthemoltenlithium plasman-
jectoreliminatesthe needfor botha gasvalve anda
high-currentelectricalswitch (boththe rst andsec-
ondstageareself-switching)theinjectordesignful-

lls bothrolesusingno maoving partsto provide, in

principle, a highly reliable propellantfeedandelec-
trical switchingsystem.Thetransmissiofine capac-
itor eliminatedlifetime-limiting currentreversaland
includesan integratedcooling systemto extendca-
pacitorlife.

The sectionswhich follow more completelydescribe
the geometryandoperationof the proposedhruster and
presenthepreliminarydesignof a proof-of-principlelab-
oratorythruster

2 Thruster Description

2.1 General description

The PRC-PPT1s atwo-stagepulsedplasmathruster(the
useof multi-stageelectromagneti@acceleratiorwas rst
adwocatedoy Turchietal.[18], whousedaTe on-ablative
PPTtoinjectplasmanto asecondglectromagnetiaccel-
eratorstage). Thecomponentsf PRC-PPThareschemat-
ically illustratedin Fig. 1.

The sequenc®f eventsin the operationof the thruster
is asfollows. Liquid lithium is deliveredfrom areseroir
to the rst stageusingan MHD pump. A lithium droplet
forms at the outlet of the propellantfeed system,inside
the rst-stage plasmainjector. A high currentdischage
initiates inside the injector, which vaporizesandionizes
the lithium droplet. The injector ejectsa dense thermal
plasmainto the main dischage cavity (secondstage).A
Townsendavalanchesnsuesforming a currentsheetwith
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mega-ampevel current. Thecurrentsheetacceleratethe
lengthof the secondstage entrainingthe propellantand
ejectingit from thethrusterata speecbntheorderof 100
km/s.

Let us considereachof thesephasesof operationin
more detail. The propellantfeed systemis diagrammat-
ically illustratedin Fig. 2a. Liquid lithium propellant
is storedin an un-pressurizedheated( 180 C ) reser
voir. The propellantis deliveredfrom thereseroir to the
thrusterusingan MHD o w coupler[19. The o w cou-
pler appliesa J B force to the moltenlithium by pass-
ing currentthroughit, transwerseto an appliedmagnetic
eld. Precisecontrol of the lithium mass o w rateis ac-
complishedby simply adjustingthe currentthat passes
throughthe o w coupler The o w couplerhasno mov-
ing parts— emphasizingan attractve featureof usinga
conductve propellant.

The lithium is fed into the rst stageinjector through
a (electrically insulating) ceramictube. The rst stage
capacitoris connectedetweerthe metal(stainlesssteel)
lithium feedline andthe outer electrode(anode)of the
injector. As propellantis fed into the injector, a lithium
dropletformsat the endof the ceramicfeedline, asillus-
tratedin Fig. 2b. Asthedropletgrowsin size,it eventually
contactgheouterelectrodeand“arcs-over” — closingthe
circuit connectedo the rst stagecapacitor The capaci-
tor hassufcient enegyto vaporizeand(singly)ionizethe
entirelithium droplet. The nenly formedlithium plasma
thermally expandsout of the rst stageinjector andinto
the secondstagedischage chamber The vaporizationof
the dropletre-opensthe rst stagecapacitorcircuit, al-
lowing it to be rechaged. As lithium is continuouslybe-
ing pumpedby the o w coupler a new dropletis formed
andthe procesgepeats. Again, two moreadwantagesre
gainedthroughtheuseof aconductvepropellant:nohigh
currentswitch is neededn the rst stage,asthe circuit
is self-switching,andthe propellantin the feedline acts
asthe cathodegliminatingthe rst-stagecathodesrosion
issue. We are, in essencefeedinga liquid cathodeinto
theinjector, andusingthe cathodeerosionproductsasthe
propellantfor the secondstage.

The nal phaseof operationin a single pulse of the
PRC-PPT1is the secondstageelectromagnetieccelera-
tion. The conceptualand, asyet, theoreticallyand ex-
perimentally unfounded)evolution of the secondstage
currentsheetis ervisagedin Fig. 3. The secondstage
electrodecon guration, which is essentiallya hybrid z-
pinch/coaxialgeometry usesa truncatedinner electrode
(cathode)}o inducea “virtual cathode”alongthe center
line of the acceleratqrin anattemptto maximizethe ac-
celerationchannelinductancegradientand, hence,max-
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Figurel: Schematiof the PRC-PPTIlgeometryandcomponentgsectionedo shav innerdetail).

imize the force on the currentsheet. The currentsheet which is emitted from the currentsheetplasma. Also
is expectedto initiate nearthe back of the accelerato shavn are anodeand cathodecooling loops. Both elec-
wherethe Poynting vector ux is rst ableto depositits trodeswill beactively cooledusing o wingliquid coolant.
enegy. TheJ B forcedensitywill drivethecurrentsheet  The discussionabove describeghe generalgeometry
aroundthe end of the cathode,pinching the plasmaat and operationof the proposedthruster The next sec-
the center in a mannersimilar to a dense-plasma-focustion gives more speci ¢ designdetailsfor a rst, proof-
device[2Q. Providedthatcurrentcontinuesto bedriven of-principle,thruster

by the capacitor the anodecurrentsheetattachmentvill
continueto propagatexially, andthecathodecolumnwill
beextruded forminga“virtual” centerelectrodgseeFig.
3c). The cathodecurrentsheetattachmentvill distribute
itself over the inside of the hollow cathode,conducting
throughresiduallithium plasmafrom the rst stageinjec-
tor. The currentsheetwill continueto acceleratexially
until thecurrentsubsidesgitherthroughexhaustiorof the
capacitvely storedeneny, or throughthedisruptionof the
virtual cathodecolumn,from instabilitiesthat are known
to evolvein z-pinchcurrentcon gurations. Theentrained
propellantwill ultimatelybeejectedrom thethrusterand
thrustwill bederived.

Otherfeaturesof the PRC-PPT1designareillustrated
in Fig. 1. A metallicUV bafe is locatedin front of the
breechinsulator The purposeof the bafe is to shield
theinsulatormaterialfrom damagingultraviolet radiation

2.2 PRC-PPTladesign

Theaimof our rst experimentaprototypethruste(PRC-
PPT1a)is to validatethe operationof the liquid lithium
plasmafeed system,to characterizehe ejectedplasma
andtestthe repetitve operationof the rst-stage plasma
injector, andto mapoutthecurrentsheetrajectoryinside
thesecondstageof thethrusterto seeif thecurrentsheet
evolution ernvisagedn Fig. 3 canberealizedin anactual
thruster

The designof the prototypethrusteris constrainedy
severalfactors: rst, of coursethethrusteris expectedo
meetthe performancegoalsstatedin sectionl.2,second,
the componentsnust be constructedrom materialson-
handat the PRCand, lastly, the operationof the thruster
mustbecompatiblewith vacuunfacilitiespresentlyavail-
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Figure3: Conceptuaévolution of currentsheetin second
stageof PRC-PPT1initiation, pinching,andacceleration
with virtual cathode.

ableatthe PRC.Thelasttwo constraintsimit usto, atthe

Figure2: PRC-PPT lpropellantfeedsystem:a) diagram presenttime, the designof a thrusterthat operatesn a
of liquid lithium feedsystemp) rst-stagedropletforma- singleshotmode,aswe presentlydo not posses:capac-
tion andplasmaejectionsequence.

itors suitablefor repetitive operation,a high-power high-

voltagepower supply or avacuumfacility capableof han-

dling large mass o w rates. Componentshatarereadily
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availablein ourlaboratoryinventoryinclude10017.5 F,
40kV, low inductancg30 nH) capacitorsywhichwerere-
cently acquiredfrom GeneralAtomics Inc.. The capaci-
torshave singleendedcoaxialconnectorso facilitatelow
inductanceconnectiorto thethruster A large selectiorof
raw copper(including 20 cm diameterthick-walled pipe)
materialis availablefor useaselectrodematerial.

A schematidllustration of the PRC-PPT1laomplete
assemblyanda cross-sectiownf the dischage chambelis
shawvn in Fig. 4. Thethrusterwill usefour of the afore-
mentionedcapacitorsconnectedn parallel,to allow up
to 50 kJ dischageenepy. A cross-sectionachematiof
thedischagechambeiis shavn in Fig. 4b, wheretherel-
evantdimensionsareshavn. In theillustration, only the
anodeinner radiusis explicitly given; this is the dimen-
sion of the copperpipe thatis availableto us. The other
dimensionsL , L , andR (the anodelength,the cath-
odelength,andthe cathoderadius,respectiely) areto be
establishedhroughmodelling.

Sincethedimension®f thethrusterwill beestablished
throughpreliminary modelling efforts, let us list, in one
place,thetype of modellingefforts thatwill be neededo
guidethe physicaldimensioningf the prototypethruster:

1. Lithium droplet decomposition. Modelling of the
lithium dropletvaporizationin the rst stageplasma
injector is necessaryo predictthe temporalevolu-
tion andthermodynamicstateof the decomposition
products,aswell asto determinethe rst stageca-
pacitorenegy requirement.A modelof the droplet
formation itself will be necessanto size the rst
stagdiquid injectionori ce andelectrodespacing.

First stageinjection. The expansionof the rst
stageinjector plasmashould be modelledto guide
the designof the injectorandthe secondstagecath-
ode. It is imperatve that the rst stageinjector
and secondstage cathodedeliver the majority of
the lithium plasmapropellantinto the secondstage
dischage chamberbeforethe secondstagearc dis-
chagecommencesytherwisepropellantwill getleft
behind the acceleratingcurrent sheetand, hence,
constitutea propellantutilization inef ciency. A 2-d
uid modelwould be helpful in estimatingthe tem-
poral evolution of thelithium plasmadensitypro le
asit thermallyexpandsout of the hollow cathode A
kinetic modelwill berequiredto accuratelyestimate
thethetime of breakdavn.

Curr ent sheetpropagation. Modelling of the cur-
rentsheetpropagatioris necessaryo determinethe
properlengthof the secondstageanode.A 0-d cur
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rentsheet/lumpedircuit elementmodelwould pro-
vide a rst estimate. A full 2-d MHD simulation
would provide moreaccurateesults,aswell aselu-
cidatethe expectedcurrentsheetcon guration, that
is, shav how the currentsheettilts asit propagates.
Thisinformationcouldbeusedto tailor the rst stage
plasmainjectorto provideaninitial masddistribution
whichinhibits adwersetilting of the currentsheet.

. Stability of the virtual cathode. The PRC-PPT1
designusesa hybrid z-pinch/coaxialelectrodecon-
guration, which is intendedto producea propa-
gatingplanarcurrentsheetelectricallyconnectedo
the (physical) cathodeat the back of the accelera-
tor througha long plasmacolumn (the virtual cath-
ode).Thevirtual cathodds essentiallya z-pinchcur-
rent con guration, which is known to be unstable.
For the purposesf the PRC-PPT1design,a mod-
elling effort, which dravs uponexisting knowledge,
is neededo predicthow long thevirtual cathodecan
be maintainedinside the acceleratgrbeforecurrent
o w is disruptedby currentdriveninstabilities. The
onsetof suchinstabilitiesmaylimit thelengthof the
acceleratiothannethatcanbepracticallybeimple-
mented.

As statedin the introduction,the presentwork is pri-
marily conceptualin nature— the necessarynodelling
effort enumeratedabove has not beencompleted. To
date the rst threeitemsenumeratedbove have beenad-
dressedo alimited extent; the resultsof thoseefforts are
presentedn the next section.

3 Modelling

3.1 Current sheet propagation

A 0-d plasmathrustercode(PTC1)wasdevelopedto ob-
tain a rough estimateof the expectedcurrentsheettra-
jectory. The codeis usedto solve the unsteadythruster
electricalcircuit equationscoupledwith a 1-d model of
the currentsheetdynamics. A schematicof the compu-
tationalelementds shown in Fig. 5. Thelumpedcircuit
elementgepresenthe following plasmathrustercompo-
nents:

C = capacitorcapacitance

R1=transmissionine resistance

R2 = “crowbar” resistance

R3= currentsheetresistance

L1 = capacitolinternalinductance

L2 = transmissiorine inductance

L3 = instantaneouthrusterinductance
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Figure4: a) Isometricview of completePRC-PPT1assemblyb) Cross-sectionf PRC-PPT lalischagechamber

Applying Kirchoff's circuit laws andNewton's second
law to the circuit illustratedin Fig. 5 resultsin ve rst-
ordersimultaneou®©DEs:

1)
(@)

(3)
(4)
()

where is theinstantaneoushage on the capacitor

is the inductancegradientin the thruster is the cur

rentsheetspeed, is theinstantaneousurrentsheetax-

ial position,and s theinstantaneoumassin the cur-

rentsheet.Coaxialelectrodesare assumedvith constant

T

Figure5: Computationatircuit elementof PTC1.

R3

L3

cross-sectiofnotaper),in which casetheinductancayra-
dientis constant[2]

(6)

where is the permeabilityof freespaceand and
arethe outerandinner electroderadii, respectiely. The
instantaneousurrentsheeimasss calculatedusingeither
aslugor snovplow model,asspeci ed by theuser Equa-
tions 1-5wereintegratedusingMatlah

The following circuit parametewalueswere usedto
simulatethe performancef PRC-PPT1a:
C=70 F
R1=0
R2=100
R3=
L1= H
L2 = H
An initial voltageof 37.8kV wasprescribed E = 50 kJ)
with 5 mg of lithium propellantloadedas a slug. The
outerelectrodeadiuswassetto 10 cmandtheinnerelec-
trode radiuswas setto 1 cm (the virtual cathodeis as-
sumedo form athin lament of currentalongthe center
line; atypical currentsheethicknesss assumed[1]3.

Figure6 shavs theresultsof the simulation. The cur-
rentwaveformis predictedto be over-dampedyeaching
a peakof aboutl MA with a pulselengthof about6 s.
The currentsheetis predictedto reacha terminal speed
of about110km/s over about50 cm of propagation.The
totalimpulsebit derivedduringasinglepulseis estimated
to beabout0.6 N-s.

Theresultsof the 0-d modelindicatethat PRC-PPT1a
will useon the orderof 5 mg of lithium per pulse,and
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Figure 6: Resultsof 0-d analysis: current,sheetspeed,
sheetposition,andthrustasa functionof time.

requirean anodelength (L ) of about50 cm. The over-
simpli cations inherentin the 0-d modelalmostcertainly

leadto an over-predictionof performancenevertheless,
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the resultsdo give us a startingpoint to begin more so-
phisticatecanalysis.

3.2 Lithium droplet decomposition

Basedon the resultsof the 0-d model we can begin to
estimatethe sizeof the rst stagepropellantfeedsystem
andcapacitorenegy requirement.

Thedensityof liquid lithium is 515kgm  [22]. Thus,
assuminga 5 mg/droplet, the diameterof the lithium
dropletwhichmustbeintroducednto theinjectoris found
tobe2.6 mm.

The enegy requiredto vaporizeand(singly)ionizethe
lithium dropletmay be estimatecdy calculatingthe num-
berof molesof lithium atomsin a5 mg sampleandmulti-
plying by the heatof vaporization(134.7kJ/mol)andthe
ionizationenegy (513.3kJ/mol)[2]. Thecalculationin-
dicatesthatabout460 J of enegy is needed- sizing the

rst stagecapacitorenegy to atleast0.5kJ.

3.3 First stage injection

The injection of the lithium plasmafrom the rst stage
into the secondstagedischage chamberwas modelled
usingthe2-D MHD codeMACH2[23. A computational
meshwhichuseshe PRC-PPTla&lectrodeggeometrywas
implemented.The thermalexpansionof 5 mg of lithium
propellant(1 eV initial temperaturefrom theinsideof the
hollow cathodewas simulated. The computationamesh
andthe spatialevolution of theinjectedplasmaattwo dif-
ferenttimesis illustratedin Fig. 7.

Theresultsof the simulationindicatethataboutninety
perceniof the propellantis evacuatedrom insidethe hol-
low cathodein about10 s. In aboutl2 s, asillus-
tratedin Fig. 7c,the plasma‘reaches’the outerelectrode
—thesecond-staganode We emphasiz¢hethattheterm
“reaches’is abit arbitrary;herewe have followedthetra-
jectory of the 1 mTorr pressurecontouruntil it contacts
theouterelectrodeandde ned thecorrespondingime to
bethetime requiredfor theplasmato bridgethegap.

Theuseof sucha powerful andcomplicatechumerical
tool asMACH2 to simulatethe rst-stage plasmainjec-
tion may seemto be someavhat of an “overkill”. How-
ever, we arepresentlyin the procesf implementingthe
electromagnetiandthe circuit simulatingcapabilitiesof
MACH2; the propellantloadingillustratedin Fig. 7 will
later sene as an initial conditionfor our full, unsteady
MHD simulations.
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a)

b)

c)

Figure7: MACH2 injectionsimulation:a) computational
grid layout,b) pressurdt=5 s),c) pressurgt=12 s).
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4 Conclusion

Designdetailsof a proposedigh-enegy (  50kJ/pulse),
two-stagepulsed plasmathrusterwere presented. The
long-termgoal of this projectis to develop a high-paver
( 500kW), high speci cimpulse( 7500s), highly ef -
cient( 50%), and mechanicallysimple thrusterfor use
as primary propulsionin a high-paver nuclearelectric
propulsionsystem. The proposedthruster(PRC-PPT1)
utilizesa valveless|iquid lithium-fed thermalplasmain-
jector( rst stage)followedby a high-enegy pulsedelec-
tromagneticacceleratofsecondstage).A numericalcir-
cuit model coupledwith one-dimensionaturrentsheet
dynamicsaswell asatwo-dimensionahumericalMHD
simulation,was usedto qualitatively predictthe thermal
plasmainjectionandcurrentsheetdynamicsaswell asto
estimateheprojectecperformancef thethruster There-
sultsof the 0-d circuit modelindicatethat ve milligrams
of propellantcan be acceleratedo 110 km/s in a half-
meterlong acceleratqrusinga capacitorbank enegy of
50kJ. While the0-d codeis likely to grosslyover-predict
theperformancef anactualthrusterit providesastarting
pointto begin moresophisticate@nalysis.

It is proposedhatuseof amoltenmetalpropellantand
a two-stageacceleratiorschemeprovides potentialben-
e ts which may be exploited to overcomemary of the
negative issuesassociatedvith PPTs,suchas propellant
utilization inef ciency and mechanicareliability. A set
of further modellingefforts, andthe experimentaltesting
of a prototypethruster is suggestedo determinethe fea-
sibility of demonstrating full scalehigh-powverthruster
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