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The phenomenon of current sheet canting in pulsed electromagnetic accelerators is the departure of the
plasma sheet (that carries the current) from a plane that is perpendicular to the electrodes to one that is
skewed (or tipped), which negatively impacts accelerator efficiency. In the present study, it is postulated
that depletion of plasma near the anode, which results from axial density gradient induced diamagnetic
drift, occurs during the early stages of the discharge, creating a density gradient normal to the anode, with
a characteristic length on the order of the ion skin depth. Rapid penetration of the magnetic field through
this region ensues, due to the Hall effect, leading to a canted current front ahead of the initial current con-
duction channel. Once the current sheet reaches appreciable speeds, entrainment of stationary propellant
replenishes plasma in the anode region, inhibiting further Hall-convective transport of the magnetic field;
however, the previously established tilted current sheet continues to drive plasma toward the cathode and
accumulate it there. This proposed sequence of events has been incorporated into a phenomenological
model. The model predicts that canting can be reduced by using low atomic mass propellants with high
propellant loading number density; the model results are shown to give good agreement with experimen-
tally measured canting angle mass dependence trends.
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Nomenc lature

B - magnetianductancgGauss]

J - currentdensity[A/cm?]

uq - diamagnetidrift velocity [cm/s]

Via - branch/anodeterfacevelocity [cm/s]
Vit - branch/trunknterfacevelocity [cm/s]

¢ - speedof light in vacuum[cm/s]

e - electronicchage[statcoulomb]

lsp - speci ¢ impulse[s]

L - trunkto anodeseparatiorjcm]

L. - characteristidensitygradientiength[cm]
ne - electronnumberdensity[#/cm—3]

n; - ion numberdensity[#/cm—3]

m; - ion atomicmasgg]

R. - corvective skin effect Reynoldsnumber
s - branch/trunko branch/anodexial separatioricm]
va - Alfv énspeedcm/s]

v, - Hall-corvective speedcm/s]

vp - resistve diffusionspeedcm/s]

« - systemmassper unit power [kg/kW]

d; - ion skindepth[cm]

7 - plasmaresistvity [Q2m]

6 - cantingangle[degrees]

wp - plasmafrequeny [rad/s]
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Pulsedelectromagnetiacceleratoraredeviceswhich

use intense bursts of electrical current [O(10* —

105) A] to createhigh speed[O(10° — 10°) m/s] jets
of plasma. They nd applicationas plasmasourcesin

mary basicplasmascienceexperiments[] aswell asin

aspeci c genreof electricspacepropulsiondevice called
the pulsedplasmathruster(PPT)[4. The presentwork

is motivated by the desireto improve the performance
of pulsedelectromagneti@cceleratorsn the context of

plasmapropulsion.

PPTshave the potentialfor ful lling the attitudecon-
trol requirement®n a spacecrafat greatlyreducednass
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 ablative propel-
lant (APPT). The gas-fedvariety hasthe advantage®f a
“clean” exhaustplumeandhigh speci c impulse.Theab-
lative versionof the PPTusesa solid propellant,suchas

Intr oduction

and overall easeof systemintegration; however, plume

contaminationand lower speci ¢ impulsemay limit the

applicationof APPTsfor somemissions.Themodelpre-

sentedin the presentstudyis relevantto pulsedelectro-
magnetiacceleratorst is thereforedescriptye of all GF-

PPTsand,possibly APPTsthatoperatén anelectromag-
neticacceleratiomegime([4].

2 Review of the Problem

2.1 De nition of the Problem

Thephenomenowof currentsheetcantingis thedeparture
of the currentsheetfrom perpendiculaattachmento the
electrodego a skewed, or tipped,attachmentlt is bestil-
lustratedby an example. Figure 1 shaws the evolution of
ahypotheticaBndarealcurrentsheenearthebreechof a
rectangulaigeometrypulsedelectromagnetiaccelerator;
outlinesof the electrodegthe cathodds the bottomelec-
trode)have beenaddedfor clarity. Ideally, we would like
thecurrentsheeto initiate atthebreech perpendiculato
the electrodesandremainso asit propagatesxially (as
illustratedon the left-handsideof the gure). In contrast,
theright-handsideof the gure shavstheexperimentally
obsened evolution of a dischage[§. As expected,the
currentsheets seento initiate at the breech;however, as
time progresseshe currentsheetis seento severely tilt,
or cant,asit propagates.

Canting createsoff-axis componentf thrust, which
constituteapro le loss.Considerthet = 8 us photograph
ontheright-handsideof Fig. 1. Assumingthatthe mag-
netic eld is uniform behindthe currentsheet,the force
on the top electrode(which is found by integrating the
magnetiqressur@ntheelectrodesurface)will begreater
than on the bottom electrode becausehe top electrode
hasmoresurfaceareaexposedo themagneticeld. This
trans\erseforce imbalancemay resultin an undesirable
torqueon a spacecraftvhich usesa PPT Also, consid-
ering the work doneby the currentsheet,it is clearthat
a cantedcurrentsheetwill applya forceto the propellant
trans\erseto thethrustaxisandthusexpendenegy which
is not corvertedinto usefulthrust.

In additionto causingan off-axis componenbf thrust,
currentsheetcantingmay underminehe effective sweep-
ing up of propellantasthe currentsheetpropagatesThe
effect of cantingmaybeto force the plasmaentrainedby
the currentsheetinto the cathodewhereit stagnatesnd
is thenleft behind. This behaior is suggestedy inter
ferometricdatathatshovs a denseplasmdayeralongthe
cathode that trails behindthe currentsheet[$. Indeed,
cantedcurrentsheetsnayact,undesirablylik e real snow-

Te on, to provide otheradvantagesuchascompactness plows — never accumulatingbut, rather throwing their
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Ideal Experiment

Figurel: Comparisorof idealandexperimentallyobsernedcurrentsheefpropagatior{from Markusic[4). In theideal
casejt is implied thattime t1<t2<t3<t4. The experimentaphotographsrefrom anargon (100 mTorr, uniform II)
dischagewith peakcurrentabout60kA. Outlinesof theelectrodefiave beeraddedor clarity; theverticalrectangular
elementon theright-handsideof the picturesis a structuralelementhatobstructedpticalaccess.

loadto thesideasthey passhy. mostreferencesdeing anecdotalin nature. A review of
While direct studiesof performancedegradationdue the earlierstudiescanbe foundin Markusic[3; the con-
to currentsheetcanting are needed the potentially ad- clusionsfrom thatreview canbe summarizedsfollows:
verseeffects ervisagedabove provide reasonablgusti -
cationfor pursuingatheoreticaktudyof thephenomenon.
By developinganunderstandingf thephysicalprocesses
which drive currentsheetcanting, we can develop pre-
scriptionsfor how to reducethe effect, and ultimately
provide guidancefor the designof betterpulsedplasma & Currentsheetsarealwaysobsenedto cantwith ni-
thrusters. trogenandargon propellant- irrespectve of geom-
etry (rectangularcoaxial, z-pinch, inversez-pinch,
andparallelrod), gaspressuregr currentlevel.

Currentsheetcanting always occursin an orienta-
tion suchthatthe anodecurrentattachmenteadsthe
cathodecurrentattachment.

2.2 Review of Past Research

a Uncantedhydrogenand deuteriumcurrent sheets
have beenobsenedbut only with speciallyprepared
electrodes.

Theliteraturefrom the early GFPPTresearcherésee for
example[7]-[11]) indicateghatcurrentsheetantingwas
a ubiquitousphenomenor- occurringin a variety of dif-
ferentelectrodegeometriesandexperimentalconditions. & lon currentconductionis believedto play animpor-
However, detailedtreatmenbf the subjects limited, with tantrole in establishinghe overall currentpattern.
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a4 Currentsheetsappearto exhibit invariant features
(e. g. anodefoot, cathodehook, and canting) over
a wide rangeof geometriespropellentspeciesgas
pressuresandcurrentlevels.

3

Below we presenta phenomenologicamodel for cant-
ing thatis motivatedby the obsenationslisted above as
well asreceniexperimentameasurements currentsheet
cantinganglesfor avarietyof propellants[$

Model Description

3.1 Current Conduction Phases

After initiation, theevolution of acurrentsheein anelec-
tromagneticacceleratocanbe divided into threephases:
stanation, branching,and snavplow phases. Figure 2
schematicallyillustratesthis evolution. Corresponding
photographdrom the experimentaktudy[q areshovn at
thetop of the gure. Thegrey objectsin theillustrations
are meantto illustrate the spatial extentsof the current
sheetplasma.Thesolid linesbehindthe currentsheetare
meantto representmagnetic ux tubes(i.e., the amount
of magnetic ux containedbetweenconsecutie pairs of
linesis constanfrom frame-to-frame).

The rst illustration in Fig. 2 shows the initiation of
the currentsheetat the breechof the acceleratar In il-
lustration?2 the currentsheetis shovn shortly after initi-
ation. The plasmain the region nearthe anodebecomes
severely depleteddueto massmotion of the uid toward
the cathodeg(for reasongo be explainedlater). This rst
phaseis termedthe “starvation phase”,borrowing termi-
nology from a phenomenorobsered in MPD thrusters
called“anodestanation” (whichis dueto asomavhatdif-
ferentphysicalmechanism)[1R

Betweenillustrations2 and 3 the plasmanearthe an-
odebecomesotenuoughatit canno longercontainthe
magnetic eld behindit. In a sensethe currentsheet
can be thoughtof as a thin membrang(like a balloon)
thatcontainsa high pressurémagnetic uid”. Whenthe
plasmanearthetheanodebecomesufciently “thin”, the
membranejuickly expandspr rupturesallowing thecon-
tainedmagnetic ux to rapidly streamthrough. Theini-
tial currentchannelhenceforthreferredto asthe“trunk”)
becomeshifurcated along the anode, as the streaming
magnetic ux (andassociatedgurfacecurrent)propagate
aheadof the original currentattachmenpoint; this inter-
faceforms a new conductionpath for the currentsheet
which connectghe trunk to the anode(this newv conduc-
tion pathwill bereferredto asthe “branch”). The nenly
formed branchand trunk form what was referredto by
earlier researcheras the “anode foot”. Eventually the
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trunk becomesmagneticallyinsulated(as the magnetic
eld wrapsaroundthe top of the trunk, transportfrom

thetop of thetrunk to the anodeis impededby thetrans-
versemagneticeld) from theanodewhereuporall of the
current o ws throughthebranch.

The branch propagatesborroving from shock-tube
parlanceasa contactdiscontinuity with theanodeasone
wall andthe trunk asthe othetr The magneticpressure
drivesthe contactpoint down alongthe branch-trunkin-
terfaceandforward alongthe branch-anodaterface,re-
sultingin a cantedcurrentsheet. Anodestanationoccurs
toalesserextentin thebranchbecausé continuallyprop-
agatesnto afreshsupplyof propellant(the branch-anode
interfaceis replenishedvith propellantfrom the dynamic
pressureassociatedvith its substantiabxial speed).On
the otherhand,theinitial currentsheet(thetrunk), is un-
ableto avoid anodestanation becausef its slow initial
speed.As a nal noteon the branchingphasethe mag-
netic pressurebetweenthe branchand the trunk causes
the trunk to deforminto the hook-like structurereported
in mary studiesthehookis simply a vestigeof theinitial
currentsheet.

The branching phaseends when the bottom of the
branchreacheghe cathodeandthe nal phasgasshovn
in illustration 5), the snowvplow phase pegins. The mag-
netic pressuras uniformly distributed on the back face
of the cantedcurrentsheetandthe currentsheetis suf-
ciently densein all areago preventfurther eld leakage.
The currentsheetthusremainsat a fairly constantcant-
ing angleduringtheremainderof its propagationThetilt
of the currentsheetcausest to exert a cathode-directed
componenbf theJ x B force densityon all of the pro-
pellantwhich is subsequentlgweptup. As aresult,the
propellantis preferentiallydirectedtoward the cathode,
whereit accumulatesThis “mass-funnelling’may cause
elevatedplasmapressurealong the cathode- leadingto
expansiorof thepropellantinto theregion behindthecur
rentsheet. A structurein the form of a plasma“bubble”
behindthe currentsheetcouldform and,overtime, grow
largeenoughto spantheentiregapbetweertheanodeand
cathodeandcausea “restrike”, which effectively shortcir-
cuitstheinitial currentsheet.

3.2 Terminal Canting Angle

Currentsheetcantingresultsfrom a disparityin the axial
propagatiorspeedbetweerthe branch-anodandbranch-
trunkinterfaces.Thebranch-anodnterfacemovesfaster
andthe currentchannekonnectinghe anodeto thetrunk
formsacantedcurrentsheet.

The canting angle, 6(7), continuouslyevolves from
zeroto its terminal ( nal) value, 6, during the branch-
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Figure2: lllustrationof a modelshaving currentconductionphasesvhich leadto a cantedcurrentsheet.

ing phase. The sererity of the cantingdependson the
relative magnitudeof the branch-anodendbranch-trunk
interface velocities. The terminal cantingangle canbe
predictedby calculatingthe trajectoriesof two pointson
the branch: the branch-trunkinterface point (point BT)
andthe branch-anod@terfacepoint (point BA). The el-
ementsof the modelare schematicallyillustratedin Fig.
3. The gure shaws “snapshots’of the currentsheetat
several differenttimes. The branchcomesinto existence
atsometime¢,; thepointsBA andBT areassumedo ini-
tially beseparatetby thedistancd.. ThepointBA moves
with velocity v, = |Vba|Z. ThepointBT hastwo veloc-
ity componentsyy, = |V | sin 82+ | vy | cos 89, because
the ux tubesthatwrap aroundthis point (seeframes3
and4 of Fig. 2) exert both axial andtrans\ersecompo-
nentsof magnetigressuredriving thepointbothforward
anddownward. The branchingphaseis assumedo ter-
minatewhenthe point BT reacheghe cathodeg(indicated
by time t; in the gure). The predictedterminalcanting

angle(d;) is calculatedusingthe axial separatiorof the
pointsBA andBT (s in the gure) attimet;. Foragiven
electrodeseparatioristanceh:

_ —1 (8
0f = tan (h) , Q)
ty
s = / (|vbal — |Vbt| sin@)dr , (2)
0
ty
h-L= / [Vit| cosOdT . (3)
0

Assuming|vy,,| and|vy,| areknown, Egns.1-3 canbe
numericallyintegratedto yield the predictedcantingan-
gle. Thevaluesof |vy,| and|vy| mustcomefrom phys-
ical modelsthat describecurrentsheetpropagation. In
the next sectionwe make argumentsfor the appropriate
choiceof valuesfor theseconstants.
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Figure3: Schematiof currentsheetcantinganglecalculationelementgrectangulageometry).

4 Current Sheet Propagation
4.1 Propagation Speed

An idealcurrentsheetformsat the discontinuitybetween
avacuumregion lled with expandingmagneticux and
a conductve, relatively ux-free plasma. The extentto
which the magnetic eld penetratesnto the plasmade-
pendson the thermodynamicstateof the plasma. Clas-
sically, two extreme casescan be distinguished. If the
plasmais highly conductve, the penetratiorof the elds
is con ned to athin layerof thicknesson the orderof the
electronskin depthandthe plasmais pushedby the mag-
netic pressurgsnavplowed) with a characteristicspeed
givenby the Alfv énspeed[13

o B
va = \/47mimi ’

where B is the magneticinductancen; is the ion den-
sity, andm; is the atomic massof the ions. If, on the
other hand, the plasmais highly resistive, the magnetic
eld simply diffusesthroughthe plasma(withoutimpart-
ing signi cant momentumwith characteristispeed[13

(4)

c?n
47TLD ’

(5)

Vp =

wherec is the speedof light in vacuum,y is the plasma
resistiity, and Lp is thecharacteristidiffusionlength.

4.2 Hall Effect Enhanced Field Penetration

Fruchtmaretal.[14, 15, 16] describeamechanisnfior fast
magneticeld penetratiorinto aplasmawhichis indepen-
dentof theresistvity, andwhichthey call the“convective
skin effect”. The mechanisnresultsfrom the Hall elec-
tric eld, whichallowsthemagneticeld to penetratéhe
plasmawith characteristicpeed

_ (B/ncec)

= L. (6)

Ve

where—e is theelectronchageand L is thecharacteris-
tic lengthof adensitygradient(trans\erseto thepropaga-
tion direction)in theplasma.Thetermny = B/n.ec can
bethoughtof asa“Hall resistvity”. Aswith corventional
plasmaresistvity, the Hall resistvity allowsthe magnetic
eld to rapidly propagatehrougha plasmawithout im-
parting signi cant momentumto the ions (the Hall re-
sistivity is, however, non-dissipatie). The Hall effect-
enhancednagnetic eld penetrationwill occurwhena
densitygradientoccursin the (pushedplasmawith char
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acteristicdimensionof the orderof theion skin depth,

m;c2
4nn;e?

Also, a parameterequivalentto the magneticReynolds
numbercanbe de ned, which is the ratio of the plasma
pushingspeedwv, ) tothe eld penetratiorspeedv.):

0;

(7)

47, e2 L
Re=2 = [T .=, ®)
Ve m;c 0;

Equation8 shavsusthatwhenL is lessthantheion skin
depth, eld penetratiordominatesverpushing.

4.3 Diamagnetic Drift and Anode Starvation

Thesequencef events,describedn section3.1,thatlead
to a cantedcurrentsheetareinitiated by depletionof the
conductingplasmain the vicinity of the anode. In this
sectionwe describeone mechanisnthat may drive this
depletionprocessdiamagnetiarift.

Oneof the mostconspicuougphysicaltraits of current
sheetsare the large gradientsin both the eld strengths
andthermodynamictatevariablesthatoccuracrosst. It
is thereforenaturalto rst checkthe in uence of these
abrupttransitionson the phenomenorof interest.In cur
rent sheetsthe gasdynamigressureand magnetic eld
gradientsare generallyquite large. Plasmapressurgyra-
dientstrans\erseto magneticelds givesriseto motionof
theplasmain adirectionperpendiculato boththeB eld
andthe pressuregradient. For example,a simpli ed ver-
sion of the uid momentumequationfor the j;;, plasma
speciegyivesthe componenbdf velocity perpendiculato
themagneticeld[17]:

_ExB Vp;xB

= 9
Ulj B2 4;n; B2 ©)
NV —
ug

uqg

The rst termin Eqn.9is the E x B drift (ug) andthe
secondermis thediamagnetidrift (u,;). Thedirectionof
ug isthesamefor bothionsandelectrongut thediamag-
neticdrift directionis seento be chaige dependentWith
the anodeon top asillustratedin Fig. 3, E is directedin
the —g direction,andB is directedin —2 directionsothat
uy is directedin the+2 direction. Similarly, with Vp in
the +2 direction,for ions,u, is directedin the —¢ direc-
tion, or away from theanodethroughouthecurrentsheet.
Sincemostof the plasmainertiais carriedby theions,
thesimpli ed analysisabove indicatesthatcurrentsheets
with large pressureyradientsn theaxial directionwill in-
duceuid o w awayfromtheanode We proposehatthis
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massmotion canleadto anodestanation and the Hall-
enhanced eld penetrationdescribedin the previous
section. The speedof the currentsheetalongthe anode
will be givenby Eqn. 6. In orderto calculatethe Hall-
cornvectivespeedthescaleength, L., for thediamagnetic
drift induceddensitygradientnormalto the anodemust
beknown. In the analyticaltheoryof Fruchtman[14 this
scalelengthis de ned asL. = {(d/dy)In[n.(y)]} '. In
orderto make cantinganglepredictionseitherthe func-
tional form of the electrondistribution near the anode
mustbe providedfrom a model,or scalelengthestimates
canbemadeusingexperimentadata.

5 Model Results

Referringagainto Fig. 3, if we assumehatthe branch-
trunk interface motion is governedby plasmapushing
(|vbt| = va), andthatthe branch-anodéterfacemotion
is governedby Hall-corvective transport(|vy,| = ve),
thenEqgns. 1-3 canbe integratedto yield the cantingan-
glefor agivenpropellanatomicmassjon numbermensity
andcharacteristidensitygradientength.

If we simplify the modelby assumindi>>L andelimi-
natetheinstantaneouangular(#) dependencef thepoint
BT trajectoryby assuminghatvy,, = vaZ+wvay, thepre-
dictedcantinganglecanbewrittenin closedform:

1-— R,

0; =tan * )
f an <Rc>

Thisapproximatesxpressioris foundto yield cantingan-
glevaluesto within ~+25%o0f thenumericallyintegrated
results.

Thenumericallyintegratedmodelresultsaredisplayed
in Fig. 4. Contoursof constanttantinganglefor the the
atomic massand numberdensity regime of interestfor
GFPPTsareplotted. We have x edh=5cmandL.=0.1
cm, which aretypical valuesfor a GFPPT asdiscussed
belon. Themodelpredictsncreasedantingwith increas-
ing atomicmassanddecreasingiumberdensity

(10)

5.1 Comparison with Experiment

In an earlierstudy[§ we measuredusinginterferometry
and magnetic eld probes)the cantingangle of current
sheetausinga variety of differentpropellantghydrogen,
deuterium,methane helium, neon, argon, krypton, and
xenon)andpressurdevels(75,200,and400mTorr). The
acceleratowasrectangulain geometrywith dimensions
5x10x60cm (heightx widthx length).We alsomeasured
thecurrentsheespeedB- eld, electrondensity andelec-
tron temperature Thesedatacanbe usedto estimatev
andv.. Thediamagnetidrift speedwvasestimatedo be
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Figure4: Cantingmodelresults:contoursof constantantingangle(h=5cm,L. = 0.1 cm).

lug| ~ O(1073) m/s. The characteristidime for the

branchingphasewas obsered to be t, ~ O(107°) s,

whichimpliesthatdiamagnetidrift is capableof displac-
ing plasmaaway from the anodeabout|ugq|t, ~ 0.1 cm

duringthebranchingphase Thereforewetake L. ~ 0.1

cm asthe order of magnitudeof the nearanodedensity
gradient. The magnitudeof this characteristidengthis

perhapsnot surprising,sincethe experimentalmeasure-
mentsyield a comparablesstimatefor the axial charac-
teristiclength,n/Vn. Usingthe electrondensitydatawe

foundthatn/Vn ~ 0.1 cm for all caseswhich is the

sameorderof magnitudeasour estimatechormalcharac-
teristiclength.

Using the averageexperimentally measurednumber
density (~1 x 10*® cm=3) and the diamagneticdrift-
induced characteristicdensity gradientlength (L.~0.2
cm), we can calculatethe predictedcantingangle as a
functionof the propellantatomicmass.This curve, along
with all of theexperimentalatapointsareshovnin gure

5. The gure shaws thatthe modelcaptureghe general
trendof theexperimentadata;the modelpredictsthatthe
cantinganglewill initially rapidly increasewith propel-
lantatomicmassandthentaperoff towardamoreasymp-
totic trendfor higheratomicmasspropellants.Theseare
thesametrendsthatareseenin theexperimentadata.

It is not surprisingthat the model doesnot give pre-
cise quantitatve agreementvith the datafor the higher
atomic masspropellants. The model predictsthe “worst
casescenario”,or maximumexpectedcantingangle,be-
causeahesimpli cation in themodelthatallows the point
BA to propagatewith velocity v. alongits entiretrajec-
tory probablydoesnot completelycapturethe comple-
ity of the actualnearanodebehaior. In the real accel-
erator the branchanodeattachments likely to transition
continuouslyfrom the Hall-corvective behaior backto
plasmapushing— asit picks up speedandthe incoming
propellantobliteratesthe anodedensity gradient. If we
wereto modify the modelto divide the branchtrajectory



MARKUSIC, CHOUEIRI: CURRENTSHEETCANTING MODEL

90 —

80 —

70 ° ]
‘o
o]
O 60—
)
)
S,
o 50
[=)
s
o 40 ®  experimenf
g model
@
S 30

20 — {

typical error bar
10—
O -
I I I I I I I
0 20 40 60 80 100 120

propellant atomic mass [amu]

Figure5: Comparisorof modelandmeasureaurrentsheetcantingangle[g versuspropellantatomicmass.

into, say two parts(half Hall-corvective andhalf plasma
pushing) the effectwould be to causethe modelcurve to
bend-wer morerapidly and comeinto closeragreement
with the data. But, in light of the rathercrudeorder of
magnitudeestimatesusedthroughoutthis analysis,fur-
ther re nement of the modelis not warranted. The im-
portantpoint is thatthe simplestmodel,which embodies
theessencef theproposeghysicalprocessesccurately
picks up the trendsin the experimentaldata and gives
fairly closequantitatve agreement.

6 Discussion and Conclusions

The proposedcurrentsheetcanting model can be sum-
marizedas follows. Physically Fruchtmans model[15
shavs thatthe Hall effect canleadto aneffective mecha-
nism for magnetic eld transportwhena non-uniformity
(i.e.,adensitygradient)appearsn a plasmathatis being
pushedby the eld. This agumentis formally derived
throughthe EMHD uid equations[1}f In particular in-
clusion of the Hall term in the generalizedOhm's law
leadsto a termin the equationfor the time-evolution of
the magneticeld thatallows for the rapid corvectionof
magneticeld throughthe plasma,without displacement

of theions, with characteristicpeedv.. This competes
with the corvectionof the magnetic eld wheretheions

aredisplacedthatis plasmapushing,which hascharac-
teristicspeedvs . Consideratiorof therelatve magnitude
of eacheffect revealsthat the Hall-corvective penetra-
tion becomegomparablén magnitudeo plasmapushing
whena densitygradientof scalelengthcomparabléo the

ion skin depthappears.

In our fast eld penetratiorcantingmodelwe propose
thatsucha densitygradientdoesarisealongthe anodeof
the acceleratoidue to diamagnetiadrift, allowing local-
ized rapid penetratiorof the magnetic eld andthe for-
mationof two distinct currentcarrying structureswhich
we call the branchandthe trunk. Currentsheetcanting
resultsfrom a disparityin the axial propagatiorspeede-
tweenthe branch-anodandbranch-trunknterfaces.The
branch-anodmterfacemovesfasterandthecurrentchan-
nel connectinghe anodeto the trunk formsa cantedcur-
rentsheet. The cantinganglecontinuouslyevolvesfrom
zeroto its terminalvalueduringthe branchingphase The
severity of the cantingdepend®n the relative magnitude
the branch-anodend branch-trunkinterface velocities.
The variationsin theion skin depthsamongthe different
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propellantgtheion skindepthis proportionako /m; /n;)
leadsto differentHall-corvective eld penetratiorspeeds,
andhencedifferent nal cantingangles.

Theresultsof this studyprovide practicalguidanceIn
coaxialacceleratora simpledesignrule canimmediately
be stated: the outer electrodeshould always be the an-
ode. In the coaxialgeometrythe 1 /72 variationin mag-
netic pressurgredisposeshe currentsheetto run faster
alongthe inner electrode;by makingthe inner electrode
theanodethis undesirablesituationwould only beampli-

ed becausef the naturaltendeng of the currentsheet

to move fasteralongtheanode But, if the outerelectrode
is madeto be the anode,someantagonismbetweenthe
two effectsmightbeestablishedvhereinthe non-uniform
magnetiqressureffectcouldbecounteractetly theten-
deng of the currentsheeto move fasteralongtheanode,
leadingto anon-cantedturrentsheet.

GFPPTsshould use low atomic masspropellantsat
high pressureto avoid performancelossesdue to cur
rent sheetcanting. Hydrogenwould seemto be the best
choice;however, hydrogeris notanideal PPTpropellant,
dueto thedif culty of handlingcryogenicpropellantson
a spacecraft. To practically exploit the bene ts of low
currentsheetcantingwhich resultsfrom the use of hy-
drogenathigh pressurealkanesywith their hydrogen-rich
Cwn H, 4o Structure,may be a naturalchoice. Methane
wastestedaspartof theexperimentaktudyandwasfound
to havethesamereducedtantingbehaior (athigherpres-
sures)as hydrogen. Furthertestsare neededon longer
chainhydrocarbons.If butane,for example,is found to
exhibit similar behavior, it will be an appealingGFPPT
propellanton two levels. In additionto the aforemen-
tioned cantingbene ts, butanecanbe storedasa liquid
underrelatively low pressureatroomtemperaturethere-
fore, abutanepropellantsystenwill have amuchsmaller
speci ¢ volume (smallerfuel tank andfeedsystem)than
a high pressuregassystem,and provide a lower overall
systema.
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