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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 - magneticinductance[Gauss]
J - currentdensity[A/cm 	 ]
u 
 - diamagneticdrift velocity [cm/s]
v �
� - branch/anodeinterfacevelocity [cm/s]
v ��� - branch/trunkinterfacevelocity [cm/s]
c - speedof light in vacuum[cm/s]
e - electroniccharge[statcoulomb]
I ��� - speci�c impulse[s]
L - trunk to anodeseparation[cm]
L � - characteristicdensitygradientlength[cm]
n� - electronnumberdensity[#/cm��� ]
n� - ion numberdensity[#/cm��� ]
m� - ion atomicmass[g]
R� - convectiveskineffectReynoldsnumber
s - branch/trunkto branch/anodeaxial separation[cm]��� - Alfv énspeed[cm/s]� � - Hall-convectivespeed[cm/s]��� - resistivediffusionspeed[cm/s]� - systemmassperunit power [kg/kW]� � - ion skindepth[cm] - plasmaresistivity [ ! m]"

- cantingangle[degrees]# � - plasmafrequency [rad/s]

1 Intr oduction

Pulsedelectromagneticacceleratorsaredeviceswhich
use intense bursts of electrical current [ $&%('*),+.-'*),/
0 A] to createhigh speed[ $&%('*)1�2-3'*),4
0 m/s] jets

of plasma. They �nd applicationas plasmasourcesin
many basicplasmascienceexperiments[1] aswell as in
a speci�c genreof electricspacepropulsiondevicecalled
the pulsedplasmathruster(PPT)[2]. The presentwork
is motivatedby the desireto improve the performance
of pulsedelectromagneticacceleratorsin the context of
plasmapropulsion.

PPTshave the potentialfor ful�lling the attitudecon-
trol requirementson a spacecraftat greatlyreducedmass
andcost.They arealsobeingconsideredfor constellation
maintenancefor missionssuchasinterferometricimaging
of theEarthfrom spaceor deepspacefrom anEarthorbit
(c.f., Polzinet al[3]). Thebene�tsof PPTsaretheir sim-
plicity, verysmallimpulsebitsfor precisecontrolof satel-
lite motion, reliability, and high speci�c impulse. Two
classi�cationsof PPTsexist, correspondingto the form
of propellantused: gas-fed(GFPPT)or ablative propel-
lant (APPT).Thegas-fedvarietyhastheadvantagesof a
“clean” exhaustplumeandhighspeci�c impulse.Theab-
lative versionof thePPTusesa solid propellant,suchas
Te�on, to provide otheradvantagessuchascompactness

and overall easeof systemintegration; however, plume
contaminationand lower speci�c impulsemay limit the
applicationof APPTsfor somemissions.Themodelpre-
sentedin the presentstudy is relevant to pulsedelectro-
magneticaccelerators;it is thereforedescriptiveof all GF-
PPTsand,possibly, APPTsthatoperatein anelectromag-
neticaccelerationregime[4].

2 Review of the Problem

2.1 De�nition of the Problem

Thephenomenonof currentsheetcantingis thedeparture
of thecurrentsheetfrom perpendicularattachmentto the
electrodesto askewed,or tipped,attachment.It is bestil-
lustratedby anexample.Figure1 shows theevolution of
ahypotheticalandarealcurrentsheetnearthebreechof a
rectangular-geometrypulsedelectromagneticaccelerator;
outlinesof theelectrodes(thecathodeis thebottomelec-
trode)havebeenaddedfor clarity. Ideally, we would like
thecurrentsheetto initiateat thebreech,perpendicularto
theelectrodes,andremainsoasit propagatesaxially (as
illustratedon theleft-handsideof the�gure). In contrast,
theright-handsideof the�gure showstheexperimentally
observed evolution of a discharge[6]. As expected,the
currentsheetis seento initiate at thebreech;however, as
time progresses,thecurrentsheetis seento severely tilt,
or cant,asit propagates.

Cantingcreatesoff-axis componentsof thrust, which
constituteapro�le loss.Considerthet = 8 5 sphotograph
on theright-handsideof Fig. 1. Assumingthat themag-
netic �eld is uniform behindthe currentsheet,the force
on the top electrode(which is found by integrating the
magneticpressureontheelectrodesurface)will begreater
thanon the bottom electrode,becausethe top electrode
hasmoresurfaceareaexposedto themagnetic�eld. This
transverseforce imbalancemay result in an undesirable
torqueon a spacecraftwhich usesa PPT. Also, consid-
ering the work doneby the currentsheet,it is clear that
a cantedcurrentsheetwill applya forceto thepropellant
transverseto thethrustaxisandthusexpendenergywhich
is notconvertedinto usefulthrust.

In additionto causinganoff-axis componentof thrust,
currentsheetcantingmayunderminetheeffectivesweep-
ing up of propellantasthecurrentsheetpropagates.The
effect of cantingmaybeto forcetheplasmaentrainedby
the currentsheetinto the cathodewhereit stagnatesand
is thenleft behind. This behavior is suggestedby inter-
ferometricdatathatshowsadenseplasmalayeralongthe
cathode,that trails behindthe currentsheet[5]. Indeed,
cantedcurrentsheetsmayact,undesirably, likerealsnow-
plows – never accumulatingbut, rather, throwing their
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Figure1: Comparisonof idealandexperimentallyobservedcurrentsheetpropagation(from Markusic[5]). In theideal
case,it is implied thattime t1 6 t2 6 t3 6 t4. Theexperimentalphotographsarefrom anargon(100mTorr, uniform �ll)
dischargewith peakcurrentabout60kA. Outlinesof theelectrodeshavebeenaddedfor clarity; theverticalrectangular
elementon theright-handsideof thepicturesis astructuralelementthatobstructedopticalaccess.

loadto thesideasthey passby.
While direct studiesof performancedegradationdue

to currentsheetcantingare needed,the potentially ad-
verseeffectsenvisagedabove provide reasonablejusti�-
cationfor pursuingatheoreticalstudyof thephenomenon.
By developinganunderstandingof thephysicalprocesses
which drive currentsheetcanting,we can develop pre-
scriptionsfor how to reducethe effect, and ultimately
provide guidancefor the designof betterpulsedplasma
thrusters.

2.2 Review of Past Research

Theliteraturefrom theearlyGFPPTresearchers(see,for
example,[7]-[11]) indicatesthatcurrentsheetcantingwas
a ubiquitousphenomenon– occurringin a varietyof dif-
ferentelectrodegeometriesandexperimentalconditions.
However, detailedtreatmentof thesubjectis limited, with

most referencesbeinganecdotalin nature. A review of
theearlierstudiescanbe found in Markusic[5]; thecon-
clusionsfrom thatreview canbesummarizedasfollows:

â Currentsheetcantingalways occursin an orienta-
tion suchthattheanodecurrentattachmentleadsthe
cathodecurrentattachment.

â Currentsheetsarealwaysobserved to cantwith ni-
trogenandargonpropellant– irrespective of geom-
etry (rectangular, coaxial, z-pinch, inversez-pinch,
andparallelrod),gaspressure,or currentlevel.

â Uncantedhydrogenand deuteriumcurrent sheets
havebeenobservedbut only with speciallyprepared
electrodes.

â Ion currentconductionis believedto play an impor-
tantrole in establishingtheoverallcurrentpattern.
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â Current sheetsappearto exhibit invariant features
(e. g. anodefoot, cathodehook, and canting)over
a wide rangeof geometries,propellentspecies,gas
pressures,andcurrentlevels.

3 Model Description

Below we presenta phenomenologicalmodel for cant-
ing that is motivatedby the observationslisted above as
well asrecentexperimentalmeasurementsof currentsheet
cantinganglesfor avarietyof propellants[5].

3.1 Current Conduction Phases

After initiation, theevolutionof acurrentsheetin anelec-
tromagneticacceleratorcanbedividedinto threephases:
starvation, branching,and snowplow phases. Figure 2
schematicallyillustratesthis evolution. Corresponding
photographsfrom theexperimentalstudy[5] areshown at
thetop of the �gure. Thegrey objectsin the illustrations
are meantto illustrate the spatialextentsof the current
sheetplasma.Thesolid linesbehindthecurrentsheetare
meantto representmagnetic�ux tubes(i.e., the amount
of magnetic�ux containedbetweenconsecutive pairsof
linesis constantfrom frame-to-frame).

The �rst illustration in Fig. 2 shows the initiation of
the currentsheetat the breechof the accelerator. In il-
lustration2 thecurrentsheetis shown shortlyafter initi-
ation. The plasmain the region neartheanodebecomes
severelydepleteddueto massmotionof the �uid toward
thecathode(for reasonsto beexplainedlater). This �rst
phaseis termedthe “starvationphase”,borrowing termi-
nology from a phenomenonobserved in MPD thrusters
called“anodestarvation” (whichis dueto asomewhatdif-
ferentphysicalmechanism)[12].

Betweenillustrations2 and3 the plasmanearthe an-
odebecomessotenuousthat it canno longercontainthe
magnetic�eld behind it. In a sensethe current sheet
can be thoughtof as a thin membrane(like a balloon)
thatcontainsa high pressure“magnetic�uid”. Whenthe
plasmanearthetheanodebecomessuf�ciently “thin”, the
membranequickly expands,or ruptures,allowing thecon-
tainedmagnetic�ux to rapidly streamthrough. The ini-
tial currentchannel(henceforthreferredto asthe“trunk”)
becomesbifurcatedalong the anode,as the streaming
magnetic�ux (andassociatedsurfacecurrent)propagate
aheadof theoriginal currentattachmentpoint; this inter-
faceforms a new conductionpath for the currentsheet
which connectsthe trunk to theanode(this new conduc-
tion pathwill bereferredto asthe“branch”). Thenewly
formed branchand trunk form what was referredto by
earlier researchersas the “anodefoot”. Eventually the

trunk becomesmagneticallyinsulated(as the magnetic
�eld wrapsaroundthe top of the trunk, transportfrom
thetop of thetrunk to theanodeis impededby thetrans-
versemagnetic�eld) from theanodewhereuponall of the
current�o ws throughthebranch.

The branch propagates,borrowing from shock-tube
parlance,asacontactdiscontinuity, with theanodeasone
wall and the trunk as the other. The magneticpressure
drivesthecontactpoint down alongthebranch-trunkin-
terfaceandforwardalongthebranch-anodeinterface,re-
sultingin a cantedcurrentsheet.Anodestarvationoccurs
toalesserextentin thebranchbecauseit continuallyprop-
agatesinto a freshsupplyof propellant(thebranch-anode
interfaceis replenishedwith propellantfrom thedynamic
pressureassociatedwith its substantialaxial speed).On
theotherhand,the initial currentsheet(thetrunk), is un-
ableto avoid anodestarvation becauseof its slow initial
speed.As a �nal noteon the branchingphase,themag-
netic pressurebetweenthe branchand the trunk causes
the trunk to deforminto the hook-like structurereported
in many studies;thehookis simplyavestigeof theinitial
currentsheet.

The branchingphaseends when the bottom of the
branchreachesthecathodeandthe�nal phase(asshown
in illustration5), thesnowplow phase,begins. Themag-
netic pressureis uniformly distributed on the back face
of thecantedcurrentsheetandthe currentsheetis suf�-
ciently densein all areasto preventfurther �eld leakage.
The currentsheetthusremainsat a fairly constantcant-
ing angleduringtheremainderof its propagation.Thetilt
of the currentsheetcausesit to exert a cathode-directed
componentof the 798;: forcedensityon all of the pro-
pellantwhich is subsequentlysweptup. As a result, the
propellantis preferentiallydirectedtoward the cathode,
whereit accumulates.This “mass-funnelling”maycause
elevatedplasmapressurealongthe cathode– leadingto
expansionof thepropellantinto theregionbehindthecur-
rentsheet.A structurein the form of a plasma“bubble”
behindthecurrentsheetcouldform and,over time,grow
largeenoughto spantheentiregapbetweentheanodeand
cathodeandcausea“restrike”, whicheffectivelyshortcir-
cuitstheinitial currentsheet.

3.2 Terminal Canting Angle

Currentsheetcantingresultsfrom a disparityin theaxial
propagationspeedbetweenthebranch-anodeandbranch-
trunk interfaces.Thebranch-anodeinterfacemovesfaster
andthecurrentchannelconnectingtheanodeto thetrunk
formsa cantedcurrentsheet.

The canting angle,
" %�<=0 , continuouslyevolves from

zero to its terminal (�nal) value,
",>

, during the branch-
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Figure2: Illustrationof a modelshowing currentconductionphaseswhich leadto a cantedcurrentsheet.

ing phase. The severity of the cantingdependson the
relative magnitudeof thebranch-anodeandbranch-trunk
interfacevelocities. The terminal cantinganglecan be
predictedby calculatingthe trajectoriesof two pointson
the branch: the branch-trunkinterfacepoint (point BT)
andthebranch-anodeinterfacepoint (point BA). Theel-
ementsof themodelareschematicallyillustratedin Fig.
3. The �gure shows “snapshots”of the currentsheetat
severaldifferenttimes. Thebranchcomesinto existence
atsometime ?A@ ; thepointsBA andBT areassumedto ini-
tially beseparatedby thedistanceL. ThepointBA moves
with velocity BC�
�EDGF BC�
�HFJIK . Thepoint BT hastwo veloc-
ity components,BL���MDGF BC���*F(NAO P " IKRQ F BC���*F(S�T1N " IU , because
the �ux tubesthat wrap aroundthis point (seeframes3
and4 of Fig. 2) exert both axial andtransversecompo-
nentsof magneticpressure,driving thepointbothforward
anddownward. The branchingphaseis assumedto ter-
minatewhenthepoint BT reachesthecathode(indicated
by time ? > in the �gure). Thepredictedterminalcanting

angle(
"V>

) is calculatedusingthe axial separationof the
pointsBA andBT ( W in the�gure) at time ? > . For a given
electrodeseparationdistanceh:"V> D9XZYVP �L[]\ N^M_a` (1)

NbDdcfeJgh %iF BC�
�jFk-lF BC���kF(NAO P " 0(mj< ` (2)

^ -.noDac eJgh F BC���*F(S�T1N " mj<qp (3)

Assuming F BC�
�HF and F BC���*F areknown, Eqns.1-3 canbe
numericallyintegratedto yield the predictedcantingan-
gle. Thevaluesof F BL�
�HF and F BC���*F mustcomefrom phys-
ical modelsthat describecurrentsheetpropagation. In
the next sectionwe make argumentsfor the appropriate
choiceof valuesfor theseconstants.
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Figure3: Schematicof currentsheetcantinganglecalculationelements(rectangulargeometry).

4 Current Sheet Propagation

4.1 Propagation Speed

An idealcurrentsheetformsat thediscontinuitybetween
a vacuumregion �lled with expandingmagnetic�ux and
a conductive, relatively �ux-free plasma. The extent to
which the magnetic�eld penetratesinto the plasmade-
pendson the thermodynamicstateof the plasma. Clas-
sically, two extremecasescan be distinguished. If the
plasmais highly conductive, thepenetrationof the �elds
is con�ned to a thin layerof thicknesson theorderof the
electronskin depthandtheplasmais pushedby themag-
netic pressure(snowplowed) with a characteristicspeed
givenby theAlfv énspeed[13],���.r st u,vCw ��xy� ` (4)

where s is the magneticinductance,
w � is the ion den-

sity, and xy� is the atomic massof the ions. If, on the
other hand,the plasmais highly resistive, the magnetic
�eld simplydiffusesthroughtheplasma(without impart-
ing signi�cant momentum)with characteristicspeed[13]���zr|{ 	  u,vL} � ` (5)

where { is the speedof light in vacuum, is the plasma
resistivity, and

} � is thecharacteristicdiffusionlength.

4.2 Hall Effect Enhanced Field Penetration

Fruchtmanetal.[14, 15, 16] describeamechanismfor fast
magnetic�eld penetrationinto aplasmawhichis indepen-
dentof theresistivity, andwhichthey call the“convective
skin effect”. The mechanismresultsfrom the Hall elec-
tric �eld, whichallows themagnetic�eld to penetratethe
plasmawith characteristicspeed

�,~br�{ 	,% s�� wR��� { 0u,vL} � ` (6)

where - � is theelectronchargeand
}b�

is thecharacteris-
tic lengthof adensitygradient(transverseto thepropaga-
tion direction)in theplasma.Theterm  1� D s�� wR�Z� { can
bethoughtof asa“Hall resistivity”. As with conventional
plasmaresistivity, theHall resistivity allows themagnetic
�eld to rapidly propagatethrougha plasmawithout im-
parting signi�cant momentumto the ions (the Hall re-
sistivity is, however, non-dissipative). The Hall effect-
enhancedmagnetic�eld penetrationwill occur when a
densitygradientoccursin the(pushed)plasmawith char-
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acteristicdimensionof theorderof theion skindepth,� � r�� xy� { 	u,vCw � � 	 p (7)

Also, a parameterequivalent to the magneticReynolds
numbercanbe de�ned, which is the ratio of the plasma
pushingspeed( �V� ) to the�eld penetrationspeed( �1~ ):� ~br ����,~ D � u,vCw � � 	xy� { 	 } ��D } �� � p (8)

Equation8 showsusthatwhen
}b�

is lessthantheion skin
depth,�eld penetrationdominatesoverpushing.

4.3 Diamagnetic Drift and Anode Starvation

Thesequenceof events,describedin section3.1,thatlead
to a cantedcurrentsheetareinitiatedby depletionof the
conductingplasmain the vicinity of the anode. In this
sectionwe describeone mechanismthat may drive this
depletionprocess:diamagneticdrift.

Oneof themostconspicuousphysicaltraitsof current
sheetsare the large gradientsin both the �eld strengths
andthermodynamicstatevariablesthatoccuracrossit. It
is thereforenatural to �rst checkthe in�uence of these
abrupttransitionson thephenomenonof interest.In cur-
rent sheetsthe gasdynamicpressureand magnetic�eld
gradientsaregenerallyquite large. Plasmapressuregra-
dientstransverseto magnetic�elds givesriseto motionof
theplasmain adirectionperpendicularto boththeB �eld
andthepressuregradient.For example,a simpli�ed ver-
sion of the �uid momentumequationfor the � e�� plasma
speciesgivesthecomponentof velocity perpendicularto
themagnetic�eld[17 ]:���R� D�� 8y:s 	� ��� ��1� -l��� � 8y:� � w � s 	� ��� ��1� p (9)

The �rst term in Eqn.9 is the � 8;: drift ( ��� ) andthe
secondtermis thediamagneticdrift ( � � ). Thedirectionof�¡� is thesamefor bothionsandelectronsbut thediamag-
neticdrift directionis seento bechargedependent.With
theanodeon top asillustratedin Fig. 3, � is directedin
the -¢IU direction,and : is directedin -qI£ directionsothat�¡� is directedin the Q IK direction.Similarly, with ��� in
the Q IK direction,for ions, � � is directedin the -¢IU direc-
tion, or awayfrom theanodethroughoutthecurrentsheet.

Sincemostof theplasmainertia is carriedby theions,
thesimpli�ed analysisabove indicatesthatcurrentsheets
with largepressuregradientsin theaxialdirectionwill in-
duce�uid �o w awayfrom theanode.Weproposethatthis

massmotion can lead to anodestarvation and the Hall-
enhancedB �eld penetrationdescribedin the previous
section. The speedof the currentsheetalongthe anode
will be given by Eqn. 6. In order to calculatethe Hall-
convectivespeed,thescalelength,

} � , for thediamagnetic
drift induceddensitygradientnormal to the anodemust
beknown. In theanalyticaltheoryof Fruchtman[14], this
scalelengthis de�ned as

} �¤DG¥H%�m � m U 0§¦ PR¨ wR� % U 0ª©J« �L[ . In
order to make cantinganglepredictionseither the func-
tional form of the electrondistribution near the anode
mustbeprovidedfrom a model,or scalelengthestimates
canbemadeusingexperimentaldata.

5 Model Results

Referringagainto Fig. 3, if we assumethat the branch-
trunk interface motion is governedby plasmapushing
( F BC���
F¬D ��� ), andthatthebranch-anodeinterfacemotion
is governedby Hall-convective transport( F BR�
�HF­D¯® ~ ),
thenEqns. 1-3 canbe integratedto yield thecantingan-
glefor agivenpropellantatomicmass,ionnumberdensity
andcharacteristicdensitygradientlength.

If we simplify themodelby assumingh ° L andelimi-
natetheinstantaneousangular(

"
) dependenceof thepoint

BT trajectoryby assumingthat BL���MD ��� IKMQ���� IU , thepre-
dictedcantinganglecanbewritten in closedform:"V> D±XZYVP �L[E² '³- � �� �µ´ p (10)

Thisapproximateexpressionis foundto yield cantingan-
glevaluesto within ¶­· 25%of thenumericallyintegrated
results.

Thenumericallyintegratedmodelresultsaredisplayed
in Fig. 4. Contoursof constantcantinganglefor the the
atomic massand numberdensity regime of interestfor
GFPPTsareplotted. We have �x ed h=5 cm andL � =0.1
cm, which are typical valuesfor a GFPPT, asdiscussed
below. Themodelpredictsincreasedcantingwith increas-
ing atomicmassanddecreasingnumberdensity.

5.1 Comparison with Experiment

In anearlierstudy[5] we measured(usinginterferometry
and magnetic�eld probes)the cantingangleof current
sheetsusinga varietyof differentpropellants(hydrogen,
deuterium,methane,helium, neon,argon, krypton, and
xenon)andpressurelevels(75,200,and400mTorr). The
acceleratorwasrectangularin geometry, with dimensions
5 8 10 8 60cm(height8 width 8 length).Wealsomeasured
thecurrentsheetspeed,B-�eld, electrondensity, andelec-
tron temperature.Thesedatacanbe usedto estimate�,�
and �,~ . Thediamagneticdrift speedwasestimatedto be



MARKUSIC, CHOUEIRI:CURRENTSHEETCANTING MODEL 8

10
15

2

3

4

5
6
7

10
16

2

3

4

5
6
7

10
17

2

3

4

5
6
7

10
18

io
n 

nu
m

be
r 

de
ns

ity
 [c

m
-3

]

1
2 3 4 5 6 7 8 9

10
2 3 4 5 6 7 8 9

100
propellant atomic mass [amu]

 80 

 70 

 60 
 50  40  30 

 20 

 10 

canting angle

Figure4: Cantingmodelresults:contoursof constantcantingangle(h=5cm,L �³Dl)¬p ' cm).

F � 
¸F¹¶º$&%('*)j���*0 m/s. The characteristictime for the
branchingphasewas observed to be ?Z»¼¶½$&%('*)j��/*0 s,
whichimpliesthatdiamagneticdrift is capableof displac-
ing plasmaaway from theanodeabout F � 
¸F ?A»¾¶¿)¬p ' cm
duringthebranchingphase.Therefore,we take L ��¶d)¬p '
cm asthe orderof magnitudeof the near-anodedensity
gradient. The magnitudeof this characteristiclength is
perhapsnot surprising,sincethe experimentalmeasure-
mentsyield a comparableestimatefor the axial charac-
teristic length,

w � � w . Usingtheelectrondensitydatawe
found that

w � � w ¶À)¬p ' cm for all cases,which is the
sameorderof magnitudeasourestimatednormalcharac-
teristiclength.

Using the averageexperimentallymeasurednumber
density ( ¶¾';8G'*)H[(/ cm��� ) and the diamagneticdrift-
inducedcharacteristicdensity gradient length (

} ��¶ 0.2
cm), we can calculatethe predictedcantingangleas a
functionof thepropellantatomicmass.This curve,along
with all of theexperimentaldatapointsareshownin �gure

5. The �gure shows that the modelcapturesthe general
trendof theexperimentaldata;themodelpredictsthatthe
cantinganglewill initially rapidly increasewith propel-
lantatomicmassandthentaperoff towardamoreasymp-
totic trendfor higheratomicmasspropellants.Theseare
thesametrendsthatareseenin theexperimentaldata.

It is not surprisingthat the model doesnot give pre-
cise quantitative agreementwith the datafor the higher
atomicmasspropellants.The modelpredictsthe “worst
casescenario”,or maximumexpectedcantingangle,be-
causethesimpli�cation in themodelthatallows thepoint
BA to propagatewith velocity �1~ alongits entire trajec-
tory probablydoesnot completelycapturethe complex-
ity of the actualnear-anodebehavior. In the real accel-
erator, thebranchanodeattachmentis likely to transition
continuouslyfrom the Hall-convective behavior back to
plasmapushing– asit picks up speedandthe incoming
propellantobliteratesthe anodedensitygradient. If we
wereto modify themodelto divide thebranchtrajectory
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Figure5: Comparisonof modelandmeasuredcurrentsheetcantingangle[5] versuspropellantatomicmass.

into, say, two parts(half Hall-convectiveandhalf plasma
pushing),theeffectwould beto causethemodelcurve to
bend-over morerapidly andcomeinto closeragreement
with the data. But, in light of the rathercrudeorderof
magnitudeestimatesusedthroughoutthis analysis,fur-
ther re�nement of the model is not warranted. The im-
portantpoint is that thesimplestmodel,which embodies
theessenceof theproposedphysicalprocesses,accurately
picks up the trendsin the experimentaldataand gives
fairly closequantitativeagreement.

6 Discussion and Conc lusions

The proposedcurrentsheetcantingmodel can be sum-
marizedas follows. Physically, Fruchtman's model[15]
shows thattheHall effect canleadto aneffectivemecha-
nism for magnetic�eld transportwhena non-uniformity
(i.e., a densitygradient)appearsin a plasmathat is being
pushedby the �eld. This argumentis formally derived
throughtheEMHD �uid equations[14]. In particular, in-
clusion of the Hall term in the generalizedOhm's law
leadsto a term in the equationfor the time-evolution of
themagnetic�eld thatallows for the rapidconvectionof
magnetic�eld throughtheplasma,without displacement

of the ions, with characteristicspeed� � . This competes
with the convectionof themagnetic�eld wherethe ions
aredisplaced,that is plasmapushing,which hascharac-
teristicspeed��� . Considerationof therelativemagnitude
of eacheffect reveals that the Hall-convective penetra-
tion becomescomparablein magnitudeto plasmapushing
whenadensitygradientof scalelengthcomparableto the
ion skin depthappears.

In our fast�eld penetrationcantingmodelwe propose
thatsucha densitygradientdoesarisealongtheanodeof
the acceleratordue to diamagneticdrift, allowing local-
ized rapid penetrationof the magnetic�eld and the for-
mationof two distinct currentcarryingstructures,which
we call the branchandthe trunk. Currentsheetcanting
resultsfrom adisparityin theaxialpropagationspeedbe-
tweenthebranch-anodeandbranch-trunkinterfaces.The
branch-anodeinterfacemovesfasterandthecurrentchan-
nel connectingtheanodeto thetrunk formsa cantedcur-
rentsheet.The cantinganglecontinuouslyevolvesfrom
zeroto its terminalvalueduringthebranchingphase.The
severity of thecantingdependson therelative magnitude
the branch-anodeand branch-trunkinterfacevelocities.
Thevariationsin the ion skin depthsamongthedifferent
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propellants(theion skindepthis proportionalto Á Â�� � P¬� )
leadsto differentHall-convective�eld penetrationspeeds,
andhencedifferent�nal cantingangles.

Theresultsof this studyprovidepracticalguidance.In
coaxialacceleratorsasimpledesignrulecanimmediately
be stated: the outer electrodeshouldalways be the an-
ode. In thecoaxialgeometry, the ' �kÃ 	 variationin mag-
netic pressurepredisposesthe currentsheetto run faster
alongthe inner electrode;by makingthe inner electrode
theanode,thisundesirablesituationwouldonly beampli-
�ed becauseof the naturaltendency of the currentsheet
to movefasteralongtheanode.But, if theouterelectrode
is madeto be the anode,someantagonismbetweenthe
two effectsmightbeestablishedwhereinthenon-uniform
magneticpressureeffectcouldbecounteractedby theten-
dency of thecurrentsheetto movefasteralongtheanode,
leadingto anon-cantedcurrentsheet.

GFPPTsshould use low atomic masspropellantsat
high pressureto avoid performancelossesdue to cur-
rent sheetcanting. Hydrogenwould seemto be the best
choice;however, hydrogenis notanidealPPTpropellant,
dueto thedif�culty of handlingcryogenicpropellantson
a spacecraft. To practically exploit the bene�ts of low
currentsheetcantingwhich resultsfrom the useof hy-
drogenathighpressure,alkanes,with theirhydrogen-richÄbÅ¤Æ 	 Å�Ç 	 structure,may be a naturalchoice. Methane
wastestedaspartof theexperimentalstudyandwasfound
to havethesamereducedcantingbehavior (athigherpres-
sures)ashydrogen. Furthertestsareneededon longer-
chainhydrocarbons.If butane,for example,is found to
exhibit similar behavior, it will be an appealingGFPPT
propellanton two levels. In addition to the aforemen-
tionedcantingbene�ts, butanecanbe storedasa liquid
underrelatively low pressure,at roomtemperature;there-
fore,abutanepropellantsystemwill haveamuchsmaller
speci�c volume(smallerfuel tankandfeedsystem)than
a high pressuregassystem,andprovide a lower overall
system� .
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