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IWELIM BY CQAXIALP_ GUNS*

JohnMarshall

LasAlamoa~ientific IAOratory
Universityof California

L- Alan’m,NW Wxim 87545

CoaxialGuns

May kitisof plasraguns have been investigated
~ vari~ wrkers end a number of them might be
suitableEor fuelingthernrnmrlearre~tors. I ShS~
limitny attentim here tiver to FZJlae3maxial
gum, because of their simplicity~f2 ccrtetr~ticm,
highrerforrrmce,and kignefficiency.‘

A cmxial gm ccmsists essentially of -
circularlysymnetric metalelectrtiesseparatedat th
breechW an insulator-vacuumseal, ad cpen at t~
muzzlefor the emergence of plasma. The pla9na is
deriv~1 frana pff of gas admitted~ a fast valve.
Thismakesit passiblefor the spxe beycmdthe nuzzle
to remainev<uatal exceptfor tte plasm admitted by
thegun. A high-volhge, high-currentpxmr su@y
suchas a a~itor bankm an inductiveenergy store
is cmmected across the electraiesat the breech.
‘l’hisis s.vitcheda, usually with - predetermined
delay aftar gas zdn’kssicm,and produces a radial
dischargethroughthe gas betweentheelectrodes. The
BP magnetic~ie~d ass~iatd with the radial current
ptd~s a j x B for= a tk discharge, terding to
driveit may from the breech and cut through the
muzzle. Ths ~tual processesinvolvd are exceedingly
aznplicat~,involvirqia,izaticm@errucena,electrcde
effects,finitegyrtorbik of tk icms, Spa@ charge
el=tric fields and strong differencesin arrents
carriedty imm ard electrons,described reasonably
w1l as a Hall effect. Ttw p2rformnce of a gun
depetisstronglycm its parameters,which might &
describediy ~itim in a rmltidhrensiaal apace with
cmrdinatesdescribirqdimensions,electrode sbpes,
mgnittie and @arity of supplyvoltage, ~iticl of
gas inlet,tvmuntof gas admitted,delay after gas
dmissirn, insulatordesign, etc. Optimizationof
perforrnance is difficult because Of the many
parameters,and in practice is usually done b
maximiziq A singlecrit~rim of ~rformance, e.g.,
ceutrcmyieldor plasma velocity. The result is a
wide variety of designs ad performance
characteristics.

Performanceof agpropriatelyOptimizd designs is
char~terizsdty highcEEiciency( >50%), high ph~
~r ity,and 1argeplasmaenergy with stake-ot-tk-art
pmer supplies. The accelerationof the plasm
appearsin all mscs tu be expansicaof mqnetized and
nrderatelyheatd plasm out throuqh the muzzle,
driven ~ its ~ internal pressure, kirwtic and
magnctm. Nearlyall ccaxialguns ate operated w’th
ricgativuccfiterel~trdc. This is bec.nu.seof btter
OJ1llrrraticmof the cmerqing plmna w~th negative
@arity. Ths reasonis that,with Hall eff=t, the
current strcarnlincsare tie backwarcl at Ml?
Catltit?,ptducing an im+arclpiwhiq force mmpmcnt
along with tm axial for= respn~lb]e [or
acceleratimthrough the rnmzlc. The 130 field is
.Mixdwith ttn pla:rnacluringttw lcnizaticm prcmss.
The cnbdrlcd fieLdisommm:td cut thro@l tlm ITMZZ1O
withtheph:llll,ati thus Lhe pla.ma must c~rry an
c+xtvrmirmof th mtl~c c.~llcl,t.This pro5uccs a
radialpinc!linqforce,hrlpinqto cullimatettm plawu
IrycndLIWyun muzzle. Elr.wtriciJl,rcsi~tivityin tk
em,vgrntpla:zrM].I-vKWto mlaqnrkicFl”mxannihil~tim m
theaxis,wxl a tctll]cncyfor p]d.~a tl) m,mjl Jte

thereas it folbve the flux. This is particularly
i.rrpxtantwith high z plasmas ~use of el~tron
temperatureclamping@ line radiaticn.

Pla9w3gums havebeenopsrated at total efnergent
plasznaenergiesof 3GJ kJ a d me. ‘Thereseermto be
m sericusobstacleto tm. r energies king extendd
to several~ajoules.

-Xial guns are diJided into two t)~s ,
“snwplw” - “deflagratim”guna. In tk sraiplca;
gun (Figs.1, 2) a magnetic piston progressesalong
the interelectrodespace,irmizirqthe gas, mixi~ it
with field,ard ~shing it asideto rest qain.st the
cuterelmtrrde. Tlxsenkxdd~ mqnetic field serves
to rduce heat lrss to the el~trcxies,and its
pressure subsequentlydrivesthe plasna cut through
them.lzzle.The magneticpistonalsomrrtes a plasma
(rrmetenucusthanthe plasma pushed asi& ad left
behiti). The armtpla gun is characterizedby a wide
spreadof plasm velocitiesard densities. Frquently
it a-s in hm distinct “pla.smids”,a fast cme
follwed ~ a sla one. The defiagratialgun appears
in M disti~t types.s,k ~C is ~ f~liar ~.p.D.
accelerator,d itarelatlves,operated dc or q~asi
& at a f- tkusand arrperesand a few hudred volts.
The otheris a wised variety (Fig.3).5D6 In either
-se a rrmeor less stationarydischaige is formed
withplasnaicnized,magnetizedand driveno.rt thrcugh
the thenuzzlemntinuously. Tne deflagraticmgun l-as
been the leasthoroughlystdied till n-. In suns
4Xdiments it a~ars to have supsrior f02ussicg
properties,and to the extent it iii steady-stateit
woulda~ar to prcducea streamof pla~ with steady
characteristics,vel~ity amt density.

TM plasmafrcmccaxialgunsof the s~l~-t~pe
(ttk?ones which have been mat investigated) is
surprisinglyfree of mrltamimtlm ‘a electrde
materials (usuallyCU). This is due to bapgr
accidents in the mhanims of current transfer
between plasm and el=trdes. For example the
initialicmizingsn.plo+ appears to derivu rr~L of
itscatti currentfranthecoll=tia of lcx+esergy
km. Thisprrxhceslittleheat at the cathcrtc~d
leavestherea dense1ayerof neutrals, which can tC
ionizd laterdurirqthe pkmra expmrsirm accelera:im
plueeto provideelcdxcm currentwitlxutthe ned of
thermicmiceinissim or ~tential sheaths. T%
situatirnin deflaqratimguns is not clear, although
M.P.D. devices, which share sane of the
charactcrisLlcsof the class,a~ar usuallyto d-ypcnd
or)thermicmiccrnissicmfrcnila kt catlmde,and in .~
ases have shorn strcmq ptrmtial shmths at the
tic. ” Theremy be suhst~tialdifferencestct.w.r,
pul:;w!ad dc or quabi& operation.

Injc~t.ion intc]Contain!n?ntFii?lrls—

Injectirmof gun pl,l:anainto crmtairrnentfirlds
involves@momcna at leastas crmplicatrxlas tbsc in
the gun. Tk plmmra can bc injwced into cpm
WXnctrics (:;tralqhtso!cmid or mirror mch inc). In
tih?Wcl~cs it ismwnir?nt to inj(wtpar.11IcI to the
fieldlines It can al;~ LW inj~ted into chssd
q~m>lrirw (toroifhldwlccs fiucha~ trimrnaksor
alxwlutt~minimmnflcld.s,~s in c.luIkd-cusp toroidal



mitiples) . TlxeP1- csn & injmtsd intoa &vice
whichalready hss a plasma in it, a int~ a vacum
field. TIXSplama can have large-h bI ~rgy to
providea trae Pla=a at therrmmdear temparatu:as
or it an prmi& plain at radd Wrperatures
suitable fa ret%slirq an ignitd therntnuclear
reactoror b provi& a pr-plama ECt heatirq ~
ampressicn cc other prcce=. Injectia can tc
high-beta a l-bta dqmdiq m whether the
in]=ted plasmasubstantiallyexcludes magnetic field
after injectifna mt. We have two four psir9 of
alternativeswhich- be -insd to give sixteen
differentczsnbinatirna.The @etunera encounteredin
the different cxrnbinsticmeare generally q~ite
differentfruneachother,and f- of them have been
adequatelyinves;igatsdexperimentally. For this
rea- I shall KcastF] limit my discussim to
cross-fieldinj=tirn ad shall comentrate UI t~
case of injectiulinto ayatem already containirq
plasma,th?generalass fm a tokamak.

A mnbsr of experinwmtlwive&n pzmformd in
whichcoaxialgm plasm is injectedacr- a magnetic
field at right mgles to the dirmticn of the
field:F0-9D10At nmderate magnetic field strerqths,
the fastplasm entersthe fieldtit as tlmugh it
weren’:there,ad prccaedsacross the field at its
originalspeed,stillmllimsted into a rbsrrm jet.
~ plasm is thorwghly permeated by the magnetic
fie:.din a lcwbeta manner,therea~ricq to be m
redl~tim of fieldstraqth inside the plasna. This
@lies that the pl.ama was initiallyat a lcw
teq=ratcce.althoughit hssa large atrearrdngenergy
dens!ty, and thatit is mt heated a~raciably I.IPXI
enteri~ tttsfield. The plamw isobservedb contain
a trans,wrseelectric fieid amrrmsurate with its
V@c+y ~ati the strength of the magnetic field
(E=v XB). ti propsgatiaof the pla9na*ross the
fidd a~pearab b reasonablyexplainablein trwtm of
plariz.tiur charges rm its transverse surfs7ze9.
Plaenabet= the chargesfirdsi’taelfin a uniform
transverseelectricfield and thus drifts at spsed
B/B. A tenuam plasm spretiscutwardalcrqthe field
lines~asing throwghthe plasna,providing elwtrical
centXt betweentheplasm ti whatever lies a the
==:,efield lines. ‘fhisall-s pkentlal probiq
cmtsideof theenergeticplasm stream. It is al=
pssible, &cause of this,to bring * plasm to a
step~ dischargingitsplarizaticn field thrcwgh a
mtal plateor throughanother @asma, Irnvingacro99
the fieldin theoppositedirecticnad thereforewith
qpxite electiicplarizatirn. Substantialcurrents
~l-+dcng the fieldlinesard acrossthe plasna. The
j x B forceof thismrrent thenStoy ttwplaema.

While the propagationof the magnetiztiplasna
axoss tk fieldcan k ratimalized, its entry into
the fieldis not wll Unders”d. TtE qucsticm1s b
are h fieldand the plasm thoroughlymixed wittnut
heati~ the plasm? We mi~htsay that the mechanism
is mirprtant - that ‘Z care cnly that it *8
enterthe field. b difficulty here is that u=
m condltirmsit~-s _m> enterthe field, and that
thea~are comliticma6F .smsprsctiml interest.

We are ammrnd witlitheentryof a lmg stream
of plama intoa transversemagneticEiclclml we knm
that,mc% tlvsstreami.,wll inside,it is thoroughly
Permeatd by the field. w can hagi~ th,]ttb i~s,
&cause of tbil largermkuqs,tin penetrate the field
fartherthan the electrons,prrduce a gmsltlvc space

charge and an electric Pentialf t~ qradient of
whl~ gives ths electric field rqirml [or t~
croso-fielddrift. ScznebJthe electricflcl.dof this
spew chargethenman.nqesto drag t,n @lcctrons in to
prrxluccqwsi-neutrality. T’tm ptcntiai of k~ i~

spscecharge, ~rding to this picture, @d &
lhnitd by t% irnkineticenergyin theplasma sere~,
~ thiswuld pt a limitcm t!!widthof the stream
given ~ w e~,/2Be. Further a7nplications
introduced@‘M 10SSof icn kinetic energy to a:
e~td when the ionspenetrateto the high ~siti-;e
~tential prcdu~ ~ thSir cm space charge. Ia
ad5itia the electrons wuld be e~t~ to gain
~;gy in fallirq into the psikive ~tential, and

mld cerb3inly heat them ad prOLce
diamagnetism.obeervaticms9* t!!tthe diamagnetic
iarnhimal,mt over 100 beta,ad thatno a~recia51e
slmi~ of the Icmsczmxs. The inj~tia pr~ss my
inmlve m xirdof clumpirqof the entering pla.sra
= that icns d electrons enter the ~i:ive
ptential attachd to om another~ chatthegain and
luzsof mergy are minimal.

Thereis experimentalevidence that the preserce
of a backgroundplasma in the mag~etic field
interfereswith the entry rndwIism and prevents
l-beti inj~tim. ‘l%iswas disoxered during a
*un injectim experiment,wkere the ele:tric
fieldof eachplasmastreamwas used~todeplarize ard
stopan ~i telydir= ted stream If me of t%
gun9was firedatuutone millisecorrlearly, the other
9UJ’IPla- did rot enter the field. The ~enrmanon
was not thoroughlyinvestigated because of ~.+h
stmtnese of time,= it is rmt k- whethera chancje
of parameters,e.g., a redutim of field strerqth,
-ld haveallcwedthe secmd plasmastream to mcer.
It is not knmm whetherthe causeis interfcrence .with
the field-plasmamixing process or wkother it is
line-tyingaftermixirq.

Inj-tion intoReactors

Where - all this leave us with regard to
injectim into the ambient plam3 of an opxating
reactor? It apgearsthat if linetyirq has sny~’irq
to & with thepreventim of lu+beta inj~ticm @ a
&kgrouti plasna,the effectstxxilrlbe even strcmqer
molarreactorccn3itias. This is &cause at reac’ar
temperaturesth effectivewetic Reynolds nuir&r
6buld & very larqe,~ = 27 w/a .’v>~lwhere w is
the widthof the piaem stream,a is the minor radius
of t~ plasna,u is thecmductivity (erm),and v is
thevelaity. This is equivalentto sayirq tbt, cm
the timescaleof plasma flew Into the field, the
rlHgru2ticlires of force are well frozen into the
plasna. Qualitativelythis implies that field liaes
in tte injsctedplasneare trailed behind it imiarcl
intotheccnhinment field,91CI“Lngit dc%n by tkir
tensicmand tlm perhaps pJlling it wtwarrl @,?in,
providedtheyare ancnoLedat the cutside. It Slmllcl
h emphasizedthat thisqualitativepicture tends to
breakrkxn ‘ ‘ts verymmrrplcxity,= that thmreti~,l
prmlictlmE ~rtcd ty experimentare cm sh?y
grouwl. 11. c it a~ars that we slxmld first
considerhigh-.-etainjwticm.

In high-lYWainjmtirm,with referenceto Fig.6,
w mighteri.ct theplamm stream to i.rqxict~ai?st
the fieldin a more or less cylindri~alform. :ie
assms tlmtthe stagnatirmpressure(nnw) is large:
tbn the fieldpressure. ‘Flusthe plasm pinches a
Imle in the field and enters a9 ttrauqhit wre a
conductingrmtalcylimicr. In imp~ting against the
fi?ld,the im tcmperiltureof the plama is raiwd
(Fig. ‘7). Once Inside, tlx! transv~rsc kim?tic
presmrc of tl,? pla.sruWlds tmct th surroun.~i~
nugrmtic [lcld. There is m> a, ilibrim in this
crm[iyuratirnbecausetlmpmhing a~idc of the field
rairwslt~pre~surcal the t.1”-ansversehnmnhr ies and
lwer~ it nearthe plxmii in tl~ dlrm-ti(m of :+
ficid. Ihc plamlnthus is ‘;..Iq.wem,mlir,msvcrs~i.:a><
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expands alcrq the field. The result is that the
original cylindrical shape OE the plasma is
transforrndintoa Spatulate shape, twisted like a
oxkscre ina sheard field as in a tokamak. TtE
pla9na&es mt really have a thin arrent sheet
aeparatirya field-fr~ r~icm Ercm the cmntiiniq
field. Normallywe firda currentsheathof the order
of an ire-gyroradius thick. A thin sheath iqliq
electricfieldsto transfer tottn?imsthe]rr B
forceeUI thselectrcms.As tk cylinderis flattened
tsatwenth fieldlines,it eventualitybecmes s thin
that it is all she&LSr.It has Inagrleticficld soakd
intoit thr~h itstile thickness. The plasm in
thesheathm the surface of tk stream is at all
timesii-tied to theatiient plasma in the field,
ard temisto drq it aluq. This slais & the
sheathplasnaand leavesit behirxlb flcw cut alcmg
the fieldlinesd mti with the ambient plasna. It
is likelyto SIW b the tile stream &ause of
interchangeof icmsbetweerIShedLh ard the k@ of tt~
stream.

Thus w eqwt tit, m sores scale, gun plasma
with sufficientlyhigh stagmtim pressure should
enterthe mnta irmmt regim of a reactorandmix with
tb ambientplasma.A denser,faster, larger diameter
streamstnulrl~etrate farther.Tins subjwt is *
cmpliated frx reliablepredicticmsto be made. Scsre
relativelysimpleexperimmtatien~uld ill.urninatethe
subject ccmsiderably. It is r~rettible that tk
experimentsof Harrmeland K-ish were terminated
beforeattiinirqrmre data.
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Fig. 1. tial Gun,Snwplcu~.
a. Magneticpistm rrcrmsalongkarrel,densermgr.e=-

izd plasm pushedaside,tenrmusplasrrain pis-—~.
b. Pistonwith “fastplasm” mges fmn razzle.
c. LEnserragnetizsdpl- enwrgesto pzduce “51X

plasrm?t’.
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