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D~I@J /tJDFABRICATI~OF A RADIALLY-FDJIMPK61CN HEATING~IL

L. D. Hansborcwqh,J. M. Dickinscn,J. G. ?4eltr.m,W. C. Nunnally

Universityof California
~ Alanm *ientific Laboratory
Lm Alanm, WMxicn 8?545

A raiial-ly-fedinrplosimheatirq cnil ks been
designedartdfabrimtedat the Ins Alarrm Scimtific
Laboratory.The Marstmllcmil is a a3~r-platem-
epxy-substratecdl designsdto utilize~ to 200-kv
to prcducea l-Tmagneticfieldin a 20-UTIborewith a
risetimeof m nnre than250-ns. ‘Ittedesign artdfab-
ricationprcmss of thismil * the design of the
high-voltagestandfor theMarshallwil are disassed.

~ow

The mncept of a st~ed in@c6ia or sbck-heating
foll~ ~ a zdiabaticccmpressimof a theta pinch
plasnahas been testedin the Staged ‘Itwsta-Pirch~-
periment (S1’P)which SwcessfUlly used separate
ahcck-heatingandaxnpressimcircuits. If me cir-
cuit is used,tk .#mck-heatingad curpressicmfields
must & su@ie5 frcm cme large high-voltage,1-
imiuctanceenergysu@y tkathas a high cost per
joule. With separate circuits, the shcck-heat;ng
fieldcan be suppliedfrana higk-voltage,l+indue
tame -~itor bank, which althugh havirq L high
cost per jcule, is relativelymall. The sl-r
rising rnnpressim field requires a larqe energy
smrce, tut the slwer risetim all- it 133be a rel-
ativelylrx+vol~e and high-itiuctancehvimg a l-r
costper joule. Anotherbenefitfrcanstagimg is the
f~t thatsbck heatingand~iessicm fields ~n &
programed in sucha mannerthattheplasm will have
a relativelylargeplasma-t-wall radius (a/b) ratio
whichresultsin wall stabilizatia of t~ ?=1
instability.

lb rduce thelad itiuctance,it is necessary to
use a fractional-tumroil. A full-turn,shk heat-
ingmil witha 20-cmItorerequires 2@fl-kVto 300-kV
capacitorsto achieve a 250-ns risetimewith lcw-
inrktancesourcerr.xrpments.lb reduce tk requird
mltage, theSIP experimentuses a simple half-turn
roil. 5?causetk hnplasicm~ircuitcurrent and the
ccanprcsslcm-circuit arr.ent are ~sscd through the
= cnil,the l~d inductanceis much la+er than the

. cxmpressicm<irc~it-r= ind~tan~. This results
in a px energytransferfrmn the ccxnpressicm-r
su~ly ad an undesirablyshort L~ carp[essim-
circuitcurrentdecaytime. One rrcttd of re.sOlving
tkecm flictimg@il inrktan~ requirementsis to use
a lo.+irdwtancefractional-turnimpl~icm coil ccm-
~tiblc with a separate multipleturn, ~rcssim
roil. Dr. Jchn Marshall oncelved a coil to meet
ttcscrequirements,ard thisunique cnil is czmnlonly

km3#rlat LASLas the Marshall~il.1’2

~ OF !ItIEMU7StIATiLCOIL

TheMarshallcoil gmncLry snnewhat resemhl.esa
1O-Tend-fed,tenamductor, 60-kVmil used Eor the
~I!4UR experimentusedat Culham Laboratoryill the

late1960’s,3tmever, the f43rsh311mil uses rruny
9nallconductorsto allw an external nwgnctic fiolrl
ti pmctrate through th: coil. Althuyh physicaLly
similarb past.md-[ed cmils,theWr:;kll mil ~-
scsscsmany uniqw features.

1

t

Fig. 1. 5imple(two-cmductor)Marshall mil sbirq
c~rrentflew.

The g-try of theMarshallatil is simple, tut
difEicult to describe. A simple half-turn, ~
mmductor Marshallcoil is stxx+nin Fig. 1. A cap
itor (C)ad a switch(S)are ccmncctd acrossthe two
circularurductor ringsand the cmrrentpath is ~
pletcdthroughtheMarshallroil. The mrrent flws
radiallyirwardfranthe frontring, turns and flows
axiallyto the frontof the03ils, reverses dlrecti~
and mkes a half-turnsolcmidal path to tk pint
where it flrwsradiallymtward to the rearring. T&
currentexitscm the_ite side of the ~il U-
senblyfranwhich itentered.

Figure2 shm#stbt the calculated inductanceof
the protot~ Marshall coil by varying cmly me
parameterat a time. Inductanceis -t strongly
de~dcnt cn thebre diameter(Di)and cm the frae

timal nunberof turns (N), less sensitive to coil
length(:), ard it is rather insensitiveto rca~
able values of insulatorthicknesses. -ause the
plasm diametervarieswith time, the efftwt Of t~

p:ama cm themil inductan~~caumt & simply alcu-
latcd;hcwever,theprcserweof pla- with an a/b =
0.8 willdrop the inductanceby a factorof abut 5.

Tn the txxe, the conductorsare made of my
stripsto Eorcethecurrentto nuke the rquired &
Licnlpathard prcducca uniform field. The -~

bc &c of stripsclsmthme in the
fieldof ttx2multi-turncrxrpressicm
and U-nlplc.Coilswill bc Im3unted
mmlulcto reckc ml tagrestandoff

mil to
cmil to
&ck-t&
problerm
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Calmlate5 Marshall cnil irdmtance by
variatim of individualparameters.

betweel
adjacentCOiisand to mximize the qen s-
rtiialfeedplates;-~er, the windirqs of

tiimnt cmilsmat be ~ite W to avoj~ prcduc-
i~ a net raiialfieldi~-thebore. A multi-turnmil
muld be wra~ aroundthecylindricalPortia (“top
hat”)of theroil. Figure3 illustratestk ccxuept
of a stagd theta-pirchusing !4arshallcnils. Note
thatth implcsifn-r supplies are arranged r*i-
dly aroundtm dischargetubeanddKive the Marshall
cnilsthrougha r-ial feed plate. The om’fpressim
coil is isolatedEranthe implmirn field ~ mqnetic
material(ircm).The implosim flux is i~ufticient
to saturatethe ircm and muple to the mnpressicn
ciraitry, bt thecunpressicnflux is sufficientto
mturate the iron. When the ircmsaturates,the am
pressicnfieldpenetratesbetwem the Marshall mil
mnductors, and cunpressesthe s ock-heated plasma
filli~ thebore. The widthof theMarshallmil cm-
ductorsand the ga~ between aij~nt mrductors are
qual (50%transparency)= that the implosia field
returni~ throughthe ircmand thehrshall coil brim

ductors i?;1 L ~t be i~reasedby ~re tkn a fac~r
of -. As lcmgas the ccwxktor width is -11 om-
pvd with the substrateinsulatorthickness,the ef-
fectof tlws50% trans~rencyrequirementrkxssnot ap
preciablyirrreasethemil inductanceover LIE solid
CorKlmtorcase.

The radial*1= im-heati~ ~r-su@y arrange
mentwas SelEctedto equalizead minimize the scmrce
itiuctance.It ensures an equally distri~t~ ard
fast-risinginplosia current in the Marshall rmil
whilewing theCapxitors and spark qaps way fran
the imnediatevicinityof the plain mlunn. The ra-
dial arrangementalsoallcwsa significantancunt of
CPa= for ik hplosion-heatingsystem~ents.

FABRICATIU4OF THE ~ MARSHAU COIL

It w decidd in tk fallof 1975 to design, fab-
ri-te, and testa prototypeMarshallcoil. Design of
t& prototypecoilwas ccwleted in February1976. It
was ~abri=~td at LASLand-delivered for -testirq in
April1977. The protot~ MarStall mil 1s illus-
trate in Fig. 4. Pktcqaphs of themil durirq fab
ricaticna~ar in Ref. 4. It has an aItside diameter
of 84un, a hre diameterof 22-an,a lengthof 25-an,
ad is designedfor 200-kV. The coilcmtails 90 -
px mxluctors (0.21-cmwide x 0.15-uIIthick) that
mikea half-turndom thetore. The ind~tawe of the
prototypeMarshallcoil is=lculatd to be 56.7-nH.
The epxy substrateinsulatiathicknesswas sel=td
to be 1.80-cmto dupli-te theelmtri~l characteris-
ticsexpectd franthe ceramic coils necessary in a
reactor envircmment. The implosia current is ex-
~td tn rise in 250-nsad decay off with an L/R
timeof 70-IIs.l%s psak @losicn-heatirq arrent is
a~roxirnately400-kAard the peak voltage is abut
140-kV. E!ecauseof the short~ratlcm and relatively
la+arrents, the mechanicalloads cm the FLarshall
cnilccmluctorsare mt large. The pressureswre
calculatd to rangefran 4.2:-psiin the brim area at
theoutsidediameterof thebrim to 61.8-~i at the
hre diameter.
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Fig. 3. StagedThetaPirrhrrdularassmrbly using
ard a radialimplmsimpcwr su~Ly.
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F{g.4 Cutawayof the PrototypeMarshll impl~ial

roil.

@- 1-T implai(m Eieidwas calculatedto pmxhce
59.8-psipressureml ths inside of the tore. While
the resultingstresses in the epmry are lcw, the
strengthof tk epxy is also la (design tensile
stressis a IUninal3000-psi). The strength OE the
“hat”may be easilystrengthened~ using - glass
fibersin theexterml epmry ,c.mting:hmrever, ade-
quatestrerqLh of ttwsbrim is a largeruncertalnky.

Several fabricationmethcds for the protot~
Marshallcmilwre Cmt;iderd, The fabricaticmmethcd
chosenwas todirectlyplatethe cm~r rm an ~ti-
vatedepxy mandrel, rmchim Condmtor pattern, and
thenfxt thecmil in e~,.xy. This fabrimtim method
was chcrwn&ause it requird rm large extensim of
existirqtechnology,and details of this Eabricaticm
aredescribedin Ref. 4.

Fabricatimof the prototypeFtardmll mil tcok
fourteen months SIXI cost JwKoximately $60,000.
clear ly, lesstimeamsmning and expensiveprcducticm
mettwxhmust be Eourd. The mast likely methal wculd
Lm to * a hand layup of cqper amductors cm a
di~mst CPXY substrate.Ibise~rf s~strate would
containquidesto alla ~curate pc6itiaing of the
m~er Condwtors. If tlw rquiremunt for tipered
amductorsan & relaxed, CXtanyuIar cross-~~tion
generatorwirecculdbe uwxl. If this is nut ps-
siblc, many sheets of cm~r of the a~ropriAe
l:hickncrficouldLB?mmentmf t~~kh~r, milled to ttm
propx sln~, and thenrfi~ratd. If me were willing
to investin a die, the mnrlurtorscould alro te
stamped,

mslfmll, a)Ir4 Ws’r s’k’m-

A stmd SIKXIM cm Fiq, 5 has been fabricatrd to
te~ttk~ prototw Mdrshal 1 a)il. Because toLal sys-
tcm irxhxtancwis nutOE critical inportdncr, a lYrl-
synmmtric implaicn-lv,lat.icqpxmr s~ly may bu umi.
~ multichannelc[xlxialsp~rk gaps will [ire tbm
O.2-IIF’,L25-kva~pw it.or:;(mr chrryxlPIus, the otln!r
Ch(uqcdmirm~)to allw testing0[ the Mdr:;haLl ajil
to a nuximumof 2{i(l-.kV.Swh an arrunqmmmt is Px:-
nibleLmcmx.w(1) Ltn. i mlm:tomm’ of the .arrrnt I“lrw
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MarshallcOil teststand.

aro~ thetmre is akmt ~thi~ds of the inductance
of tk totalsystem,ard (2)thecurrent path through
theFkrshallcoil is always qletely across the di-
ameterof thecoil. Therefore,tke inductanceof each
umductor pth is essentiallyequal. While utilizing
existirrghigh-voltagetechmlaqy, the Marshall cnil
teststandsuffersfran the high itiuctanceof ~
seriessparkgaps. For a radially-fdsystemshwn in
Fig. 3, it is estimatd thatthecoiland fed plates
will accountEcr 89%of the circuit ir,jstance with
only 11%of the reluctancein khcca~i I-r).s a@ ~~rk
gaps. In contrast,ki~ spin-kgaps ard capacitorsof
theMarshallcoil teststandaccount for 55% of the
total system inductance;hwever, the test stand
should be able to adequatelytest the
Marshall coil.

protot}~

~SIONS

TlkIuse or a h. :tsha] 1 cuil IMS several advantages
for use witha theta-pinchplasmadevice. (1) it r+
ducesthu systcmcosthy allrwimgthe use of a rela-
tivelyhigh-rest-per-joule,tut small size impi~iw
per su~ly, couplml with a re]ativrly l~st-pr-
joulc~)rCS:j ionpwcr supply,(2) it rmr icnts *
impl~x;imp.xwrsu[~llyL> a srries0[ planes ort*o-
nal to theplmrnaaxis,whichgivesnxxc rcan Fcx ~
pncnts, and (3) it allm; !ailoring the fracti~~l~
tulnsalfilengthof the cmil to met the inrflosi~
fieldrequimrmnts$.The (Jistldvmtngeof the Marskjll
cmil is thatI“ahricilticmisdifficult,and at present,
exfxvwivc.Futu;renqinccrity work on M,~rchallmil
mu~tmmcorn itw-1f with Fak.ricatirmnmtlxxliwhich
allm h igh prduct i(m ratrs mxi lmwt d rests.
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