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INTRODUCTION

(J. L. Tuck)*

The broad strategy of our Sherwood activity at Los Alamos

was stated in the introduction to the last semiannual report.

Briefly, we are interested in pulsed confinement; we have had

some success with pulsed open systems. We feel that the time has

come to study pulsed closed systems and, more specifically, flute

stable closed systems. Pulsed systems imply sudden plasma creation;

auxiliary activities, such as

trapping thus provide support

h May, just as the last

operating at 470 kJ, suffered

E x B heating, hydromagnetic plasma

for the pulsed concept.

report went to press, Scylla IV,

a short circuit

plates. The accident has taken approximately

labor to repair. Within a few days, cautious

commence, but

completion of

Scylla I

continuing to

between the collector

half a year of intense

electric testing will

with Scylla IV now brought up to the full design, by

the 3 MJ power crowbar.

resists retirement to the Smithsonian Institution by

be useful - e.g., providing comparison spectra for

identifying solar corona lines taken on recent rocket flights.

For another division (GMX) we have been concerned in the

design of

Explosive

magnetic O-pinch coils for explosive after-compression.

compression can provide the equivalent of many megajoules

“This sectionhas been reproduced exactly as submitted withoti any
editorial changes.
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of electromagnetic compression. There can

presently achievedl explosive compressions

appropriately chosen intermediate

electromagnetic compression, very

result. The final fields already

plasma) are 1 MG with glass walls

stage in

be little doubt, that if the

could be piled on top of an

the presently achieved Scylla

strong thermonuclear reactions would

achieved in such systems (but without

and 10 MG without any such inert

material inside the compression conductor. These

with the 90 kG of Scylla IV. There are, however,

should be contrasted

special problems

associated with the explosive method - the electrical coils must be light

to allow efficient acceleration by the high explosive. This makes them

mechanically too weak to withstand the electromagnetic forces for more than

one full power discharge. Thus full scale plasma tests before the explosive

destruction of the coil are not possible. The present experiments2 have

been plagued by asymmetrical electromagnetic compressions for rather trivial

reasons - the normal side feed of the Scylla type coil interferes with the

explosive. The current was therefore brought in at each end of the coil;

this however, introduced completely unacceptable electromagnetic perturba-

tions.

There are several ways to design an end fed coil where the currents

are constrained to take a helical path to one end and back, which compen-

sates the magnetic field of the axial current component. Electrical checks

of this arrangement though scarcely necessary, have confirmed that highly

symmetrical magnetic fields can be produced, and the coil of Fig. 3 has

given a 10-fold field amplification by explosive compression. End fed

coils are probably superior to the old established side fed Scylla coil

arrangement, and might have supplanted them in electromagnetic d-pinches

4



Figure 1. End fed coil arrangements for producing
longitudinalmagnetic fields.

symmetrical

Figure 2. In this type, the unbalanced radial magnetic field is made
small by making 1, the path length of the line integral ~Bo dl
round the current, through the feed point, large.
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except for the fact that they are mechanically weak and it is probably not

possible to make coils strong enough to last more than one electromagnetic shot.

Thus the outlook for achieving

by explosive

Turning

compression looks

now to the closed

a very strong thermonuclear reaction

good.

flute stable magnetic bottle program

(caulked cusp). A criterion of merit for such systems is not entirely

obvious. In a flute stable system, there exists some range of magnetic

surfaces, moving from the inside of the machine to the wall, over which

u’

last

this

-#I is decreasing.

For reasons of magnetic

magnetic surface before

energy economy, one places the wall at the

J’
dl

— turns unfavorable. The thickness of
B

flute stable magnetic wall, measured in cyclotron radii defines the

quality of the wall. We then require to express this quality in terms

of the

be the

method

effort needed to produce it. One way to express this effort might

mean magnetic field strength in the wall. Another more searching

proposed in the text, is to express it in terms of the number of

megajoules required to establish the whole bottle.

So far most progress has been made on the multifilar type of bottle,

with two levitated conductors. Its competitor, the helixion, is very

complicated to calculate. For a zero approximation to the helixion,

we have calculated the ~~ stability regions for a series of 14 rings

spaced around a torus, encircling the minor axis. This proved to have

J’
dl

extensive — stable regions and be the most economical magnetic field
B

distribution we have yet seen. But this is not a practical construction.

In the next approximation, we extend the array of rings into a continuous

helix. So far, this has been shown to give quite controllable field

6
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Fig. 3. Photographof the Tuck-MarshallCoil
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minima. But only a few of the extremely complicated magnetic field lines

has, with our current use of computer the, been computed.

Another consideration also rises: Closed flute stable systems nec-

essarily rely

bility exists

on averaging along the field lines. The unpleasant possi-

that particles in an unfavorable region may drift to an

unacceptable extent, before they ever reach the region where the compensa-

ting drift is to be made. Thus it is advantageous to have the positive and

negative compensating regions spaced closely along the field lines. This

problem is being studied quantitatively. However, it is clear by inspection

that the multipolar caulked cusp is inferior to the helixion in this

respect.

The caulked

one thing, it is

cusp program is going more slowly than expected. For

taking a different shape than expected. Certain design

possibilities have come to be appreciated in good time before building

anything; for example, low voltage operation, with conducting liner and

no feed point; magnetic energy storage, for safety at high stored energies.

In conclusion, on an unconnected subject: The dense plasma focus

(reportedwithin) has achieved the surprising yield of more than 1011

3 -7
neutrons from a few W of plasma, in a time of * 10 see, Mach-Zehnder

interferograms,as obtained for Scylla IV, should do much to elucidate

this interesting plasma formation.

8
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TOROIllALCAULKED CUSP

(John MZrS~)

Acknowledgeent

In addition to the individuals whosenamesappearat the head of’

the varioussections,contributionsto the designof the ToroidalCaulked

Cuspmachinewere made by msny others,includingI. Henins,H. R. Lewis,

M. D. J. MacRoberts,J. McLeod,W. Riesenfeld,andJ. L. Tuck of IASL,and

D. W. Kerst,L. H. Thomas,and H. Weitzner,Consultants.In addition,R. A.

Dory (ORNL)helpedin adaptinghis fieldcomputationcode,developedat the

University of Wisconsin, to the IASL problem.

Introduction

The study of high-density, closed-field geometry reactors has not

received much attention in the Sherwood program, probably because of engineering

difficulties. The CaulkedPicketFenceor CaulkedCusp offersin p’inciple

the possibilityof a @etic bottlefor sucha reactor. It combinesthe

extreme hydromsgneticstabilityof a g.uadrupolefieldnul.lwithbridgedfield

LinesbetweenCUSPSjso as to stopthe =cessi~e pla~ le~age inherentin

the nonadiabaticbehaviorof particlesin the regionof a fieldnul.1.The

bridgedfieldlinesbetweencuspsshoul.dtake careof the leakageof scattered

particlesfrom a denseplasma,which

absenceof nona~abaticbehatior.

Pioneeringwork has been done

CaulkedCusp conceptby Kerstandby

of coursewouldbe there even in tk

in the experimcxtalrealizationof the

Ohkawabath of whom are workingwith

toroi.daloctupolemachines. In theirmachinesthe

aroundfour conductingringsinductivelydrivenby

the toroidal.outervesselof squarecrosssection.

in a capacitorbank,and both Kerstand Ohkawause

cusplinesare bridged

currentsin the walls of

These currentsoriglmate

rathr moleststoredenergies.
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This of course simplifies the engineering of the machines, but it.limits

the particle energies which can be contained. As a result,the ph==

energies are quite low, and this makes it possible to hang the ring conductors

on supports. In addition,becauseof reducedchargeexchangecrosssections,

as well as smallerparticlevelocitiesaccompanyingthe low plasma

temperatures,the vacuumrequirementsare quitemodest. On the otherhand,

sincethe low plasmatemperaturesand energycontentare low,there are a

nuniberof importantdiagnosticmethodswhich cannotbe applied.

It is felt at IASLthat there is a need for carrying the Caulked

Cusp type of confinement to high plasma energies and temperatures. It is

realized that great difficulties will have to be overcome, but it is possible

that more information will be obtainable than at low energies. The major

difficulties are that large field energies will.be required, that the machine

will be of large dimensions, and that the internal conductors will have to

be truly levitated. Mechanical supports are not pemuissible because of

contamination difficulties arising from their bombardment by the plasma.

The coaxialguns in use at LASL appearto be capableof supplying

usablequantitiesof D plasmaof appraximatel.y10 keV averageD energy,and

of injectingthis plasmaacrossa field. Designfiguresare beingbased on

~ perfo~ce and on crossfieldinjectionexperimentsof Baker and Hammel.

The indicationssxe that the high-densityjrelativelyslowplasma,which

followsthe fastplasmafrom a coaxialgun, canbe rejectedby appropriate

depolarizationconductorswhile the fastplasmacan stillpenetratethe

field. On the tilerhand,no significantamountof plasmaappearsto be

capableof passingthrougha quadruple null if the fieldlinesfromthe

cuspson the two sidesof the null are bridgedin vacuumso as to allowthe

plasmato depolarizeitself.

u.



Magnetic Field Requiren&nts

In orderto be satisfactory,

numberof conditions.These canbe

the magnetic field must

enumeratedas follows:

1. The field must have enoughstrengthand distance

satisfya

betweenthe

plasmaand the wsll to contain10-keVD‘s. SomewhatincompleteexperimentaJ-

data indicatethat this requirementimplies,in quantitativeterms,that

there shouldbe a blanketof approximately5 gyro radiibetweenthe separatrix

and any wall. The sepsratrixis the flux surfaceconnectingto the field

null.

2. The internalconductorsmust be levitated. In otherwords,there

must be no mechanicalsupportscrossingfrom conductorsto walls,since

thesewouldnecessarilyintersectthe separatrix,wherethere is expectedto

be energeticplasma. levitationrequiresthat tlwxebe no largeimpulse

deliveredby the fieldto the conductorsduringthe time of the experiment;

sincethe fieldenergiesare so large,the motiondue to a largeimpulse

wouldprobablybe destructive.

3. The fieldmustbe capableof stablehydromagneticconfinementof

plasma. The best informationat presentis that this impliesthat ~ # ,

takenalonga closedmagneticfield line, must decreaseas the line chosen

as the path of integrationis takenfartherand fartherfromthe plasma.

4. The fieldshouldbe reasonablyconstantin magnitudeand shape

for at leasta numberof millisecondsafterplasnmis injected. In

::~:yr:g::ob;: %%%’”
possibleelectricfieldsin the

-E=- plasmadriftswill not be excessively

lsrge.

5. The magneticfieldstrengthmustbe sufficientlylow to permit

a reasonablemechanicalstructureto supportthe forces.

6. The injectionregionshouldhave a fieldat the wall smallenough

to make crossfieldinjectionpossible. As a roughguide,a limitof 10

kG has been takenin preliminaryplanning.

12



QuadrufilarField Configuration

The simplestfieldwhich appears to be capable of satisfying these

requirementsis a bridgedcusptoroidalquadruple or quadrufile. The

word quadruple strictly applies to the field at large distances from two

magnetic dipoles arranged so that their dipole moments cancel each other.

Quadrufile or quadrufilar is used here to denote the field near the origin

which is produced by four wires at a long distance arranged symmetrically

so that the tutal field is zero at the origin. Such a field can be

generatedby the arrangement shown at A in the diagram below; the form of

/IWUCED

%outwu V4CWM vliss&L

& 7=WV4W Cwmmr cwmcr4w

the magnetic field is depicted at

//
~EVmWED pmzs

A

B on the following page. A field null

appearsat a pointapproximatelymidwaybetweenthe levitatedconducting

rings. The currentin the ringshas to be driveninductivelysince

no materialob~ectcan be aUowed to interceptthe plasma.

The majorreasonfor choosingthe toroidsl

in place of some other

translational force on

multifile is that it alone

the levitated conductors.

quadru2ilar configuration

is free of net

Tne inner ring is subject

13
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to outwsrdforceswhich amountto a hoop stress,whilethe outerring is

compressedmagneticallyinwardtowardthe null. In the case of the

octufilewith rings in the four cornersof a square,two abovethe median

planeand two below,thereis in additiona net translationalforce driving

the ringstowardthe medianplane. If the ringswere superconductingand

thus capableof carryingsteadycurrents,it wouldbe possibleto support

them magneticallyat the expenseof somefield symmetry,but for the moment

this is not practical.

Unfortunatelyit appearsto be somewhatmore difficultto achieve

a lsrgeregionof hydromagneticallystableconfinementin a quadrufilethan

in an octufile. In this connectionit must be rememberedthat mechanical

equilibriumtiesnot requirethat the fieldresemblethat of a pure quadrufile

at all. The essentialrequirementis that there shouldbe onlytwo levitated

rings,one on the insideand one on the outsideof the toroidalnull.

*

.

.

.
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Stabilityand FieldSha&

As is statedabove,the criterionfor

fieldagainsthydromagneticflutingis taken

stabilityof a containmerrt

to be that /# decreases

as the closedfieldline,alongwhichthe line integralis taken,is chosen

fartherfromthe plasmacontainmentregion. Inspectionof the fieldplot

in Fig. 4 showsthat thereare regionsin whichthe variationof the integral

is favorableand regionsin which it is unfavorable.The favorableregions

are thosein whichthe fieldlinesare convexinward, and the unfavorable

wherethey are convexoutward. In the favorableregionsthe lengthof the

path is smallerand the field strengthis largerfsrthr out. Both effects

producea favorablevariationof the integral. It is immediatelyobvious

that stabilitycan be enhancedby makingthe fieldlargein the unfavorable

regionsand smallin the favorableregions. SinceB is in the denominator,

the valueof the integralis stronglyincreasedas the path is taken close

to the fieldnull.,and in sucha fieldconfigurationthere is elwayssome

flux surfaceoutsideof the separatrtiinsideof whichthe containmentis

stable.

To achievethe desiredblanketof 5 gyro radii between separatrix

and wall, any realizable field shape can be taken and the field strength

multiplied by a factor such that it tiesnot exceedlimitsset by practicability.

The lineardimensionssre then multipliedby whateverfactoris necessaryto

realizethe desiredblanket. In practice,it will be foundthat the smount

of energyrequiredwild.then dependon the detailsof the fieldshape. Since

the most expensivepsz’tof the machineis likelyto be the energystorage

system,and since,even if it were not eqensive, the handlingof large

amountsof energypresentsseriousproblems,a reasonablecriterionas to the

excellenceof a givenfield configurationis the amountof energyrequired

to createthe field subjectto the constraints:(a)!Knatthe fieldnear

the wall adjacentto the fieldnull shaU not exceed10 kG; this figureis

chosento assurethat crossfieldinjectionwiXl be possible. (b) That

enoughaxeabe clearof hsrdwsrein the hole in the doughnutso that an iron

core cen be put throughit to handlethe necessaryflux. The latteris

15
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the fluxbetweenprimarycurrentconductorsnd the innerlevitatedring

includingthe amountsoakedintothe conductors. (c) That the maximum

fieldin the bridgesbetweencuspsnot exceeden amountdictatedby

strengthof materials;

At present,the

barelycommenced.The

designingthe toroidal

50 kG mightbe a reasonablefigureto startwith.

processof searchingfor an optimumfield shapehas

computercode dweloped by R. A. Dory for use in

octufileat the Universityof Wisconsinhas just

been adaptedto computationof theseparticularfieldshapeson Il@L

computers and onlytest problemshave been run. However,some calculations

by anothermethod(seereportof Bakerandllannbelow)indicatethat a

satisfactoryfield can probablybe designedwhichwill.use between

5 and10 MT of energy. The fieldshapewill.be roughlyas indicatedbelow.

I
I

I

TOPOID

.
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The back sideof each of the levitatedringsis hollowedout to reducethe

fieldin the middleof the bridge,to decreasethe net stabilityagainst

flutingtowardthe rings,and to increasethe stabilityagainstoutward

loss of plasmaby addinga regionof favorablecurvaturewith a somewhat

lowerfieldstrength.

Magnetand Vacu~ Envelope Construction

The diagramsgivenabovehavebeen made on the assumptionthat the

outerprimarycurrentis carriedon a one-turnconductingdoug$nut,the

surfaceof the doughnutbecominga flux surfaceof the fieldthroughthe

skineffect. This is a very convenientway of designinga pulsedmagnet

and the currentconductorcan do doubledutyas the vacuumenvelope. It

is a methodwhichlendsitselfto very accuratefieldshapingthrough

machiningof the surfacebut it alsohas some difficulties.

The majorproblemis that,becauseof the rings,the dmghnut must

be splitso as to comeapartintoan u~er and a lowerhalf like a clam

shell,and that it must aJ.sobe interruptedin at leastone place around

its circumference,to permitcurrentto be fed to it. The vacuumseal.must

then have a T jointand the insulatorat the currentfeed has to linkthe

rings;it must thusbe splitand reassenibled.If the prinuxryconductor

actuallyformsthe wall of the vacuumchaniber,a seriousdifficultycan

arisefrom voltagesappearingacrossthe feed points. The electricfields

resultingfromthesevoltagesWIllj in general,be normalt th magnetic
ii

field,and will resultin plasmadriftwith velocity~ = -~ . This

velocityis parallelto the Poyntingvectorand hence}if there is an

energysink in the machine,plasmawill drifttowardit. If energyis

allowedto leavethe machinethroughits terminals,plasmawill driftto

the insulator,and thereis a good chancethat a shortcircuitmight

developwhichwouldhaveto dissipatea largefractionof the field

energy. ‘IIIus,to preventseriousdamageto the machine,a nearly

perfectcrowbarwould

is beyondthe present

have to be put acrossits terminals. Such a crowbar

normslstateof the art.

.

.
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A way of avoidng the problem of plasma drifting against the

insulator is the use of a resistive mets3 liner to the doughnut. The

energy dissipatedby eddy currents in the liner can be made arbitrarily

smsJJ.by making the time constant of the rise of the field long compared

to the L/R time of the liner. In the machine considered at XL, a

stainless steel Uner l/t2-in. thick would have an L/R time of roughly ~0

Vsec. Thus the field would probably have to rise with about a 10-msec

time constant, and about 5% of the total.fieldenergywoul.dbedissipated

in the liner. At firstthis seemedprohibitivel.ylongbecauseof the

additionalenergywhichwouldhave to be suppliedto providethe energyof

the fieldsoakedintothe conductors.Then it becameapparentthat if long

containmenttimes shouldactuallybe achieved,it wouldbe convenientto

have a nearlyconstantfield shapeduringthe containmenttime, and that

the f%rtherthe fieldhas soakedintothe conductor,the more slowlydoes

the additionalfieldsoakin. Furthermore,if the fieldhas soakeda

largedistanceintoa conductor,currenthas too and, sincethe currentis

carriedin a largerarea of Cu, the resistivevoltagedrop is smaller.

This reducesplasmadrifttowardthe conductorssinceit reducesthe Poynting

flux.

With long risetimes,the skineffectdeternd.nationof flux surfaces

becomesless attractive,and more seriousconsiderationcan be givento

the determinationof the fieldby placingcurrentcarryingconductorsin

calculatedpositions. In any event,in orderto matchnormalenergystorage

devices,it becomesconvenientto have a largenuniberof turns in the primary

windingof the machine. The =sult is that at the presenttime the device

is seenas essentiallya fiberglassand epoxyplus coppercoil structure

builtup on a thin stainlesssteelliner. The liner couldbe fabricated

from unitsthe sizeof an automobilefender,weldedtogetheralongradial

seams,eachhalf makingwhat would look like an enormoussomewhatdistorted

angelfood cakepan. Two vitonO-ringswouldbe usedto make the seals

in the equatorialplane.



The inductanceof a one-turndoughnutwith two secon~ ringsis

likelyto be --1 PH. In orderto achievea 10-msecrisetime with 10 kV

on the windings}it wouldbe more convenientto have --1 mH of inductance.

This impliesthat the nmchineshouldhave about30 turns in its primx’y

winding. Theseturnscouldbe laid on top of a solidmetal doughnut,

which couldbe used for shapingthe field,and this wouldrelax considerably

the precisionrequiredin applyingthe 30 turns. More Cu (orAl.)wouldbe

requiredhere sincethe current,in effect,wouldhave to be carriedaround

the doughnutthreetimes in the primmy winding: once in the 30 turns,once

in the imagecurrenton the outsideof the doughnutunderthe 30 turns,and

once on the insideof the doughnutto generatethe containmentfield. This

pointwill haveto be studiedcarefullybeforefinsl design.

I@gnetic Core

The currentin the levitatedringshas to be driveninductively.A

simpleWSY of lookingat the systemis that the prix is a singleturn

dmghnut of high conductivityy, of sucha thicknessthat field doesnot soak

throughit completely.The currenton the insideof the dmghnut is

then exactlyequaland oppositeto the currenton the two conductingrings.

This fol.lowssince,as the fieldin the doughnutwall is zero,/ H.dl linking

the rings in the metal of the wall.is zeroalso,and thereforethe net current

insideis zero. The exteriorsurfaceof the doughnut,however,can carry

currenttoo. It representsa parasiticinductiveload acrossthe load

Wch has to be driven. In orderof mgnitude, the inductanceof this

loadwill alsobe -1 LLH,and thus it wouldabsorbhalf of the energyfrom

the source. In orderto avoidthis,the simplestapproachis to threada

ferromagneticcircuitthroughthe hole in the doughnutto increasethe

inductanceof the parasiticcurrentpath. This amountsto an ordinary

transformercore.

n

If the innerlevitatedring is assumedto have effectivelyzero

resistance,the fluxthro@ it will.not be able to changewith time.

20
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Thus all flux in the innerbridgebetweencuspsmust be compensatedduring

a shotby en equsland oppositeflux linkingthe hole in the doughnut.

StackedtransformerFe normallycaunotbe magnetizedat sJ.1efficiently

beyondabout1~,000G, so this puts a luwerlimiton the area of the hole

in the doughnutfor a given fieldconfiguration.There is stilJtoo little

known aboutthe optimumfield configurationto be ableto specifythe hole

area,but it appearsthat a l-m diem clearholewould almostcertain3ybe

adequate. In selectingthis area,alluwancehas been made for flux biasing

the Fe. If beforea shotthe Fe coreis alreadymagnetizedin the rwerse

directionby a dc winding,twicethe flux changeis obviouslyavailablefrom

a givenarea of Fe. The only difficultyis that the changingflux in the

core duringa shotinducesa largeemf in the dc winding;operationof the

machinewouldthenbe impossibleif the emf is allowedto drivethe current

it normsllywouldthroughthe power supplyconnectionsor througha short

acrossthe windingterminsls. Accordingto Lenz’slaw,the emf is in the

directionto maintainthe originalflux in the core. The ordinaryway of

takingcareof this problemis to inserta chokecoilbetweenthe power

surelyand the bias winding. The troubleis that this choketurns out to

havetwice as much Fe in it as the corelinkingthe doughnut. For the

machineunder consideration,the situationis savedby the long time constant

of the conductingringssroundthe core (ofthe orderof 20 see). If the

flux biaswindingis opened,firstby a switchwith a resistoracrossit,

and then completely,the bias currentis transferredto the rings;no

chokeis necessarysincethe bias windingis open.

Enerw Storage 1, CapacitorBank

Of the orderof 10 MJ of energywill have to be storedto produce

the containmentfieldof the machine. The conventionalmethodof storing

energyfor suchpurposesis in capacitorbanks,and this can readilybe

doneat IASL. Becauseof the availabilityof capacitorscapableof slow

ener~ storsgeand costing2 centsper joule,it shouldbe possibleto assemble

the necessarystoredenergyfor about $3 x 105. Therewould undoubtedlybe
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frequent capacitw failures, and it would probably be necessary to provide

clearing fuses which would isolate a ftiled capacitor; the machine could

then be fired even after one or Wo loud explosions during the charge phase.

These capacitors are said to be operable only if they am crowbarred to

prevent voltage reversal. The bank would be provided with ignitrons for

this purpose, but in addition a mechan.icslcrowbar of very low resistance

would be applied across the machine terminals. This switch should have

‘4 O and be operable with a jitter of lessa resistance of the order of 10

than 1 msec; this is based on the assumption that the crowb~ would be

applied to the 50-turn, l-mH machine primary. The switch would have to

closea circuitcarryingabout1.5 x 105 A.

EnergyStorageII, InductiveEnerKY Storage

Althoughapproximately10 MT of capacitiveenergy

inst ailedat LASL,nothingapproachingthis quantityhas

storageis

everbeen connected

to one load,and very few capacitorbanks are everrun at fullrated

voltage. A considerableamountof maintenancewouldprobablybe required

if a bank as largeas this one is used. The most llkelyfaultto occuris a

shortcircuitacrossthe bank; sucha faultalwaysresultsin an explosion

and frequentlythereis damagefromblast or from resultingshrapnel.

Consequently,alternativesto a 10-hiJcapacitorbank shouldbe considered.

The currentthrougha shortcircuitacrossa load fed from a storage

inductorcan neverexceedthe currentstoredin the inductor. To deliver

a largemount of energysuddenlyto a faultin sucha circuit,the fault

must approachan openedcircuit,and the onlyrealproblemin inductive

energystoragein the past has been the openingof circuits. The worst

dangeris likelyto be firesfrom arcs in brokencircuits,and this should

be no worsethanwith dc magnetcircuits.

Consideran inductiveenergystoragesystemdritingan inductive

load; the most obviousway of drawingthe circuitis shownon the

followingpage. To beginwith, switch1 wouldbe closedand the generator
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wouldbe operatedto

At sometime, switch

Breakingthe current

buildup a currentil = Is in the storagecircuit.

2 wouldbe closedand switch1 wouldbe opened.

in inductorL1 producesa largevoltsgeacrossthe

terminsls of ~ and transfersenergyto it. However,the circuitcannot

and doesnot work thisway becausethe instantaneousopeningof an inductive

circuitwouldproducean infinitevoltage. Actuallythe swi.tchwould UC,

and this mightbe consideredas a resistancethat variesin a complicatedway

with time. Analysisof circuitscontainingresistancesof varyingtime

dependenceshowsthat the efficiencyof energytransferfrom L1 to ~ is

the samewhetherthe resistanceveriesas a stepfunctionfrom zeroto a

constantvslue,increaseslinearly with time af%er t = 0, or increases

quadraticallywith time. The efficiencyin each caseis

It has been found (H.R. Lewis,IASL)that the energytransfer

efficiencyis the samefor an arbitrarydependenceof resistanceon time,

so long as the resistancevariesin sucha wsy as to bring 11 to zeroat

largetimes. In the case of a step function from zero to R (a switch opened

across a resistor R), the current in the load varies as

1 k)

i2 = -I
+-Y+i:(:2+ ‘)”

The maximumenergytransferefficiencyis 1/4.,and is ackievedwith Ll = ~.
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At firstsightan energytransferefficiencylessthan 1/4 appears

very poor. It must be remabered, however,that for an occasionalshti

the costof energyitselfis small,and that onlythe initialcostand

maintenanceof the installationshouldbe considered.For this reasona

more csrefullookhas been takenat the p?oblemsinvolved.

Resistor

It is important to remember that half of the stored energy is

dissipated in the resistor, even if the resistor is the arc across an opened

adt ch. Obviously the resistor must have a capacity for soslsingup energy

rarely met with in practice. It happens that in actual.fact this is the

easiest and cheapest component of the system to build. The resistor would

be electrolytic, and would consist of -1 # of a salt solution, the salt

concentrationbeing ad@sted to produce an appropriate resistance. The

electrodes would be large stainless steel sheets interleaved and hanging in

the electrolyte like the plates of a storage battery. The inductance of such

a configuration can be made negligible,and only the outside plates are

subject to magnetic forces. The dissipation of 20 M in 1 @ of water would

raise the temperature about 5° C. A test cellhas been operatedsuccessftildy

with a 15° C rise in a much shortert-. The onlyproblemwas that the

rapidtherml expansionof the electrolytethrewwaterupwardfromthe

surfaceof the cell. Electrolyticresistors with smallertemperaturerises

are in routineoperationin the laboratory.

Switch

With a low inductanceresistoracrossit, the switchhas to break

the full storagecurrent,but neverhas to standoff voltagegreater

thanR18. A reasonablearrangementmightbe a combinationof a mechanical

switchcapableof carryingthe storagecurrent(- 3 x 105 A) and a fuse,

preferablyof very low inductance,whichwill open - 1 msec

opens. There may be suitablecommercialfuses,but if nut,

underhi@ pressure,suchas has been testedby H. Earlyat

of Michigan,couldbe used.
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StorageInductor

The storageinductoris probab3ythe most difficultpart of the system

to construct,simplybecauseof its large size. It must store* 40 MJ and,

for reasonsof economy,shouldbe chargeablewith an existingpower supply.

It canbe shownthat the maximumamountof energy,U, which can be storedin

an inductor,is relatedto the maximumpoweroutput,w, of the charging

su~ly by the formula

u= &VT,
where T is the L/R time constantof the storageinductorcircuit,and w is

the nmximumpower outputof the supplywhen it is connectedtothis particular

load. There is availableat IASL a power supplycapableof delivering2,5 M

at 72 kA andyj.v. The storageinductorthen shouldhave a time constant

of at least32 sec.

An examinationof Fe coreinductorsshowsthat it is probalily

easierand cheaperif there is littleor no Fe; furthermore,calculations

are certainlysimplerif a pure air coreinductanceis used. The reason

is that for completelyunsaturatedFe, an air gap of 50 # wouldbe

requiredto storethe energyat 14,000G. An enormousamountof transformer

Fe wouldbe required,as well as a largeamountof Cu. The most efficient

use of conductingmaterialwithoutFe is made by a coilhatingapproximately

the “Brooks”sha~, as indicatedin the followingsketch.

k

/$kS OF C1/P@’Lt?P COIL

T ;
a I
j-+---j
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The inductanceof the coilis L = 0.0255& vH, where a is in cm

and Nis the totalnumberof turns. The resistanceis R = $p@, where

p is the resistitityof the windingmaterialand f is the spacefactor

(fractionof windingvolumefilledby conductor).For Cu, p = 1.7 x 10-s Q-cm,

md for Al it is 2.83 x 10-6, at 20°C. Usingthe foregoingexpressions

for LandR, settingL/R = 32 see, and assuminga spacefactorof 0.8,

suitableinductorsare foundto havethe followingcharacteristics:

Material Dimension,a(cm) OutsideDismeter Mss of Material(tons~

Cu 158.7 633 cm (21f%) 268

Al 204.5 818 cm (27ft) 17b

Assumingthat Al and Cu costthe sameper pound,it wouldbe more economical

to We the inductorf%omthe former.

It was assumedin the sectionon Magnetand VacuumEnvelope

Constructionthat,to matchto a 10-kVcapacitorbank with abouta 10-msec

rise time,the machinewindingwouldhave an inductanceof - 1 mH. This

windingwouldrequire1.4 x 105 A for a 1O-MJenergycontent. A storsge

inductorwouldthen have to startwith 2.8 x 105 A to deliverthe current

to the load. In orderto chargethe inductorconsideredabovewith the

existingpower supply,whichhas only one fourthof this currentcapacity,

the inductanceshouldbe 16 mH; the risetinw of 10 msec wouldthen imply

a kO-kVterminalvoltage. The o@imum smangement for matchingpower

supply,storageinductor,and switchwill.haveto be

decidedto use magneticenergystorage.

One considerationfavoringhighervoltageand

formidablebus bars requiredfor these currents,and

determined,if it is

lower currentis the

the necessityof

locatingthe inductorat

strsy field. The latter

inverselyas the cubeof

strayfieldconsiderably

some distancefromworkingareas becauseof

will.be about5 G at 30 m, and will fall off

the distance. It mightbe possibleto reducethe

by a certainsmwnt of Fe in the return flux path.

This would also improvethe inductorsomewhat.
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The inductorwouldhave a smaldnuniberof turnsfor an inductance

of 1 w or 16 W, e.g., 14 or 56 turns,respectively, for Al. on

the other hand, the individual.strands would need to have a small cross

section so as to minimize skin effect. These rather contradictory

requirements can be satisfied by the use of a large nuniberof leads in

parallel. The coil wouldbe assembled from a number of pancskes, for

example with 30 pancakes,each pancake consisting of 100 leads in parallel,

each lead making a half turn from inside to out. The leadto lead voltage

inside a pancake wouldbe very small so that insulation would be quite easy,

but the coil would requ&e some mechanical strength because of the high

magnetic field snd lsrge dimensions. Actuslly the hoop stress in the coil

wouldbe of the order of 300 tons, well.within the strength of the winding.

If the charging time of the inductoris 3 min at 2.5 N—a generous

estimate-thecoilwouldbe expectedto rise about5° C in temperatureper

shd. Heatfrom insidethe coilwouldhave natural conductionpaths

alongthe leadsto the largenumber of connectionsbetweenpancakes,and

these couldbe air cooled. The time betweenshotswill be much more

severelyl.imLtedby the coolingof the levitatedconductorsin theirDewsr

flaskthan by the coolingof the inductor. Thereforeno ~ensive water

coolingof the coilwouldbe necessary.

Levitation (withW. Borkenhagen)

There are obviousdifficultiesin levitatinga few tons of Cu

and steelringsin the doughnutduringthe time of the experiment.The

problemis aggravatedbythe necessityof precisepositioningduringa

periodof a numberof msec. It is assumedthat precisionis requiredso

thsk calculationsof the behaviorof the plasnmin the fieldwill apply

to the actualmachine,and so that measurementsof plasmadiamagnetism

will.be successful.In additionto these scientificrequirements,there

is the practicalnecessitythat the rings shouldbe closeto their

magneticequilibriumpositionsat any timewhen there is a possibilityof
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of energ being fed into the machine terminals. If, for example,the

ringswere lyingin the bottomof the doughnut,and the fieldwere

accidentallyenergizedby a prefireof capacitorbank ignitrons,a large

forcewouldbe generateddrivingthe ringsupwardtowardtheir equilibrium

position;10 MJ correspondsto the kineticenergyof a mass of 2 tons

movingat a speedof about100 m/see. Clearly,if even a smallfraction

of the storedenergywere transformedintokineticenergyof motionof the

tings,a catastrophewouldresult.

The requirementof accuratepositioningof the ringsis made more

difficultby the necessityof operatingthroughan “ultrahigh vacuum”

wall. Sinceno greaseor oil of any kind will be petitted in the system,

a bellowsseemsto providethe best solution. ordinarymetslbellowsare

probablynot ableto survivethe accelerationsrequiredof the withdrawable

ring supports,but thereappearto be severalconceivablemeansof by-passing

this difficulty.

The levitationprocedure,as conceivedat present,is as follows:

Originallythe ring conductorsare suppm%edby a set of withdrawable

pins or crutches. The pins tie heldin positionrelativeto the doughnut

wall by latches,and me arrangedto be withdrawnrapidlyby storedhigh-

pressureair actingon pneumaticcylinders.The entiredoughnutis mounted

on a mechanicallinkagecontrolledby a one-turncam drivenby a flywheel.

The cam is designedto drivethe doughnutinto a freefalltrajectoryin

which it remainsfor ~ msec,for a dropof 1.25 cm. Immediatelyfollowing

the startof free fall of the doughnut,the pins are withdrawnfrom under

the rings. A dawnwsrdaccelerationof 15 g is sufficientto move the

pins 10 cm in 10 msec. This leavesthe ringsfsllingfreelyat the same

speedas the doughnutand in the originalrelativeposition. Afterthe

pins are out,the machineis left in free fall for 30 msec,at which

time anotherset of pins is drivenintothe machinein the samewsythat the

.

.
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first setwas pulled. Ten msec laterthey exe in contactwith the rings

and the cam programcontinueswith a decelerationand elevationphase.

Plsnsare beingmade to constructa workingmodel of the levitation

machinery. Air cylindersand beU.owshavebeen ordered,and a working

s~ce will soonbe availablein whichthe modelwill be set up.

Injection

As was statedat the outset,it is plannedto use the crossfield

injectiontecludquein the proposedmachine. For this purposeit will be

necesssxyto have at leastone largehole in the machinewall.unencunibered

by currentconductors,but with as littledistortionof containmentfield

insidethe hole as possible. Outsidethe hole there shouldbe a

continuationof the containmentfieldfor a sufficientdistanceso that

measurescanbe takento rejectthe slowplasma. If the fieldshapeis

determinedby a conductingmetal.wall,the outsidefield can be retched

adequatelyby local.coilsoutsidethe hole in the wall..If it is determined

by wiresaccuratelylaid in theircalculatedpositions,the extensionof

the fieldin the injectionregionshouldstrictlybe made by bul@ng

the windingaXl the wey aroundthe doughnutas in the sketchon the following

page. If the outerflux surfaceis pulledoutwarda sufficientdistance

it shouldbe possibleto part someof the wiresfar enoughto allow

plasma injectionwithoutperturbingthe containmentfield.
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CAUIX13DCU5PDESIGNCALCULATIONS

(D.A.Baker,L.W.-)

Approachto FieldDesign

The requirementsof the magneticfieldfor the CaulkedCusp device

were describedat the beginningof the precedingsectionof this report.

The fol.lowingapproachhas been used to designa suitablefield: (1)

Cslculatea field configurationwhichhas the righttopology,i.e.,an

outertoroidsllboundary,representingthe primarywinding,which encloses

a pair of ring conductorscorrespondingto levitatedsecondaries,and is

evmere stablein the sensethstthe vacuumvalue of ~dl/B decreases

outwardfromthe proposedplasmaregion. (2) Scslethe resultingfield

vsluesso that the fieldstrengthat the injectionpoint is smell.enough

to allowinjectionfrom a coaxialgun. (3) scalethe torus crosssection

so that an adequateplasmaregionis separatedby several~o radiifrom

the wall. (4) Scalethe insidemajor diameterof the torusto be

compatiblewith the magneticcoreand primarywindings required. (5)
Examinethe resulting configurationfromthe pointof tiew of fieldenergy

and forces.

These steps

acceptableresult,

will.be repeatedwith new configurationsuntilan

optximumin some sense,is obtained.

Results

Step (1)has proceededusinga modifiedversionof the MAFCO

computercodeof Perkinsand Brown (IRL) in which currentringsare

locatedsuchas to producea fieldof the righttopology. Figures

5, 6, 7, and8 representflux surfacesof the torus cross-sectionfound

in this manner. The outercurveis the outermost“stableline”where

the @msry is to be located,next insideis the approximateseparatrix
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CASE I

FIELD LINES AROUND TWO CONCENTRIC RINGS COIL 1 AT
130, I = 1800 COIL 2 at 160, I = 1000
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Fig. 5. Flux surfacesof torus cross section
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CASE II

FIELD OF FOUR RINGS COIL 1 AT R = 130, I = 1800 COIL 2
AT 160, I = 1000, COILS 3, 4 AT R = 145, Z = +10,-10, I = -200
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Fig. 6. Flux surfacesof torus crosssection
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CASE III

FIELD OF FOUR RINGS COIL 1 AT R = 130, I = 1800 COIL 2
AT 160, I = 1000, COILS 3, 4 AT R = 145, Z = +10,-10, I = 75
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Fig. 7. Flux surfaces of torus cross section
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CASE IV

30

24

18

12

6

Zo

-6

-12

’18

’24
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Fig. 8. Flux surfaces of torus cross section
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wherethe plasmais to be concentrated,and the two insidecurvesrepresent

the levitatedconductors.We recentlythe flux surfaceshavebeen

determinedusinga modifiedversionof R. A. Dory’sboundaryvalue code.

‘lhisprogramallowsbettercontrolof the flux surfacesto be ccmputed

sincethe currentsourcesneed not be determinedin advance. An example

of a fieldconfigurationobtainedin thisway is shownin Fig. 9.

The results of scaling the p?oblems in Figs. 5-8 are shown in Table I.

Case

I

II

III

Iv

TABLE I

Total.
Torus Flux Rod Current Current

——

125.2 420 2**
163.2 m 4.39
1.24.O 410 2.52
117.o 370 2.25

Dimensions(cm) (llebers) (10=A) QQw!_
ID OD Inner Outer——

4.68 2.60 7.28
7.75 4.31 12.06
5.14 2.86 8.00
4.35 2.42 6.77

Confinement
FieldEnergy

(MJ)

9.4

27.0
10.1
7.62

Notes: Injectionfield

Wsll

~= 1~ Gcm

Separatrix

~dl/Bdecreases

= 10 kG

correspondingto 5 gyro radii for a 10-keVD ion

away from sepsratrixthroughoutfieldvolume

The injectionfieldin all caseshas been scsledto 10 kG. Each torus

crosssectionhas been scaledso that for a 10-keVD ion the walls are

five gyroradiifromthe sepsratrtiMne at the worstpoint-the outermost

bridge. The torusmajorinsidediameterhas been separatelyscaledso

that a backbiasedcore capableof a 30-kGflu% changeoccupies7@ of

the hole area. This leavesappmchmtely 10 cm for primarywindingsand

vacuumflanges. The Justiflcattinfor scalingthis diameterindependently

of the crosssectionstemsfrom ac~tions tith the bou~ value code.

I

.
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DORY CODE FIELD LINES
PROBLEM NUMBER 106
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Fig. 9. Field configuration calculated by Doryts code
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It was found that, for a

independentof the torus

Conclusion

givencross-sectiongeometry,the surfacesare

diameterto a very good approximation.

From the comparisonof the confinementfieldenergiesin Table I,

it is clearthat Case l?lis advantageous.This resulthas led to the

investigationof configurationssimilarto that shownin Fig. 9.

All of the abovecalculationssre based on the a~oxiution of a

smallskindepth. For a magneticfieldwith a longperiod,further

correctionswillbe requiredfor the finaldesign.

.
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LINEAR hK)DELOF CAUTXEDCUSP

(D.A.Baker,R.S. IM.lse,and J.E. -1; E.L.KemP)

A full-scalelinearsection of the Caulked Cusp machine is being

built. The section will be 1.5-m long and for ease of construction will

have no curvature. The model will be usedto study the problems associated

with plasma injection into the actual machine. The section will be pbced

in the vacuum tank now being used for the transverse injection experiments

and will.be powered by the 1-W in Rack 6 of Zeus’. The sectiori”haseight

turns in series giving an nI = 5 MA for eachi’nterior conductor.
.,

ficluded in the experiment will be a coil placed outside the

injection port. This,multipurpose coil will, it is hoped, (a) reduce the

perturbation ca~edby the injection port, (b) remuve the S1OW cqnent of

the w PUS~S as described in the section of this remrt On tr~sverse

injection (p. 5?), and (c) serve as a focusing guide field for the stream.

Figure 10 is a schematic of th? physical arrangement. The field

of the externalguidecoilis a distortedmirrorarrangementwhich is

ableto reducethe internalfield distortionto a few percent. A

shortingplateoutsidethe mirrorof the guidecoilwill be included

to removethe slow componentof the gun stream.

●
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Fig. 10. Schematicof linearsectionof CaulkedCuspmachinemodel
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FIELDPENETRATIONSTUDIES

(D.A. Mer, IvLD.J.MacRoberts,L.U.knn)

Introduction

A Fortranprogramhas been written for the IBM-7094 to compute

the speed at which pulsed fields penetrate an infinite hollow cylindrical

conductor and the electric field at the surface of the conductor. This

code can thus be used to determine conductors which minimize magnetic

field energy loss and to indicate methods of programming rod currents to

minimize the surface electric field on the conductors. The latterfeature

will reducethe ~ x

@roach

The electric

~ driftof plasmato the conductors.

and magneticfieldsin an infinitehollowcylinder

will.have the followingsimpleform:

ii = ~E (r,t), a~r~b

i! = @B (r,t),

where a and b are the innerand outerradius,respectively,of the

cylinder. Upon applyingMaxwell’sfieldequationsand neglectingthe

displacementterm,the differentialeqution

can be developed. If the initialconditionon the fieldsis that

B(r,O)=E(r,O)=O; a~r~b

.

and the boundaryconditions-e
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B(r,t)

B(a,t) = O and B(b,t)= 0,
2xb

canbe computedby an implicitnumrical differencingscheme.

The eiectric fieldis

E(r,t) =* k+’=+
Results

The manner in which the B field penetrates an infinitehollow

conductingcylinderis shownin Fig. 11. The currentin the cylinderis

of the form

I(t) = Imsin wt,

where Im= 106 and w= (YC/2)103.

The set of curvesis for a Cu cylinderof

10 cm at times of 0.1, 0.5, and 1 msec.

innerradius5 cm, outerradius

surfaceof a Cu conductoris

sinusoidalrisingcurrentwhich

The computed electric fieldat the

given in Fig. 12. me case sh~ is for a

is ideally crowbarredat Its peak, i.e., the current and magnetic field

remain constant at their peak value for t ~ ?/4.

The parametersused in the calculationwere: outerradius= 10 cm,

quarterperiodof the current= 0.25msec,v ~d u for Cu, tube wall thickness=

1, 2, and 5 mm, and 2 , 4, 6, 8 and 10 cm (solidconductor),total conductor

current= 106A (lMA). For a solidconductor,a driftvelocityof 0.375

cm/msecis obtainedat the conductarsurfacefor the time of peak magnetic

field (20kG). This driftvelocityis indepmdent of the valueof peak

currentsince,at a given time,E and B each scalelinearlywith conductor

current. It is seenfromFig. 12 that decreasingthe will thickness

increasesthe surfaceE fieldat al-lti=s. The thinnerwallstake a

shortertime for the fieldsto soakin and thereforelevel

highervaluesof the dc E field. For wall thicknesses>2

out soonerto

cm the fields

.

.

.
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have not yet reachedtheir steadystatevaluesby 4 msec. Figure13

showsthe effectof increasingthe periodof the sinusoidalrising

currentto 10 msec. The driftvelocityin the solidconductoris

reducedto 0.116cm/msec.

It wouldbe desirableto minimizethe surfaceelectricfieldon

conduclxm duringthe time active@asma is presentin the magnetic

fieldin orderto minimizethe associated3 x ~ driftto the conductors.

The computerprogramwas usedto ddermine if programmingthe rod

currentwouldaccomplishthis. Figures14 and 15 shuwthe surface

B and E fieldsrespectivelyfor the caseof an exponetiidlydamped

currentstartingat the maximumof a sinusoidalrise. The data apply

to a cylindricalCu roclof 20-cmradiuswith currentrisingto 1 MA

in 10 msec and then fallingeaq?onentisllyas 1- e
-at . The results

are shownfor ten valuesof a rangingfrom O to 200. In general,as

the dampingis increasedthe surfaceelectricfielddropsand even

reverses. A casewas run to findthe pro~ausnedmagneticfield

requiredto causethe surfaceE-fieldto drop suddenlyto zero (and

to remainthere)at the time of peakmagneticfield. Thesurface

E-fieldwas reducedto zero at the sacrificeof about25$ of the

maximumB fieldafterthe first ~0 wsec with an e-folding time of

about20 msec thereafter.

Conclusions

The computerprogrsmwill.permitthe followingthreetypes of

studiesto be made with regard

an infinitecylindricalhollow

1. B fieldpenetration

set. The codewill also allow

functionof the radius.

to the E and B fieldsassociatedwith

conductor.

as a functionof

variationof the

time,for a psmmeter

conductivityas a

.
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