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Generationofapulsedultra-high magneticfieldwithasmall-size
bellowstypeexplosivedrivenfluxcompressiondevice

HiroyukiYOKOI',YozoXA… ATE書,ShuUSUBA●
MasatakeYOSHIDA*andShu20FUJIWAm *

WehaveutihLedthepowerofhigh explosivestogeneratedtra-high magneticfields.We

hayedeyeloped30cm-sizebllows-typeexplosiyedrivenAtⅨcotnpressiondeyiceforapplica･

dontoⅡはterialsynthesisandiELYeSdgadonofmaterialproperti飴.hthisdevice,theinidal

丘eldsvere糾ppliedwith extemalcds抑 thattheamotntofexplosiyescouldbereducedto

about250g.Strongextemalcdsweredevelopedinordertogenerateallinidal丘eldhigher

than10T.Weharesucceededtocompressa丘elduptoIlo.7Tthrough improvementofthe
shpeaabdowscoil.n 飴einprwedcoilsenhrgethemee血gareaofdriverphtesand
reducethectJm tdensityinthephtes.SaJnPleholdersinsertedinthe)oa°coilsWere
recoveredwithoutseriousdaJnageS･

I. lntroduction

Mapedc五eldswereap werfult00lhyariotlS丘dds

includingnotonly8Ciend丘cresearchbut曲opracdcal

application.hordertoimprovedl岱eudlity,extensive

andcontinuouseffortstoproducehighermagnedc

fieldshavebeenmade.Recentdevelopmentofsuper-

condu血 gmagnetsmakesitpossibletogenerate

steady鮎ldsof2日 TlI･withhybridmapetsin

whichwater-cooledmagnetsareiTIStalledinsuper-

conducdngmapet8,Steadyfieldsofabout34.2Tare

ayailable2).Asfarasanon-dQStruCdvepukedmapet

i8COnCemed,ぷeldsuptoabout71.8Thuebeen

availablerecentlyのIHowever,itisextremelydifficdt
togeneratestillhigherrleldswitbutdestmctionof

themapetbyeachpukebecausetheMaxwellsires

duriJIgthe点eldgeneradonexceedsthestrengthofthe

existingconmateriabfor丘eldsoverabout80T･Tus

i8WhyfieldshigherthaA80TorlOOTa陀 Called

JuJtra･high mapedcGeldsh.

hordertoproducedtra-highmagnedcfields,itis

requiredtodiscardtheconventionalideaofproducing

magnedc点eldBnOn-destrucdyely.Namely,sucha
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high丘eldshoddbeco血 edeitherbyexternalimplo･
sioz10riJ)erdalforce･Themagnedc瓜uxcompression
techiquel)isbasedontheformeridea.aJldthe

sit)gletumcoiltechniques)iSbasedontheutter.To

compressamapeticfield.itisnec鰯 arytOShrink

dIemetaliccoilareafasterthanthemagnedcfltⅨ

escapesfromthecoilasexplainedhthenextSection.

High explosivesaresuitablepowersourcesfortheac-

celerationofthecoilmaterialbecaucethehigh ex･

plosivesgenerateapowerof1012wattsintheirexplo･

Sion.

Comparedtotheothermethods,themagnedcfhx

compressionwith bellowstypeexplosivedriyen

devices7)hasSeveralmeritsde8pitetheitmaybedif･

丘culttoproduce severalhuJ)dredteshthrough it.

OneoLthemeritsisthattheinm 虚1皿grateOfa丘eld

atthestarttimeismuchsloweranddtmdondmeofa

鮎ldiSlongerthaJlwiththesingle-ttm coilSy8tem.

ThisisfayorablefortransportmeiLSurementSunder

dtra-high magnedc丘eldsbecatBeelectricalnoise

causedbyinducedvoltagecanbereduced.Another

meritisthatrecoveryofsamplessetinthecenterot

theloadcoili8notSOdifGcultasinthecylindricaltype

compressionmethodbeausepartsof名eldgeneradon

aAdfluxcomp托おionwithexpl00iyesaresep町ated.

h00nyendonalbellows-typedevices,initialGelds

aregeneratedthrough supplyinginitialcurrentsinto
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thebelhwscoil.Itoneincreasestheinitialcurrentin

ordertogetahigherinidalfieldinthismethod,a

heavierandstrongerbellow8Coiland.consequently,

moreexplosiyesarerequired.Inaddition,afast

capacitorbankshouldbeusedtofeedtheLow-induc-

tancebellowscoilefficient)y.

Cairdetal.developedcompac亡beuows-type

devicesinwhidlinitialfieldsaregeneratedwithexter･

nalcoils6)･Matchingbetweentheexternalinidal鮎ld

coilandusual capacitorbankisimprovedinthis

device･Furthermore.theamountoEexplosiyescan

bereducedbecatuebellowscoib canbecompod of

lighttnaterialssudIasthincoppersheets.ncse

meritsseemfayorahlefortheapplicadonofdtra-high

magnedc点eldsb studymateriabproperties azld

chemicalreacdons.Furtherimprovementofthecom･

pactdevicewillbepossibIethrough deyelopmeJltOf

strongerexternalcoilsaJldexaminationofthebellows

coilshape.hthispaper.thedevelopmentofcompact

bellows-typedevicesandthepossibilityofrecovery

experimentswillbedisscused.

2.Fundamenta)soffluxcoITIPreSSion

ThefluxcompressiontedhniquetakesadvaJltageOf

thephysicalphenomenonthatamagneticfieldcannot

penetratedeeperintoamaterialthantheSkindepth.

Thisphenomenonisduetoelectriccurrentsinduced

inacoilmateridbythemovementofmagnedc瓜ux.

Themagnedc丘eldsgeneratedbytheinducedcw-

rentsaresuperposedwiththeoriginalfieldssoasthat

theoriginalfieldsispreyentedかomchiLnging.neex･

pressionfortheshhdepth(a)isgivenase=(2/qfLW)II2,

whereq,FEandwaLreelectricconducdyity,magnetic

pern由bihtyand aJ1guhrfrequencyofthe点eld,

respectiyely･Togiveanenmple.theskindepthof

copperwhereO-58×1060-L･m-1aJldF'-47rX10-7

0･S･m~lisO.095ロZB)forw=2万×3×loss-1(500kHz).

LEweshrinkametaliccoilwiththethicknessoforder

oLInninashorttimeoforderof100-2ps.amagnetic
fieldinsidethecoili8increasedbecausemostofthe

magnedcfluxallnotCSCapeOutsidethecoil.
MagneticmⅨ iscompressed asfollowsina

bellows-typedevice.Thedeyiceiscomposedwith

beuowsplates.e9EPlosivesaJldal瓜dcoil(Fig.1(a)).

hthefirst8tage.theinitialfieldissuppliedintothe

spacebetweenthedriyerplatesbysomemeans･

Thentheexplosiyesonthebemowsphtesareinitiated

attheoppositeendtotheloadcoilside.Asthe

Fig.1



Fig.2Aschemati cyiewo fthebellows-type
nuxcompressiondevic

e.A:loadcoil,B:conar.C:driverplate.D:ba
seplate.E:baseblock.F:explosivesheet.G:booster,H:d

etonationcord.I:extemalcoil,I:gap.1+ II
lI幻llIII A)A

] IllI荊翁.iRg.3 Shape
ofthebellowcoilsemployedinthiswork.Thethicb e

ssofthecopperphtewasa

lwayS0.5匹 ･anddriverplateswereprepared

aBShown inFig.3.Type(a)hadtheloadconaJlddr

iyerphteofthesame25Enwidth.type(b)10.8皿

and25皿,andtype(C)25Elmand501切.respectively.Theinner

diameteroftheloadcoilwaslO皿inantypes.

ThecoilwasSupportedbyabrassCO払rwith

anouterdiameterandawidthof40mand25zzn,

respec･lively.inordertopreventtheMむⅣel

lforceかomdeformingitduringthenuxcompressionproa ss･ ㌦Fig･4 A8Chemad

cviewofadeviceforthe瓜ightaJlglemeastue
ment.A:Acrylicacidresinplate,B:argongap,C:steel8him.D:driyer

phte.E:explosiyesheet.F:detonator.ThebrokenLi

ne(I)')mtlStrateShowthedriverplate(D)wouldbedeformedsome血 e

aftertheimitiation･Theangleaistheflight
angleandargongasinthegap(B)arotmdthearea

.G'emitsaflushlight.TheinJlerdiameteroftheco

llarwaS1lJZFDintype(a)aJld(C).and12min

type(b).Thelengthofthedriverplatewas180m .n

eanglebetweenthedriverplateswas16心.Wemade

ainsulationgapbetweenthedriverphteandabadSeplateonaphsticstlppOrtblocksothatthei

nidal丘eldcouldpenetrateintothecompressor.Th

eex･plosivesheets0ntheddverphtesweremadeof

Pen･taerythritoltetranitrate(PETN)bondedbysiuc

onrubberintheweightradoof7:3.neexplosiyesh

eetⅦ firedinthecenterofthebacksideofthebaseblockthrough detonationc

ordsandabooster.meexplosiveswereinidatedsoastoclos

ethegapbetweetlthedriverplateandthebasepl

atenearlyatthepeakoftheinitialfield.Athickness

oftheex･plosivesheetwas9m,Whichwasdeterm

inedintheprocedttredescribedbelow.3.1 Det8rrnina

tionofathicknessoftheexploBlvesheetho

rdertodetermiJleathich esoftheexplosivesheetandtheaJ)glebetweenthedriyerplates,wec

on･ductedmeasurementsof瓜ightangle(a)ofthe0.
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(mm)Fig.5(a) Thenightangleofadriverphtey

s･thesquarercN)tOftheexplosiyesheetst

hick･ness(t).Thedriverphtewasa0.5zzn

thid⊂copperplate.Theexplosiyesheets
weremadeofPETNbondedbysi滋conr

ubberintheWeightratioof7:3･

()p
'qJe)m

K)ljB0 5 10 151TdqひESSCFEPLOSN
ES川≡ET(rTYn)Fig.5(b) Theexplosivesheetthickness

depend･enceoftheefBcicncyoftheddverpl

ateaccelcmtionbytheexplosiyeshcct.A

soudlil)eisonlyaidstotheeye.explosiyesheetwe

replacedovertheshin.Theaz)glebetweentheshin an

dthedriverplatewasadjustedbyeachmeasure

ment.Theexplosiyesheetwasini血tedontheli

ftedside.TheargotlgaSinthegapemittedamushlig

htwhenthedriverplatereachedtheshlmandthear

gongaswascomptesSedby8hockwave･Wecalcuhtedthe

nightangleofthedriyerplatefromthetraceofthe

hshlightobseryedwithahigh speedstreakcamera.Thenightanglewasfoundt

oincreasewiththethic

kne880EtheexplosiveSheetincreased,asshown

inFig.5(a)AneefGdency(()oftheacceleradonoft

hedriyerplatebytheexplosivesheetwouldbeesdzmtedasthe ratioofthekinedcenerwofthedri

yerplatetotheex-plosiveeJlerW Oftheexplo8ives

heet･8)Theformerwoddbepropordonaltothesqt

m ofthenightydoci･tyand,therefore.tosin2(α/

2)iThelatterwoddbepropordonaltot･ALteral1

.1WOuldbeproportionaltosin2(a/2)/t.InFig.

5(b).cinarbitrarymitverSuStisshvn.htheregion

WhereIishrgerthan9血 .Wefotmdthatftendst

odecrease.Though thehrgerflightangleismore点Ⅳor

ableLorthe血Ⅸ00mpredon.tuseoftoomuchexplosi

yesmayminthehandinessofthedevicesanddestroymatedalsinsertedinthelo

adcoil･nerefore,a9也th

ickexplosiyesheetwasemployedwithaflightan

gleof16oforthem拡imtLmperLor･mazICewiththisth

idmcsscoil.3.2 Theexternalcoi一horderto

produceandtra-highmagnedc鮎ld.itisnecessarytogtmerateashigh aLnini血1丘eldaspossi･

ble.Weharedevdoped anextemalcd whichcaingen

erateaninidal鮎Idhigherthan10T･Forthecoilwi

rematerial.weutilizedacopper-weldedSteelwirewh

ichiscoverdwithpolyimideandglasstapes･nedi

ameter.copperratio.andtensaestrengthofthew

irewere6血 .60%.and54.5kg/EJ,respectively.The

coilwa卓Strengthenedwithepoxyresin.BecauseaDotting

framefortheresinwasremovedafteritssohdi丘cadon,th

ecoilcouldbemadecompactasshowninFig.2.This

contributestotheimprovementoftheefGciency帆supplyingthe伽Xcompre貼Or
withan
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Tinevariationofamagneticfieldm飽Suredinth

ecenteroftheloadcoilinexperiment#5.Theflux
compressionstartedat127.9FLS(indicated
by也e… W)when血einitialfieldwas10.9Tandthe丘

eldincreaseduptollO･7Tafter27,3ps.T

heexperimentalconditionsandresultsarelistedin

Table1.Thewidthoftheexplosivesheetswas25mhtheexperimentsH1-#4aJld44皿iELeqPriment#5

･Forexpe血 ent#5,血 evariadonofamagneticGeldisshown inFig.6.Theamwinthefigureindicatesth

e'timewhenfhⅨcompressionstartid･hth

ebellowstype(a),themaximumfieldincreased

withincr現S･ingtheinitial五eldupto7･6T･Lineqlyexp

olaratingdierehdonbetww the血i由1五dd

anddiepeak丘dd,Weexpectedapeakfieldofat

leastlOOTforexperimentH3wheretheinitial f

ield☆asll･7T･However･thepeak valuewasonly

75･2T in thisex･periment･haddidon･thedne

ofthehKCOmpreS･sionprocessisshorterinexpe血 entH3byabout1･5

FLSthan thoseinotherexperiments.Inthe

bellowstype(b),Weexpectedthatthepeakfieldwoddbeincreasedwithdecreas.Lngwid血

oftheloadcoilandincr飽Singctm tdensi
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E(LAB)Fig.8 Timederivatiyesofthemagnetic鮎l
dsmor-ma血edbytheinitialfieldsvs.ti

meinex-periTentS#2andH3･Inbothcurve
s･com･presslOnStarttimeissetat

zero.coilswerenotpropordonaltothetotalin

idal血lⅨbecauseofdifferencesinshapeoftheexterna

lcoils.InordertoconparetheWresultstooneanot

her,wecalculatedaverageinitialfieldsinthebellow

scoilsnumeriCal1yas･2.86T,3.66Tand5.63Tfor

theex-periJnentSH1,#2andH3,respectively.Ing

eneral,themaximum五eldisnotpropodonaltotheinida

lfieldbecauseofthefluxlossatthecontactpoint

ofthedriverphtesandtheJouleheating.Thedecr

easeoftheefficiencytot)ndinthcexperiment#2comp

aredtothatinH1maybeexplainedasaresultofthese

losses.Ifweesdmatetherelationbetweentheayerage

initialfield(Bay)andthemaxjmum丘eld(B..i.I)inthe

simpleexpre

ssion,B..,ax-A (1-exb(且Y/BN

)) (1)andadjusttheparametersA andBNtOfitto

thecR-perimentsR1andH2.theirvaluesbecome1

13Tand3.47T.respecdvely.Accordingtoeq.(1)wi

ththeseconstants,wecoddexpecttogenerate90.7

Twith aninitialfieldofll.7T.However,themaximu

mfieldwasonly7512TinexperimentH3.Thisresult

neaJISthatseriousfactorsotherthanmentione

daboveemergein thecaseofgenerationofult

ra-highmagnedcfieldswiththetype(a)b

ellows.Timeder如tivesofthe･magnedcfieldsno

rmauzedbytheinidaltields(dBJdt)vs.timeares

howninfigure8forexperimentsH2and#3.For22FL

SeCfromthestartof丑ux-compression,thepro丘leoEdB

A/dEisaho6tthesameinexpe血 ents#2and#3.A触rdut,the dBJdtsuddenlybecamesmallerin experi

mentH3thaninexperiment〟2.Thecompressed

magnedc鮎ldpeaksI.5fLSeCearlierinexperiment〟3

thaninexperime

nt#2.Inexperiment〟3.thebellowscoilwasexp

osedtohighertieldsforlongertimethanexperim

ent#21Thismeansthatthebellowscoilwasaffe

ctedbystrongerMaxwellforceandmoreinten

seJodeheadnginexperiment〟3.Thus,thepossibili

tythatthelowcompressibiIityinexperimentH3was

duetodeformadonofthedriverplatesinthepartclo

sesttotheloadcoilbystrongMaxWellforceissugges

ted.Itisnecessarytoreducethecurrentdensityinthe

driverplateswhilekeepingthatintheloadcoilhighi

nordertoavoidsuchdefor

mation.lnexperiment約.thecurrentdensityint

heloadcoilwas∝pectedtoincreaseupto230%comp

aredtothatinexperimentH2･,though.thatinthe

driverplatesshouldbesimilarinbothexperimen

ts.TheJouleheatingintheloadcoilmaylimitthecurr

ent.Inaddition.theBolyimidsheetinsertedbetw

eentheloadcoilamdthebrasscollarforinsdadonm

ightbebrokenduringthefluxcompression,

whichⅦfollowedbytheexDaJISionoftheloadco

il.狂thediameteroftheloadcoilexpandsfromIon

tollm,magneticfieldswillbedecreasedbyapprox

imately17%.Theimprovementoftheefficiency

maybeachievedtlSingalitdelongerloadcoiland

acoll打whichhastheszLnelengthwiththecoilandho

ldsthecoilwithoutanyinsu

lation.Thesuccessfulgenerationofanultra-hig

h鮎lduptol10･7T inexperiment#5woadsup

portthepossibilitythatthedriverplatemaybedefor

medduetothestrongMamellforcegeneratedbyt

hehighdensitycurrentinexperimentH3.merema

ybeanaddidonalefEectthattheincreaseoftheconta

ctareaofthedriyerplatesreducesthelossofmagne

ticnuxthrough thecontac

tarea.Thepidkupcoilholderwasrecovereddespite
oftheuseofexplosives. ThisisbeatJSethereis

noex-plosivesarotndtheloadcoilandbenuseonl

yasmdamountofexplosiveswereusedwith thes

eSmalldeviceS･Therefore･theyturnedoutto

bevery血vorableEortheapplicationtorecoyeryexper
iments.6.Con

clusionThecompactextemalcoilwithcopperwelde

dsteelwireandepoxyenforcementcouldgenerateanimi

ぬlleo



fieldllptOll.7T.As theinitialfieldwasincreased.

thee]脆ciencyofthe81Ⅸcompressiondecreased.Not

onlythe加XlossduetoJodeheatingbutalsothe

defoTnationofthebellowsCoilduetoMaxweuforce

duringthe血uxcompressionwassuggestedtobea

seriousproblemtobeovercomeinordertogenerate

ultra-highmapeticfields.Enlargemento'fthewidth

ofthedriverplateshastunedouttobeaneffective

methodtoreducetheMaxwellforce.Withthe30cm-

sizebellows-typeexplosivedriven加 Ⅹcompression

devicethusimproved,wecouldgenerateanultra-

high magnedcぶeldupto110.7T.Becausewecould

recoverdlepidkupcoilhoklerwithoutsedotsdamage,die

devicetunedouttobeveryfavorablefortheapplica･

liontorecoveryexperiments.Thesesmall-sizeflux
compressiondevicesmayberegardedasaneffective

applicationofhigh explosives.
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小型ペロー型爆薬駆動式磁束濃縮装置によるパルス超強磁場の発生

横井裕之書,角舘洋三*,蒋菓 州*

書田正典'.藤厚修三*

高性能爆薬のJtワーを利用して超強磁場の発生を行い,物質合成や物性研究へ応用する

ために,30cdIサイズのペ.,一型爆薬駆動式磁束濃縮装置の開発を行った｡本装庇において

紘,初期磁場を外部コイルから供給し,その結見 爆薬丑を約250gに減らすことができ

た｡10T以上の初期磁場を発生するために,強力な外部磁場コイルを開発した｡さらに･

飛朔板の閉合部面帝と飛粕板での電流密度がそれぞれ拡大 ･減少するようにベト 型コイ

ルの形状を改良することにより,磁場を110･7Tまで浪縮することに成功した｡負荷コイル

内に挿入した試料ホルダーは大きな損傷を受けることなく回収された｡

(事物質工学工業技術研究所 〒305茨城県つくば市東1- 1)
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