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PulsedFieldMagnetizationf♭rGdBaCuOBulk
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ALbstract-TheGdBaCuOsuperconductingbulkwithstronger
pimi ngcllaraCteristics(BT - 1･8Tat77Kbythe丘eldcooled
magneti2:ation(FCM))hasbeenmagnetizedatTs- 70-20K
bytheplllsed丘eldmagnetization(PFM)techniqtleS',aSequen-
tialpulsed-fieldapplication(SPA)andamodifiedmultipulse
techmiquewithstepwisecooling(MMPSC).WithdecreasingTs,

thepinmingforceFp increasesespeciallyatthegrowth sectol･
boundaries(GSBs),andthenthenotluPiformityoftlletrapped
丘eldpro丘IebecomesmoreandmorecoJlSplCuOuSOnthebtllk
surface.AtlowT"theSPAtechmiqueisnotnecessarilyasuitable
tedlmiquetoenhancethetrap'ped丘eldBT andthetotaltrapped
且ux卓T.However,thesevallleSCanbeenllanCedbytheMMPSC
method.Thepropertiesofthebulkwithstrongerplnnhgcharac-
teristicsduringPFMarediscussed.

IndexTel･mSIMMPSCmethod,pinningforce,pulsed丘eldmag-
netization,trapped丘eld.

I.INTRODUCTION

FOR血epracticalapplicationofsuperconductingbulksasa

strongquas1-pem anentmagnetSuchasamagneticsepa-

rationforenvironmentalcleaninglI]andadrugdeliverysystem

(DDS)formedicalapplicationsl2],themagnetizingtechnique

isveryimportant･Recently,apulsed丘eldmagnetization(PFM)

hasbeendevelopedinsteadofaconventional丘eld-Cooledmag-

netization(FCM)becauseofacompact,mobileandinexpen-

sivesetup.Thetrapped丘eldB妄byPFM was,however,pretty

small,comparedwiththetrapped丘eldβ貫cbyFCMdueto血e
largetemperaturerisebythedynamiCalmotionofthemagnetic

fluxes.ThemaximumB;everreportedhadbeenaslowas3.8T

at30KbyaniterativelymagnetlZlngPulsed-Aeldmethodwith

reducingamplitude(M RA)[3].Wehavesystematicallystudied

thetimeandspatialdependencesofthetemperatureT(i,3:),
localaeldBL(i)andthetrappedfieldBTPonthesurfaceofcry-
ocooledREBaCuO(RE:rareearthelement)bulksduringPFM

forvariousstartlngtemperaturesTsandappliedfieldsBex,and
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havesuggestedtheimportanceoftheprecisemeasurementsof

T(i,x)onthebulksurfacel4日 5].

Froenl1anCeB写,thereductionintemperaturerise△Tisan
indispensableissue･TheloweringOfTsto10-20K,whichis
effectiveforFCMduetotheenhancementofthecriticalcurrent

densityJc,isnotnecessarilyeffectiveforPFM becauseofthe

largeheatgenerationduetotheincreaseofpinnlnglossandthe

decreaseintheheatcapacltyOfthebulk.Takingtheobtainedex-

perimentalresultsintoconsideration,WeproposedanewPFM

techniquenamedamodはedmultipulsetechniquewithstep-

wisecooling(MMPSC)[6],andhavesucceeded也ehighest

fieldtrapplngOfB;-5120TontheGdBaCuObulk?45mm
indiameter,onwhichonly3.6Twastrappedbyasinglepulse

applicationat40Kl7]･BTP- 5･20Tisarecord-highvalue

byPFM todate･Weapplied血etechniquetoo血erhulkswi血

differentpinningabilityandconfirmedthattheMMPSCwasa

universalandeffectivemethodtoenl1anCeB;[8]･

An otherapproachtoenhanceB写istousethebulkwith
higherJc.Narikietal･havefabricatedthehigh-performance

GdBaCuObulks,onwhichtrapped丘elds月号cwereashighas
2.ト2.2T(48mmin血ameter)[9]and3.05T(65mmin血am-

eter)at77Kl10].IfthebulkwithhigherJcandhigherB;C
ismagnetizedbyPFMsuchastheMMPSCmethod,higherB;
valueisexpected.Ⅰnthispaper,weapplied血ePFMtechniques

totheGdBaCuObulkwithhighertrappedfieldcharacteristics

(B;C-1･8Tat77K).ThetrappedfieldB;,thetotaltrapped
且u又¢T,andthetemperaturerise△Tareinvestigatedforthe

sequentialpulse丘eldapplication(SPA)andMMPSCmethods･

Ⅱ.ExpERIMENTA⊥PROCEDURE

TheGdBaCuOsupercon血ctingbulkdisk(45mmindiam -

eterand18mm inthickness)usedinthisstudywasfabricatedby

SRL-ISTEC,Japan･ThemeltprocessingWasPerfomedunder

controlledoxygenpartialpressureofl%02inArl9].The

trapped丘eldB吉cwasashighas1.8Tat77K.Thebulkwas
mountedonsoftironyokecylinderandtightlyanchoredonto

thecoldstageofaGifford-McMahon(GM)cycleheliumrefrig-

erator･Theexperimentalsetuparoundth ebulkwasdescribed

elsewhere[8].Themagnetizingsolenoidcoil,whichgenerated

thepulse丘elduptoBe又-6･4Twitharisetimeof12msand

adurationof100ms,wasplacedoutside血evactLumChamber,

inwhichthecentralaxisof血eresulting丘eldcoincideswith

thatofthebulk･ThestartingtemperatureTsofthebulkwas

controlledovertherangefrom70Kto20K･Threemagnetic

pulses(Nos･1-3)wi血血esameamplitudeβe又wereappliedse-

quentiallyafterre-coolingtoTsIWeabbreviatethistechnique

asasequentialpulsed-fieldapplication(SPA)method_Thetime
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Fig.1･Thetrapped免eldB芋atthebulkcenterfortheNo.landNo.3pulses
intheSPAmethodasafunctionoftheappliedpulsed魚eldBexforvarious
startingtemperaturesTs･Inthe丘gure,【aHd]denotethetypicalconditions,at
whichtheBT (0･5mm)proalesarenappedasshowninFigs.5(a),5(ち),6(a),
and6(b),respectlVely.

dependenceofthelocalfieldBLC(i)wasmeasuredatthebulk

centerO･5mm abovethebulksurface,andthetemperatureT(i)
onthebulksurfacewasalsomeasuredusingafinethermOcouple

duringPFMIThetrappedfieldproBleBT(0.5mm)wasnapped

O15mmabovethebulksurface,stepwisewithapitchof1.2mm

byscanninganaxial-typeHallsensor(F.W,Bell,BHA921)in-

sidethevacuumchamberusinganX-yStagecontrollerwitha

且exiblebellows･ThetotalamountofthetrappedmagnetiCflux

densityQT-QT(0･5mm)wascalculatedbyintegratingthe

magnetic且uxdensityβT(0.5mm)over血eregionwhereitwas

positive･TheMMPSCme血odwasalsoappliedtothebulk.The

detailedsequenceof血eme血odwasdescribedinSection3_3.

III.RESUI:TSANDDISCUSSION

A SequentialPulsed-FieldApplication(SRA)

Fig･1showsthetrappedaeldBTC-BTC(0.5mm)atthebulk

centeraftertheNo･1andNo･3pulsesinSPA,asafunctionof

theappliedpulsed丘eldBexforvariousstartlngtemperatures

Ts･FortheNot1pulse,BTCatTs- 70Kstartstoincrease
forBex >～ 3T,takesamaximum atBex - 4.5Tandthen

decreaseswithincreasingBexITheBTCIBe又curvecanbe

usuallyobservedforthePFM teclmique,whichisattributedto

atemperamrerisein血ebu枚dueto血eheatgeneratedby也e

fastmotionofauxlinesinthepresenceofresistiveforces;the

plnningforceandtheviscousforce.Theappliedpulsefield,at

which血emagnetic且uxstartstobetrappedatthebulkcenter,
increasesto4.5TatTs - 50Kandfurtherincreaseswith

decreaslngTs･Thiscomesfromtheincreaseoftheshielding

currentinthesuperconductorwithdecreasingTsIThepeakin

theBTC-Bexcurvecannotbecon丘medatTs≦50Kbecause

oftheexperimentallimitofBex-6･4T･FortheNo･3pulse,

BTCslightlyincreasesasshowninthedottedlinesI
Fig.2showsthetotaltrappedAux¢TaftertheNo.landNo.

3pulseasafunctionoftheapplied丘eldBe又forvariousstartlng

temperatures7;.All血e卓で一月excurvestakeamaximum.

Themaximum¢TValueincreasesandtheBexvalue,atwhich

QTtakesamaximum,shiftstothehighervaluewithdecreaslng

Ts.ItshouldbenotedthattheQTValuefairlyinCreasesforth e

Fig･2･Thetotaltrappedfhx垂TfortheNo･1andNod3pulsesintheSPA
methodasafunctlOnOftheappliedpulsed丘eldBexforvariousstartlngtem-
peraturesTs･[a]-ld]denotetheconditions,atwhichtheBT (0.5mm)pro丘Ies
arenappedasshownillFigs,5(a),5(b),6(a),and6(ち),respectively.
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Fig･31ThedmeevoludoPofappliedfieldpoHa(i)andthelocalBeldsBLC(f)
afterapplyingthemagnetlCpulseofB,x-6･25TatTs-50,30and20K

SPAtechnique;血e¢TVahefor仙eNo･3pulseis20-40%

largerthanthatfortheNo.1pulse,andthattheincrementrate

increaseswithdecreasingTs.Inthisway,theSPAtechniqueis

effectivefortheenhancementofQTratherthan thatofBTCA

Fig･3showsthetimeevolutionoftheapplied,丘eldpoHa(i)
andthelocal丘eldBLC(i)atthebulkcenterafterapplyingtheNot

IpulseofBex-6･25TatvariousTs.poHa(i)wasmonitored

bythecurrentI(i)凸owingthrough theshuntresisterusinga

digitaloscilloscope,BLC(i)startstoincreaseforf≧5ms,takes
amaximumat15mswithatimedelayand血endecreasestoa

finalvalueduetotheflux凸ow.Themaximum oftheBLC(i)
issmallerthan thatofthepoHa(i),whichsuggestthatBex-

6･25Tisnottheenough strengthtomakethemagneticfluxes
intrudeintothebulkcenteratTs-50-20K.

Fig･4(a)shows仙etimedependenceof血etemperature

changeT(i)Onthebulksurfaceafterapplyingthepulse丘elds

from 5･00Tto6132Tat30K.T(i)sharplyrisesup,takes

amaximum at5sandthengraduauydecreases･Itshouldbe

noticedthatthetime,atwhichT(i)takesamaximum,isin
血eorderofseconds,whichisclearcontrastwi也 血elocal

丘eldBLC(i)ShowninFig.3;thetime,atwhichBLC(i)takes
amaximum,isintheorderofmilliseconds_Themaximum

temperatureTmaxincreaseswith increaslngBexduetothe

increaseofpinninglossandviscousloss.Tmaxreaches70K
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FLg.4.(a)TimedependenceofthetemperaturechangeT(i)on.thebulksurface
afterapplyingthepulse丘eldsfrom5･00Tto6･32Tat30K.(b)Thepulse
numberdependenceofT(i)onthebulksurfaceforBex-6.32Tat30K･

forBex - 6.32TIThemaximum temperatureriseATmax

increasedwithdecreasingTs(notshown)duetotheenhance一

mentofpinnhglossand也edecreasein血eheatcapacityof

thebulk.Fig.4(b)ShowsthepulsenumberdependenceofT(i)
intheSPAmethodonthebulksurfaceforBex - 6.32Tat

Ts - 30K TmaxgraduallydecreaseswithincreaslngPulse

numberand也ensaturatesduetothedecreaseof血eplnmng

lossofthealreadytrappedfluxes.ThedecreaseoftheTma.x

enhancestheQTandBTCvaluesasshowninFigs･1and2･
Figs･5(a)and5(b)show thetrapped丘eldpro丘1esBT
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Fig.5.ThetrappedBeldprofilesBT (0.5mm)afterapplyingthepulsefield
(No.1pulse)of(a)Be又-3･4TatTs-70Kand(b)5･2TatTs-30K.
Thecrosssectionsof血etrapped丘eldpro丘lesfortypicalconditionsalongthe
(C)I-and(d)y-axes,respectively

(015rrm)afterapplyingtheNo･1pulsefieldofBex-3ATat 喜 ｡

Ts-70KandBex-5･2TatTs-30K,respectively･For

relativelyhigherTsandlowerBex,asshowninFig.5(a),the

monuniformtyofthetrapped丘eldpro丘leisnotsolarge,except

forthereglOnnearthepositionA.Theresultroughlysuggests

thatthedistributionofJcinthebulkisrelativelysmallathigher

Tsl0ntheotherhand,atlowerTsandrelativelylowerBex,as

showninFig.5(b),血epositiondependenceofmetrapped丘eld

isqulteremarkable;βTatthepositionsB,CandDincreases

over1.5T.However,BTatthepositionA(bulkcenter)remains

0.5T.ThepositionsB,CandDarenotinthegrow血sector

boundaries(GSBs)butinthegrowthsectorregions(GSRs).

Thepinningforcein血eGSBsisusuallystrongerthan血at

intheGSRsduetothelargenumberofcrystaldefects.The

nonuniformltyOfthetrapped丘eldmightbeacharacteristicfea-

tureforthebulktvithstrongpinningforce.Figs.5(C)and5(d)

show也ecrosssectionsofthetrapped丘eldpro丘lesfb∫typical

conditionsalongthex-andy-axes,respectively,inwhichthe

characteristicpositionsfromAtoDareindicated.BTatthe

positions13,DandaroundCincreasesWi血decreasing7;･For

thelowerBe又,themagneticfluxescanbepreferentiallytrapped

at血eweakpinmngcentersintheGSRs.

Figs･6(a)and6(b)show血eβT(0.5mm)pro丘1eafterap-

plying血ehigherpulse丘eld(No･lpulse)ofβex - 6･2Tat

Ts-50Kand30K,respectively･InFig.6(a),theBTShows

nearlythecone-shapedprofileandthemagnetiCfluxesarepref-

erentiallytrappedalongtheGSBsrather'thanthepositionsB,

CandD.Asaresult,thecenterofthetrappedfieldshiftsto-

wardthebulkcenter(positionA)･h thisway,forthehigher
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Figl6.Thetrapped丘eldpro丘lesBT (015mm)afterapplyingthepulse丘eld
(No.Ipulse)of(a)Bex -6･2TatTs-50Kand(b)6.2TatT5-SOX.
Thecrosssectionsalongthex-axisofthetrapped丘eldpro丘1esafterapplying
the(C)No.Iand(d)Not3pulseReldofBex-6.2T,respectively.

Bex,themagnetiCfluxescanbepreferentiallytrappedatthe

strongplnnlngCentersintheGSBsduetothelargetemperature

rise･Figs･6(C)and6(d)showthecrosssectionoftheBTPrO丘le

alongtheこr-axisforNo･1andNo13pulsesofBex-6･2Tat

Ts-50H and30K,respectively･Itshouldbenotedthatthe
trappedfieldsareenl1anCedespeciallyatthebulkperipheryby
theSPAmethod.
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Fig.7.(a)TheestimatedtimedependenceoftemperatureT(i)intheMMPSC
method.(b)ThemeasuredcrosssectionoftheBT (0.5m )profilesforeach
stepintheMMPSCmethod･TheBT (015rrLm)pro別esafterappLyingthe
(C)No.2pulseandthe(d)No.3pulseintheMMPSCmethod.

B.MMPSCMethod

Fig-7(a)ShowstheconceptionoftheMMPSCmethodl6]･

Fourmagneticpulseswereappliedatdifferentinitialtempera-

turesT5 -TlandT2.Atthe丘rststage,alowerpulseaeldof
β1-3.5Twasappliedtwice(No.1andNo.2)atr1-70K

inordertorealizethe"M-shaped"trappedBeldpro丘leonthe
bulksurface,whichmeansthelowertrapped丘eldatthebulk

centerthanthatatthebulkperiphery,andisnecessarytoen-

hancethefinalB与[6日7].Atthesecondstage,thebulkwas
cooleddowntoT2=40Kandahigherpulse丘eldofB2-
6.4Twasappliedtwice(No.3andNo_4).Asmallandproper

amountofmagneticauxesshouldbetrappedonthebulkpe-
ripheryforthereductionin△TatafirststageatTl,andthe

strongandoptimumpulse丘eldβ2Shouldbeappliedatasecond
stageatr2.

Figl7(b)showsthecrosssectionoftheBT(0,5mm)pro丘1e

alongtheこr-axisforeachstepintheMMPSCmethod.Atth e丘rst

stage,the"M-shaped"trapped丘eldpro丘Iecanbeobtained,and

at血esecondstage,βTaShighas2.6Tand垂で(0.5mm)-

1160mWbwererealized,whichwerehigherthanthoseob-

tainedby血eSPAme血o且asshowninFig.1.Figs.7(C)and

7(d)showtheBT(0.5mm)profilesoftheNo.2pulseandthe
No･3pulseintheMMPSCmethod,respectively.A氏er血eNo･3

pulseapplication,themagnetic且uxesarepreferentiallytrapped
alongtheGSBsratherthanalongtheGSRs,wherethepositions
B,CandDexist.

Ⅳ SuMMARY

TheGdBaCuOsuperconductlngbulkwithexcellent丘eld

trappingabihty(BT - lL8Tat77Kbythefieldcooled

magnetization(FCM))hasbeenmagnetizedbyasequential
pulsed一触ldapplication(SPA)andamodi丘edmultipulse
techniquew仙 stepwisecooling(MMPSC)･Wi仏decreasing
temperature,thepinningforceFpincreasesespeciallyatthe

growthsectorboundaries(GSBs)ratherthanthegrowthseclor
regions(GSRs),andthenthenonuniformityofthetrapped
丘elddistributionbecomesmoreandmoreconspicuousOn
thebulksurface.ItwasfoundthattheMMPSCmethodwas

valuabletechniquetoenhancethetrappedaeldBTCandthe
totaltrappedfhxes¢Talsofor仙ebulkwi血strongerplnnlng

characteristics,However,sincetheoptlmumCOnditionforthe
MMPSCme血odstronglydependsontheusedbulkcrystaland

theexperi血entalapparatus,itisnoteasytoapplytheMMPSC
me血od.TheadventofanewPFMtechniqueisanticipatedto

magnetizesufacientlythesuperconductingbu披swithstronger
plnmngCharacteristics.
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