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EffectofMetalRingSettingOutsideHTSCBulk
DiskonTrappedFieldandTemperatureRisein●

PulseFieldMagnetizlng ＼

HiroyukiFujishiro,KazuyaYokoyam a,MasahikoKaneyam a,TetsuoOka,andKoshichiNoto

Abstraci-Inordertoenhancethetrapped丘eldincryoICOOled
HTSChulkstlSingpulse丘eldmagnetizing(PFM),ametalring
(stainlesssteel304and/orAl)llaSbeentightlysetontotheSm-
BaCuObulkdiskandtllerelationbetweenthetotaltrapped血ux
重言,thetrapped丘eldB言,andthetemperatureriseAT,hasbeen
investigatedasafuIletionoftheappliedpulsefieldBex･The重言
andBTPvaluesareenhancedabout10-20%bythemetalringdue
tothereductionintlletemperatureriseAT･Theseresultssuggest
tllataPartOfthegeneratedheatQduetoltlle瓜uxmotioninthepe･
ripheralregionpromptlytransferstothemetalringatldtheheat
transfertothecoldstageisimprovedbytheringsetting.

tndexTel･mS-HighTcbulksuperconductors,metalringsetting,
plnnlngandviscousloss,pulse丘eldmagnetiziIlg,temperature
measllrement.

Ⅰ
Ⅰ.INTRODUCTION

NVIEWofthepracticalapplicationsofhigh-Tcbulksu-
perconductors(HTSCs)asahighstreng血bulkmagnetfor

amagneticlevitationsystemandsoon,pulse丘eldmagnetizmg

(PFM)aswellasthestatic丘eld-cooledmagnetizing(FCM)has

beenintensivelyinvestlgatedbecauseoftherelativelycompact

andinexpensivesetup･The点eldtrappedbyPFMis,however,
lowerthanthatattainedbyFCM attemperaturesbelow77K･
Themainreasonhasbeena仕ributedto血elargeheatgener-

ationduetothedynamicmotionofthemagnetiCfluxagainst

thevortexplnningforceFpandtheviscousforceFv･Wehave
studiedthetemperaturerise△Tandtrapped丘eldB妄onthe
surfaceofcryo-cooledYBaCuOandSmBaCuObulksdming
PFMandpointedouttheimportanceoftheATreductionfor

theB写enl1anCement[1]-[4]･ThetotalgenerafedheatQwas
estimatedusingthespecificheataofthebulkandthemax-

imumAT.ItwaspointedoutthattheB;valuesasfunctions
oftheinitialtemperatureTsandappliedpulse丘eldBe又canbe

understoodon也ebasisof血etrapped丘eld(β革C)byFCMvs･
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thetemperature(T)diagram,i.e.,bythedecreaseofthecrit-
icalcurrentdensityJcassociatedwiththetemperaturerise.In
ordertoenhancetheBTPandQ;ValuesbyPFM,thereduction
oftheATisanindispensableissue･TheiterativelymagnetlZlng
pulsed一点eldme血odwi也redllCingamplitude(IMRA)【5],lo-

catingyokepiecesaroundabttlkl6],auseofvortex-typecoils
l7]andamulti-pulsetechmiquewithstep-wisecooling(MPSC)

[8]havebeenattemptedtosuppresstheheatgenerationduring

PFM.AB葺cof17.24Tat29KinYBaCuObulkhasbeenre-
ahzedbyFCM,enhancingthethermalconductionofthebulk

byimpregnatingahigh血emalconductivityalloyintodrined
holes[9].

In也isstudy,wesetametaldng(Aland/orstainlesssteel

304)tightlyonaSmBaCuObulkdisk.Thefollowingeffects
areexpectedfromthemetalringsetontotheHTSCbulkdisk.
First,sincetheheatgenerationduetoPFM occursmainlyin

theperipheralregion,themetalnngattachedtothebulkdisk

peripherycaneasilyandprc･mptlyreceivetheheat.Second,
sincetheab-planethermalconductivityfSabisfarlargerthaJl

thec-axisICc,thegeneratedheatcaneasilyreachthemetal

ringalongtheradialpathsofthedisk,thentransfemingto血e

coldstagethroughthehighlyconductivering.Thesetwoeffects

shouldcontributetotheATreductionofthebulk.Finally,the
metalringsettinghelpstomechamiCal1yreinforcethebulkdisk
[10].

Ⅱ.ExpERIMENTALPRqCEDURE

Ahighlyc-axisorientedSmBaCuObulksuperconductor
(Dow且MiningCo.,Ltd)wi血45mm diameterand15Ⅱ皿

thicknesswasused.Thisconsistedoffourgrowth sector

regions (GSRs),divided by 血e grow也 sectorbound-

aries(GSBs)[2],ThebulkiscomposedofSmBa2Cu30y
(Sm123)andSm2BaCuO5(Sm211)withthemolarratioof

Sm123:Sm211- Ilo:0･3,15.OwtL%Ag20powder,and
O･5wt.% Ptpowder.Thebulkwasuniformiyimpregnated

byepoxyresininvacuumandthentheepoxyresinlayeron
thesurfaceofthebu枚diskwasremoved.Thestainlesssteel

(SUS304)orthealmi num(Al)ringwith4mminthickness

and15mninheight,wasfixedontothebulkdiskusing

apleZOn-Ngrease･Wecal1thering-attachedsampleasSUS-Sm

orAl-Sm･Sincealargeheatgenerationduetotheeddycurrent

tookplaceintheAl ring(△T>6Ⅹat100K),theringwas
cutwithagapof1Ⅱ皿 aSShowninFig.1.Resultantly,△T
wasdimimishedtowithinO･2K･SincetheAl ringdidnot
contacttightlywiththebu披duetothegap,anotherSUSring

1051-8223/$20.00@2005IEEE
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Fig.1 PhotographoftheSTTiBaCuO-bulkdisk触edwiththe
W(Al+SUS)一mgTheposltionsofthetemperatureandmagnetlCfield
measurements(PO～P4,PRandPH)areshown.

TABLEI
SuMM YOFSzzESANDMATERIALPARAMETERSOFSJl1-BuLKANDRINGS

Sm-buk Su≦-ring Ah lDg W-nng

(AユーSUS)

ID(mml) 45 45 45-53

0D(mmO) 45 53 53 53-55

HeJght(mzn) 15 15 15 15115

V(mmJ) 2384 9.24 9.24 924-2.54

ci(I/cm3K)at40K 0.4宝 0-38 0.23

C(〟K)at40K 1144 3_47 2.08 3.04

Crat10 10 0_30 0.18 027

TCat40K(mW/CmK) 130(ab) 55 -5000

30(C)

with1mminthicknesswassetoutsidetheAl-ring.Hereafter,

wedenotethissamplewiththeAl+SUS(W)ringtheW-Sm･
TableIsurrunarizesthesizes,thevolumeofeachmetalnng,

andthespeci丘cheatCv(J/cm3K),theheatcapacityC(J侃)
at40KoftheSm-bulkandeachmetalrlng,andtheratioofthe
heatcapacltyOfthemetalrlngtO也atoftheSm-bulk･Theheat

capacityIncreasesby30%,18%and27%fortheSUS-nng,
A1-ringandW-ring,respectively,relativelothatforthebare

Smbulk.Theab-planeandc-axュsthemalconductivlty/もat40
KoftheSm-bulkandthatofSUSandAlarealsoshownlll].
CvandKWeremeasuredforthepresentspecimensl12]･

Thebulkdiskwastightlys一ackedon山esapphireplate(45
mmindiameterand20mminthickness)attachedtothecold

stageofaheliumrefrigerator.TheinitialstagetemperatureTs
waskeptat40KIThetemperatures,TOatthecenterofthe
bulk(PO)and,Tl ～T4atPl ～P4weremonitoredbyfine

chromel-constantan thermocouplesadheredtotheupperbulk
surfacebyGE7031vamish.Pl～P4weresituatedonthecen-

tralradiallinesofeachGSRby9mmapartfromPotThetem-

peratureofthemetalrlngTRwasalsomeasuredatPR･Thetotal
tl･apPedmagneticflux軍 andthedistributionofthetrapped
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Flg.2.ExamplesofthetimeevoluuonoftemperaturesT(i)oftheSm-bulk
wlthoulnng,withSUS-ring,WithAl-ringandwlthW(SUS+Al)ィingat(a)T3,
(b)TOand(C)TRafteraPplylngtheNotandNo5pulseheldsofBex -
4.70T

magneticnu又densityB阜mmweremeasuredusinganaxialtype
Hallsensor(FW.Bell,modelちHA921),whichscanned3mm

abovethebulksurfacestepwisewithapitchofl･2mm･The

trappedBeldBTPonthebulksurfacewasmeasuredbytheHall
sensoradheredtothepositionatPHwitlla2･5mm distance

fromPO･Fivei(erativemagneticpulses(Not -N05)withthe
sameamplitudeβe又from3.83Tto6.04T(risetime:12ms)

wereappliedsequentiallyafterre-coolingloTs･T(i),鍔 and
B言weremeasuredateachstage.

III.RESULTSANDDISCUSSION

Flg･2(a)showsthetimedependenceoftemperalureT3(i)at
P3afterapplyingtheNolandNo5PulseofBex - 4･70T･
ForthebareSm-bulk(ち-Sm)wlthoutthering,themagnetic
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Fig.3.Themaximumtemperaturerises△TBmaxand△TRmaxatthebulk
andtheringfor(a)theNotand(b)No5pulsesasafunctionofBex.The
△TBmaxvaluesaretheaveragedonesover△TOmaxto△T4max.

Auxpreferentiallyintrudesintothebu比fromtheGSRscon-
tainingP2,P3andP4andthesharpandlargetemperaturerises

(△T-25K)takeplacewithin3satthesepositions･T(i)re-
coverstotheinitialtemperatureTsafter15-20min.T3(i)of
SUS-SmdecreasesfasteraftertheT3(i)maximum,although
themaximumtemperatureriseissimilartothatofB-Sm.This

resultmeansthatapartofthegeneratedheatQpromptlytrans-
ferstotheSUS-ring.ThemaximumATvalueatT3decreases

t0-20KforAl-SmandWISm･Therateoftemperaturede-

crease(-dT(i)/dt)afterthepeakissmallforAl-Smbutthat
fortheW-SmislargeandalmostthesameastheSUS-Sm.As

fortheiterativepulse丘eldapplications,△Tisthelargestfor
theNolpulseanddecreasesforthesucceedingpulsesl2]･The

inc一ementofthetrapped丘eld△B妄isalsothelargestforthe
Nolpulse,followedbyagradualincreasefortheNo2andNo3

pulses.FortheNo5pulseapplication,theT(i)peakdisappears
forallthesettlngS.ATisslightlysmallerfortheSUS-Smand
WISmthanforthebarebulkandAl-ringsetting,
Fig.2(b)presentstheTO(i)atPOforeachmetalringsetting.
TO(i)risesuplatestamongTO- T4becausethedistance
fromthemajorheatsourceisusuallythelongestl2].Forthe

SUS-SmandW-Sm,TO(i)reachesamaximumfasterthan that
forB-Sm.Theseresultsmeanthatthefluxmotionisenhanced

inthecentralreglOnOfthebulkbytheSUB-SmandW-Smand
themagneticfluxesareaccumulatedfasterinthebulkcenter.

Theanomalouslylongtimeconstantforthetemperaturerise

fortheAl-ringsettingmayresultftomthehighthermalcontact

resistancebetweenthebulkandAl-ring･

Fig.2(C)showstheTR(i)foreachmetalringsetting･The
maximumATvaluesforSUSISmandW-Smare12Kand

10K,respectively,andthetimeconstantforthetemperature

riseofTR(i)islongerfortheSUS-SmandWISmthanthatof
T3(i).netemperatureriseinthemetalringismainlydueto
theheatconductionfromthebulkandthetemperatureriseinthe
Al-ringlSSlowerbecauseofthehighthermalcontactresistance.

Figs.3(a)and(b)sum arizethemaximum temperaturerise

ofthebulkATBmaxandtheringATRrnaxaftertheNoland
No5pulseasafunctionofBex.ATBmax,theaveragedvalue
at△TOmax～△T4max,increaseswithincreasingBe又forboth

NotandNo5pulses.△TBm警OfBISmisthelargestandis
reducedbythemetalringsetting.Especially,thereductionof

ー3 4 5 6 3 4 5 6 7

8extT) Bexm

Fig.4.Thetotaltrapped飢lX軍 foreachmetalringsettingafter(a)theNol
and(b)theNo5pulseapplication,asafunctionofBex.Thetypicalconical
trappedaelddistributionsB各mmaredisplayedfortheSUS-ringsettingand
bareSm-blllk.

theATBmaxisthelargestforWISmandAl-Sm;e.g.,from

23K.to18KfortheNolpulseofBex-4.70T.ATRmax
alsoin甲eaSeSwithincreaslngBe又forbothNotandNo5pulses
andisabout50to80%of△TBmax.△TRmaxisthelargestfor
theSUS-ringandthesmallestfortheW-ring,

Figs･4(a)and4(b)presentthetotaltrapped且ux些 afterthe
NotandNo5pulseasafunctionofBex.FortheNolpulse,壁
ofB-SmissmallestforeachBe又andthe鍔 Valueisenhanced
bythemetalringsetting･Especially,fortheSUS-SmandW-Sm,
theQ;Valuesafterthe4･70Tand5･53Tpulsesincreaseabout
20%comparedwiththoseofthebulkwithoutring.Theincrease

maymainlycomeffomthedecreaseofthetemperaturerisedue
totheringsetting,whichresultsintheincreaseoftheeffective

critiCalcurrentdensity.TheQ;enhancementisobservedfor
Al-Sm,whichsuggeststhatthegoodthermalcontactbetween

theringandtheSm-bulkisofvitalimportance.Thetrappedfield
B写measuredatPHisalsoenl1anCedbythemetalringsetting;
forexample,B;(-2･95T)forW-Smisaboutl0%largerthan
thatofB-Sm(-2.71T)aftertheNo5PulseofBex-5.53T.
ThetypicaltrappedfielddistributionsBimmareshowninthe
insetofFig,4(a)inwhichaconical丘elddistributioncan be
con丘med.

Neglectlngtheheatdrainedtothecoldstage,thegenerated
heatQbythePFM operationcanbeestimatedusingthefo1-

lowmgequation,

Ts+△TBmax

Q- /(CBu,hVBulk)dT
Ts

Ts+△TRn,ax

十 才

(CRing+VRing)dT, (1)

whereCBulkandCRingarethespeciBcheat(I/cm3K),and

VTBulkandVRingarethevolumeoftheSm-bulkandthemetal
ring,respectively.Fig.5showstheestimatedQvaluesasafunc-
tionofBexforeachmetalringsetting.FortheNolpulse,the

Qvalueofthebu比witheachmetalringissmallerthanthat
ofB-Sm･Thisresultsuggeststhattheheattransferredfromthe
bulkispartiallydrainedtothecoldstagethroughthering･For
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Fig.5.TheestimatedgeneratedheatQasafunctionofBe又foreachmetal
ringsetting･TheinsetindicatestheheatcapacityCoftheSm-bulk,SUS304
andAl.

血eNo5pulse,TheQvalueofち-Smisnearlythesameasthe
totalQofthebulkandthemetalring,irrespectiveof_thespecies
andvolumeofthemetalring.Thisresultmeansthattheheatis

generatedmainlyinthebulkandistransferredtothemetalring

nearlyadiabaticallyfortheNo5pulse.Theheataowtothecold

stagemayremainsmallincaseATBmaxisnotsolarge.

lV SUMMARY

Inordertoenhancethetrapped丘eldincryo-cooledHTSC

bulksbythepulse丘eldmagnetizing(PFM)method,theeffect

ofametalringsetaroundtheSmBaCuObulkdiskhasbeenin-

vestlgatedbymeasuringthetotaltrappedflux鍔 ,thetrapped
ReldB;andthetemperatureriseATforthesuccessiveap-
plicationofpulse丘eldsBe又withvariousstrengths1mPortant
experimentalresultsandconclusionsobtainedinthisstudyare
summarizedasfollows.

(1) TheQ;andB;valuesareenhancedabout1 0 -20%
bythemetalringsettingCOmParedwiththoseofthe

barebulkwi血out血emetalring.Themainorlglnis

thereductionofATofthebulkduringPFM.Since

theheatgenerationmostlytakesplacein theperiph-

′ eralreglOnOfthebulkdiskinPFM,血emetalringset
aroundthebulkismoreeffectivethantheinsertionof

ahigh一也em aLconductivealloyon血ebulkcenter.

(2) TheSUS-andW(Al+SUS)-ringsbehaveasagoodheat
reservoirwhichcontributetotheATreductioninthe
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bulk.Thegoodtherm alconductancebetweenthebulk

peripheryandringlSnecessarytOreduceATandto
enhancethe革 andB;values.

(3) Themetalringwithahighthem alconductivityalso

enhancesthethe- al血ainforthegeneratedheatQto
transfertothecoldstage.
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