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BECKOHTAKTHBIA METOJ U3MEPEHUA 3ABUCUMOCTHU
KPUTHYECKOI'O TOKA JIEHTbI U3 BBICOKOTEMIIEPATYPHOI'O
CBEPXITPOBOJHUKA OT BEJIMYUHBI U OPUEHTALIUN
MATI'HUTHOI'O ITOJIA

PaccmoTrpena mMeToaMka OECKOHTAKTHOTO ONPENENICHHs KPUTHUECKOTO TOKA J, JICHTHI M3 BBICOKOTEMIIEPATYPHOTO
ceepxnpoBogauka (BTCII), ucnone3yromas 3¢ ¢GeKT 3axBata MarHUTHOTO MOTOKA B CBEPXIPOBOJSIIEM KOJIBIIE.
IToxa3aHo, 4TO NPUI0KEHUE JIOKAIBHOIO MATHUTHOTO MOJI HA Y4aCTKE JICHTHI TI03BOJIAET ONPEAEIUTh 3aBUCUMOCTh
J. OT BEMYMHBI MarHUTHOTO TOJIA H ¥ yIi1a o MEXLy IUIOCKOCTBIO JICHTHI M HAaIPaBJICHUEM MarHUTHOTO mois. 13-
meperus J(H, o), IpoBeIeHHbIC Ha YKCIIEPUMEHTAIFHON yCTaHOBKE, MCIONB3YIOMIEH MPeaTOKESHHYI0 METOIHKY,
MOKa3aJId XOPOIIEE COIJIaCHe Pe3yNbTaToOB C OMyOJIMKOBAHHBIMH JAHHBIMU MO aHM30TPOINH KPUTHYECKHX TOKOB

BTCII-neHr.

K. cn.: nenra BTCII, kputndyeckuil TOK, 06CKOHTAKTHBIA METOJI U3MEPEHISI, aHIM30TPOIHS, 3aBUCHMOCTb

OT MAarHuTHOIO I10JIs, 3aXBaYCHHBIN MarHUTHBIN ITOTOK

BBEJAEHUE

[Iporpecc B 00JIACTH TOJYYEHHUS CBEPXIIPOBOJIS-
mux 1poBofoB BToporo mokoneHus: (BTCII-nenr)
C BBICOKMMH 3HAUEHHUSIMH KPUTHYECKOTO TOKa MpHU
TeMIiepaType JKHIKOTO a30Ta IIO3BOJISICT TIEPEUTH
K CO3/IaHHI0 MAaTrHUTHBIX CHUCTEM Pa3IUYHOTO Ha3Ha-
yeHns [1]. B Takux MarHWTHBIX CHCTEMax TOKOHECY-
mast BTCII-nenTa B pa3Hbix o0nacTsax HAMOTKH OyeT
HaXOJUTHCS TIOJl JCWCTBHEM MAarHUTHOTO TOJIS pas-
HOI BETMYMHBI U OPUEHTALMU OTHOCUTEIBHO IIOCKO-
ctu JeHThl. [loaTOMy MpH MPOEKTHPOBAHUU U CO3[a-
Hun MarHuTHeIX cucteM BTCII tpebyercss yunThI-
BaTh 3aBUCUMOCTh KpuTtHueckoro toka BTCII-nentst
OT BEJIMYMHBI U OPUECHTAIINA MAarHUTHOTO OIS [2].

W3mepenne 3aBUCHUMOCTEH KpPUTUYECKOTO TOKA
OT BEJIMYMHBI ¥ OpUEHTAIMU MaruutHoro moius J.(H)
0OBIYHO TIPOM3ZBOIUTCS 4-30HIOBBIM PE3UCTHBHBIM
MeTojoM. M3-3a 0OJBIION BENMYUHBI KPUTHYCCKHX
ToKOB BTCII-1€HT HCIIOIB30BAaHHE D3TOrO0 METOA
TpeOyeT CO3/aHusl HAJCKHBIX SJICKTPUYSCKUX KOH-
TaKTOB, MCIIOJIB30BAaHMS MOIIHOIO HCTOYHHMKA TOKa
Y 3aIUTHI CBEPXIPOBOJHUKA OT JIETPaalliu MPHU pe3-
KOM IEepeXxoJic¢ B HOpMaJbHOE cocTosiHue. M30exaTh
CJIOKHOCTEH, CBSI3AHHBIX C PE3UCTUBHBIM METOAOM,
MO3BOJISIIOT OECKOHTAKTHBIE METOJNBI HU3MEpEeHUs J.,
OCHOBAaHHBIE HAa OCOOEHHOCTSIX MarHUTHBIX CBOWCTB
CBEPXMPOBOASILEI0  cocTosHud.  [IpousBomurtenu
BTCII-neHT mjis KOHTPOJISI BEIMYUHBI U OJHOPOIHO-
CTH J. JICHTBl HCHOJB3YIOT OCCKOHTAaKTHBIA METOJI,
MpH KOTOPOM K YYacTKy JIGHTHI TNPHUKIAIBIBACTCS
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MarHuTHOE T0Jie¢ HEeOONBIION BeauuMHBI (~ 1 KD),
B JICHTE BO3HUKAIOT DKPAHUPYIOIINE TOKH, U pacipe-
JIeJICHUE TOJISI 3THUX TOKOB H3MEPSIETCSI MacCHBOM
JnatyukoB Xoiuia. 3MepeHHOe pacmipesiesieHue MoJis
MEPECUUTHIBAETCS] C UCHOJIB30BAHUEM MOJEIN KPUTHU-
YECKOTO COCTOSIHUSI B BEIUYMHY KPUTHYECKOTO TOKA
JeHThl. JlaHHBIA METOJ MO3BOJISIET ONPEAENATh OAHO-
POMHOCTH KPUTHYIECKOTO TOKA IO JUIMHE JICHTHI U pea-
JU30BaH, HAIPUMeEp, B YCTaHOBKe Tapestar KOMITaHUN
Theva. DToT MeTton ymoOeH Ui TPOU3BOIUTEINCH
JIEHTHI, TaK KaK ITO3BOJISIET IMOJyYaTh JaHHBIC 00 OJI-
HOPOAHOCTU KPUTHUYECKOrO TOKA MO BCEH IJIMHE JICH-
THI, HO SIBJISICTCSI JOCTATOYHO CIIOKHBIM M Tpedyer
nmopororo obopynosanus. [Ipu ucrons3oBannu BTCIT
JIEHT 7Sl CO3JaHMsI MATHUTHBIX CHUCTEM >KEJIaTeIbHO
MIPOBOJIUTH BXOJHON KOHTPOJbL MApaMeTpoB JEHT 00-
Jiee MpOCTBHIM MeToIoM. Mcnonbp30BaHuEe pPEe3UCTHUBHO-
T0 METO/a, KaK yKe YIIOMHHAJIOCH BEIIIE, IMEET CBOU
OTpaHHYCHHS. YJTOOHBIM OCCKOHTAaKTHBIM CIIOCOOOM
u3MepeHus J. SABISIETCS METOJ, OCHOBAaHHBIM Ha 3a-
XBaT€ MArHUTHOIO IIOTOKAa B CBEPXIPOBOISIIMX
KoJbIax [3].

IKCIIEPUMEHT

Hns co3ganns koabma u3 BTCII-neHTBI MOXKHO
WCITIOJIB30BATh CIEAYIONMNN croco0: 0 cepeIuHe MIn-
PUHBI JICHTHI JIETIAeTCs MPOJOIBHBIA pa3pe3, He JOXO-
TN IO KpaeB OTpe3Ka JICHTHI, B MOyYEHHBIN pa3pes
BCTaBIICTCS TURJICKTPUIECKOE KOJBII0 — (uKcarTop.
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W Takum oOpa3oM MOJy4aeTcsl CIJIOLIHOE CBEPXIPO-
BOJISIIIEE KOJBLIO, OOpa30BaHHOE JICHTOM HIMPHHOM
B TMOJOBUHY UIMPUHBI HMCXOAHOW JIeHTHl [4].
[Tomyuennsie Takum obOpazom BTCII-kombia mmpoko
WCTIONIB3YIOTCSI B OKCIIEPUMEHTAJIBHOW TPAKTUKE IS
CO3/JJaHUS] MAaTHUTHBIX CHCTEM 3aXBa4€HHOTO MIOTOKa [5],
MarHUTHBIX TOAIIHMITHUKOB [6] ¥ 111 M3MEpEHHs BeIH-
YHMHBI ¥ TEMIIA PENaKcallii KPUTHUECKOro ToKa [7].

Jns u3mepeHus: KpUTHYECKOrO TOKa uepe3 IUIOo-
(b CBEPXIIPOBOSIIETO KOJbIA CO30AETCI MarHHUT-
HBIH TOTOK, TIPH 3TOM B KOJIbIIe BO30YyKIaeTcs dKpa-
HUPYIOUIMA TOK, BEJMYMHA KOTOPOrO0 OrpaHHYeHa
KPUTUUYECKUM TOKOM JIEHTbl. MarHuTHOE 1oJie B LIEH-
Tpe KOJbIA, CO3/JAHHOE KAaK BHEIIHUM HCTOYHHKOM,
TaKk U TOKOM KOJbIla, U3MEpseTCS AATYMKOM XOJUIa,
W MOXHO OTPEAEIHUTH IMPENeNbHYI0 BEIWYMHY Mar-
HUTHOTO TOJs, MOCIE KOTOPOTO BKIAJ TOJIsS TOKa
KOJIbIIa OCTAETCs MOCTOSIHHBIM, YTO COOTBETCTBYET J,
BTCII-neutsl. MakcuMaibHOE MMOJIE TOKA KOJbIA I10-
3BOJISIET BBIYMCINTD J; KOJbIIA, MOJB3YSCh MPOCTON
(opMyIToif IO B IEHTpEe BUTKA ¢ TOKOM. Kpurtmde-
ckuif Tok BTCII-neHTsl MOXHO Takke ONpeneiIuTh
M0 MaKCHMaJbHOMY 3aXBau€HHOMY TOTOKY B KOJIBIIE
MOCIIE BBIKIIOYEHHS BHEIIHEro Nojis. MarHuTHsIN
MOTOK BHYTPH KOJIbIIa MOKET OBITh CO3[]aH KaK BHEI-
HUM COJICHOWJOM, TaK M COJEHOHAOM, BBEJCHHBIM
B MOJIOCTh KOJbIIa. BTopoil meTon siBisieTcst Goiee
MPEINOYTHTEIbHBIM, T.K. TO3BOJSET OMPENENIUTh
KPUTHUYECKUH TOK B HYJIEBOM IoJie [8].

B BTCII-nentax KpUTHYECKUH TOK YMEHBIIAETCS
TP MPUIIOKEHUH BHEIIHET0 MarHUTHOTO TOJS, U ec-
JIM K y4acTKy KOJIbIIAa IPUJIOKHUTH JIOKAJIBHO MarHUT-
HOE I0JIe, TO KPUTUYECKUI TOK KOJbLa OyAeT ompe-
JIeNATHCS UMEHHO TTOHIKEHHBIM 3HaY€HUEeM KpPHUTHYe-
CKOTro TOKa 3Toro ydactka. Mcxoad w3 3roro, Hamu
ObLTa MpenyIoKeHa KOHCTPYKIUS yCTPOUCTBA IS U3-
MEpEHHUs1 3aBUCUMOCTEN KPUTHYECKOTO TOKA OT BEJIH-
YUHBI U OPHUEHTAlMM MAarHUTHOTO II0JI1, B KOTOPOM
MarHuTHOE MOJIE MPUKIAIBIBAECTCS JIOKAIBHO C ITIOMO-
IIBI0 CHCTEMBI IMOCTOSSHHBIX MAarHuToB (cMm. puc. 1
u llpunoxenne, puc. I1). CunbHbIE TOCTOSIHHBIE Mar-
HuThl 13 criaBa NdFeB Obun 3akperuieHs! Ha aepka-
Teje, MO3BOJSIONIEM IIIABHO COMMKAaTh MAarHUTHI
JI0 pacCTOSHUS, PaBHOTO IIMPHUHE JICHTHI, IPU 3TOM
MIPWIIOKEHHOE TT0JIe MeHseTcst oT Hysa o 1.5 k3. Jlo-
MOJIHUTEIBHO B IPEIOKEHHOM YCTPOHCTBE MMEETCs
BO3MOJKHOCTh IUIABHOTO M3MEHEHHS OpHEHTAlluU
MPUIIOKEHHOTO MOJISI OT HAIpaBICHHs, MEPNEHINKY-
JIIPHOTO TJIOCKOCTH JIEHTHI, A0 MapajyiebHON IUIOC-
KocTH ¢ maroM 4.5°. CTOUT OTMETHTbh, YTO CTEPKHU
yIpaBJieHNsA BEJIMYMHON U OpPHEHTAIMEN JIOKaIbHOTO
MarHATHOTO TIOJISl BBIBEJEHBI M3 KPHUOTEHHOW obac-
TH, YTO MO3BOJISIET MEHATH 3TU MAapaMETpHl, HE Mpe-
pBIBast SKCIEpUMEHT. B momocTh Kosblia BBEAECH CO-
JICHOWJ, AJI CO3JaHHMs MAarHUTHOTO NOTOKA, a B ICH-
Tpe KOJblLIa Pa3MENIeH JAT4YUK XOJUla, U3MEPSIOLINM
HOPMANBbHYIO K TJIOCKOCTH KOJIbI[a KOMIIOHEHTY Mar-
HUTHOTO 110115 H.

Puc. 1. YcrpoiicTBo i OECKOHTAKTHBIX
U3MEpPEHUN  3aBUCHUMOCTEH  KPUTHYECKOIO
Toka BTCII-eHThl OT BETMYUHBI U OpUEHTA-
IIUM MAarHATHOTO TIOJISL.

IIpuBeaeHbl TpU COCTaBHBIX YacTH YCTpOM-
CTBa.

a — comeroun (1) ¢ BTCII-nenroit (2)
n JatyukoM XoJa B IEHTPE COJIEHOMJA
(MOXET HCIOIb30BaThCsl OTIEIBHO IS OIl-
penenenus J(H = 0)).

JlonoNHUTENBbHBIC 3JIEMEHTHI: O — MEXaHU3M
W3MEHEeHHs OpueHTaruu (3) JeHTH OTHOCH-
TETBHO TIOJS TIOCTOSHHBIX MAarHUTOB (4),
PacIoNIOKEHHBIX Ha MEXaHHW3ME H3MEHEHUS
JIOKanbHOTO 1Mo (5) — B
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LentpanbHas yacTh ycrpoiicta (cM. puc 1, a) Obl-
Jla UCTIOJb30BaHA B IPEABAPUTEIBHBIX SKCIEPUMEH-
Tax s usMepenus Kpuruaeckoro Toka BTCII-nenTs
SuperOx (MockBa) mupuHOH 4 MM, U OBIJIO TTOJTYICHO
XOpOIIEe COOTBETCTBUE M3MEPEHHOTO KPUTHYECKOTO
toka ipu 7'= 77 K H = 0 ¢ BenuanHOM, 3aIBICHHON
npousBoauteneM [9].

W3mepenust mpoBOAWINCEH TIPU TEMIIEPAType KHUJI-
koro azora 77 K. Ilpomenypa u3mepeHus cocrosa
B CJIEIYIOLEM: NPEeIBAPUTEIHHON TpalyHpOBKE coJle-
Homja (M3MepeHue H B LEHTpe colieHOWJa OT TOKa
COJICHOUJa) M TOCJIENYyIOIEM H3MEpeHuH moist H
B neHtpe coneHonna npu Hammumu BTCII-kombia.
Pa3HOCTBh 3THX JBYX BEIMYUH COOTBETCTBYET IIOJIIO,
CO3JIaHHOMY TOKOM KoJiblia. Ilockonbky mojsie Hg
B IIEHTPE COJIEHOW]a MHOTO OOJIbIIIe, YeM II0JIe KOIb-
na H,, to pasuocts (Hy, + H;) — Hy, ompenensercs
C HEBBICOKOW TO4YHOCThIO. C Oombleli TOYHOCTHIO
3HAYEHUE KPUTHYECKOTO TOKAa KOJbLA MOXKET OBITh
MOJTyYeHO TPY W3MEPEHHWH TIOJsI, CO3JaHHOTO 3aMOo-
POKEHHBIM B KOJIBLIE TOKOM I10CJIE YMEHBIIEHUS MPH-
noxeHHoro Hy, mo Hyns. B »ToM cimydae maTumk
Xomia u3MepsieT TONbKO MOJIE€ TOKAa KOJbLA, KOTOPOE
MOYKHO BBIYHCIHTH MO (OpMyJie MarHUTHOTO TIOJIS
B IIEHTPE KPYroBOTO BUTKA ¢ TOKoM H =J/2R.
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PE3YJIbTATHI U3BMEPEHUI

Ha puc. 2, a, mist nmpuMepa mpeacTaBieHa MOTHAS
neTns 3aBucUMOCTH J/J, (Hy) TIONy9EeHHOTO TaKuM
00pazoM Toka Kojbla (IPUBEACHHOTO K MaKCHUMallb-
HOMY 3HAYCHHIO) OT BEJIIMYMHBI TIPEBAPUTEIBHO TIPH-
JIO’)KEHHOTO TIOJISI COJICHOW/IAa B HYJICBOM BHEIIHEM
MaraHuTHOM Tosie. OTMETHM, YTO 3aMOPOKCHHBIH
B KOJbBIIC TOK HAUMHAET OTKJIOHATHCS OT HYJs MPHU
3HaueHuu Hy, ~ 250 D, a BLIXOAMT Ha HACBIILIEHUE
npu BIBOoe OousblieM 3HaueHun Hy, ~ 500 D, yto
U CJIEIyeT 0XKHUAATh MPH PACCMOTPEHUHU Tpollecca 3a-
XBaTa MoToka B koiblle [8]. Ha puc. 2, 6, mpusenex
HayaJbHbIA YYaCTOK aHaJOTMYHOW 3aBUCUMOCTH, I10-
JMy4eHHOW TpH 3HAYEHWH IIOKAIBHOTO Tons Hi, =
=1200 O, HampaBJIEHHOTO HOPMAIBHO IUIOCKOCTH
JeHTel. BUIHO, 9TO B 3TOM cCllydyae 3axBaT TOTOKa
(moctmxenue J.) HAYMHAETCS MPH MEHBIIEM 3HAYe-
HUu Hy, ~ 200 D ¥ BBIXOAUT HA HACHIIICHUE IMPU
Hg, ~400 D, 9ro cBUAETENBCTBYET 00 YMEHBIIECHUH
J. JEHTHI IPU YBEITWYCHUN MAarHUTHOTO TIOJIS.

C ucronp30BaHUEM CO3[JaHHOTO YCTPOHCTBA OBLIH
npoBeneHbl u3Mepenus anuzorpomnuu J, BTCII-nentsr
B mHTepBasie yraoB oT —90° mo 90° ¢ marom 5° mms
psoa JOKabHO MPWIOKEHHBIX MATHUTHBIX IOJIEH
C MakCUMaJIbHBIM 3HauenneM H,,. = 1500 D.
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Puc. 2. 3aBucumoctu TokoB Kousblia U3 BTCII-neHTsl, co3naromux 3axBadyeHHbIH MOTOK B KOJIbLIE MOCIE YMEHBIICHHS

MAaAr"smMTHOI'O I10JIA COJICHOK/1a OT BCJIMYHHBI Hsol J0 HYJIA.

3aBHCHMOCTH HOPMHUPOBAHBI HA MAKCUMAJILHOE 3HAUYCHHE TOKA KOJIbIA, KOTOPOE MPUHUMACTCS 33 KPUTUICCKHUM TOK J,.
a — nosiHast et J/J; (Hyy) B HyJIEBOM BHEIIIHEM MarHUTHOM T10JI€; 0 — HadalbHBIA y4acTOK 3aBUCUMOCTH J/J; (Hy,) ipu
HAJIMYHH JIOKATEHOTO MAarHUTHOTO 110t Hyo = 1200 D, mprnoskeHHOT0 10 yTioM 90° K IIOBEpXHOCTH JICHTHI
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40 JI. C. YMKYPOB, A. E. PYJOMUHCKWA, M. I1. BOJIKOB

1.0 | ]

Y
0.9+ L
\
2 ] | Jo
=" ' \l.ll(.
084 _ . .
. [ ]
" /
n n n
0.7 . ./
\ By
n
T H T : T b T L T N T ' T
-90 60 =30 0 30 60 90
Angle. g

Puc. 3. 3aBUCUMOCTh KPUTHUYECKOTO TOKA JIEHTHI, HOP-
MHUPOBAHHOI'O Ha MAaKCHUMAaJbHbIH KPUTUYECKUH TOK,
OT yIja TNPWIOKCHHS JOKAIhbHOTO MAarHUTHOTO ITOJIS
H,,.= 1000 D.

HyneBoii yrosr coOoTBETCTBYEeT OpHUEHTAIMH MATHUTHOTO
TTOJIS TAPAIIETTFHO TUTOCKOCTH JICHTHI

Ha puc. 3 mist npumepa npuBesieHa OJHA U3 JKC-
MEPUMEHTAITBHBIX 3aBUCHMOCTEH Jo/Jemax (@), TIOMY-
yenHas npu H,e = 1000 O u T = 77 K. O6paraer
Ha ce0s BHUMaHUE Pl OCOOEHHOCTEH ATOH 3aBUCH-
MOCTU: BO-TICPBBIX, HEMOHOTOHHAs 3aBUCHUMOCTh
J/emax (@), BO-BTOPBIX, cMmemieHne muka J. Ha 20°
OT HAITPaBIICHUS, MAPAICIIEHOTO TUIOCKOCTH JICHTBI,
B-TPETBUX, aCUMMETPUS 3aBUCHUMOCTH Jo/Jmax (0) OT-
HocutenbHO a = 0°. B pabore [10] coobmanock
00 U3MEPEHHUSAX AaHU30TPOINHUH KPUTHUYECKOTO TOKa
JIEHTBI TOTO € COCTaBa M TaK JK€ YKa3bIBaJoCh
Ha PE3KOC YMEHBIICHHE KPUTUYECKOTO TOKA IIPH OT-
KIIOHEHUH OT o = 0° ¥ Ha aCUMMETPHIO 3aBUCHMOCTH

Jo(a).

3AK/IIOYEHUE

[Ipemnoxena MoauduKanus METOAa OMpPEAEeIICHUS]
KPUTUYECKOTO TOKA IO 3aXBAYEHHOMY B KOJIBLIE Mar-
HUTHOMY TIOTOKY. MOIU(QHUIMPOBAHHBIA METOJ II0-
3BOJISIET U3MEPSATH 3aBUCUMOCTh KPUTHUYECKOTO TOKA
OT BEJIWYMHBI U OPHUEHTALlMM MAarHUTHOTO IIOJIS, UC-
MOJIB3ysl Mapy MOCTOSIHHBIX MAarHUTOB, CO3JAIOIIMX
JIOKallbHOE€ MarHuTHoe nosie Ha yuactke BTCII-
JIEHTBI. BbLIO peain30BaHO yCTPONUCTBO, B OCHOBE KO-
TOPOTO JIEKUT JAHHBIA METOM, W TOJY4YEeHbI 3aBUCH-
MOCTH HAMarHMYE€HHOCTH OT MarHUTHOTO IOTOKa CO-
JICHOUAA W KPUTHYECKOTO TOKa OT yTia MPUIIOKEHHS

JIOKaJIbHOr0 MarHuTHOro mnoss miag koisen u3 BTCII-
neHtbl Gupmbl SuperOx. Ha 3aBucumocTH HamarHu-
YEHHOCTH OT MarHUTHOTO IOJIsSI COJICHOUAA IPU HyJle-
BOM BHEIIHEM MAarHUTHOM II0JIE BHIHO, YTO 3aMOpPO-
JKEHHBIA B KOJIBIIE TOK HAYMHACT OTKIOHSITHCS OT HY-
15 npu 3HadeHuu Hgy ~ 250 D, a BBIXOJIUT HA HACHI-
IeHNE TIpH BIBOE OoibiieM 3HadueHun Hg, ~ 500 O.
JIBykpaTHOE OTHOILICHUE IOJII HACBHIIMIEHUS K IOJIO
Hayaja pocTa TOKa COXPAHSETCS U MPHU MPUIOKECHUU
JIOKaJIbHOTO MarHUTHOT'O TIOJIS.

brimn momydeHsl 3aBUCUMOCTH aHW30TPOIHH KPU-
THYECKOTO TOKa Il JAHHOMW JIEHTHI. 3aBHUCHUMOCTH
JIEMOHCTPUPYIOT CYLIECTBEHHYI0 aCUMMETPHUIO OTHO-
CUTENBHO MapamuiensHoro (o = 0°) MarHUTHOTO TIOJIS
Y CMEIICHHE MUKa KPUTHIECKOTO TOKa Ha 20°.

[TomyueHHBINM MacCUB AaHHBIX MOKAa3bIBacT Y (dek-
THBHOCTh MOJU(PHUKAIMH METOJa OINpeAeieHUS KpH-
THYECKOTO TOKAa IO 3aXBaTy B CBEPXIPOBOMSAIIEM
KOJIbLIE MarHUTHOro noroka. [lokasaHo, yTo npemio-
JKEHHBI METOJ MOKET OBITh UCIIOIL30BaH ISl H3Me-
pennst u xKoHTpoJds xapakTepucTuk BTCII-nment mpm
MPOCKTUPOBAHUUA U CO3JaHUU MATHUTHBIX CHCTEM
C X UCITOJIb30BAHUEM.

IIPUJIOKEHHUE

Puc. II. YcrpoticTBo (B cOope) /i OCCKOHTAKTHBIX H3-
MepeHuil 3aBucumocTeil kpurudeckoro Ttoka BTCII-
JICHTBI OT BEJIMYMHBI U OPUEHTAI[MM MarHUTHOTO MOJIS
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bnazooapuocmu

Aemopwi 6aazooapsim gupmy SuperOx (Mockea) 3a npe-

docmasnerue oopaszyoe BTCII-nenm.

Paboma evinonnena npu noodeposcke Poccutickoeo Ha-

yuHoeo ¢onoa (eparm Ne 23-29-00390),
https:/frscf.ru/project/23-29-00390).
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NON-CONTACT METHOD FOR MEASURING THE DEPENDENCE
OF THE CRITICAL CURRENT OF A HIGH-TEMPERATURE
SUPERCONDUCTOR TAPE ON THE MAGNITUDE
AND ORIENTATION OF THE MAGNETIC FIELD

D. S. Chikurov, A. E. Rudominskiy, M. P. Volkov

loffe Physical Technical Institute of the RAS, Saint Petersburg, RF

A method for non-contact measurement of the critical current J. of a high-temperature superconductor
(HTSC) tape is considered, using the effect of magnetic flux capture in a superconducting ring. It is shown that
the application of a local magnetic field on a section of the tape makes it possible to determine the dependence
of J. on the magnitude of the magnetic field H and the angle a between the plane of the tape and the direction of
the magnetic field. Measurements of J.(H, ) carried out on an experimental setup using the proposed technique
showed good agreement of the results with published data on the anisotropy of the critical currents of HTSC
tapes.

Keywords: HTSC tape, critical current, non-contact measurement method, anisotropy, magnetic field dependence, trapped
magnetic flux
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INTRODUCTION

Progress in the field of obtaining second-
generation superconducting wires (HTS tapes) with
high critical current values at liquid nitrogen tempera-
ture allows you to go to the creation of magnetic sys-
tems for various purposes [1]. In such magnetic sys-
tems, the current-carrying HTS tape in different
winding areas is under the influence of a magnetic
field of different magnitudes and orientations relative
to the plane of the tape. Therefore, when designing
and creating HTS magnetic systems, it is necessary to
take into account the dependence of the critical cur-
rent of the HTS tape on the magnitude and orientation
of the magnetic field [2].

Measuring critical current dependencies on the
magnitude and orientation of the magnetic field J.(H)
is usually carried out using the 4-probe resistive me-
thod. Due to the large critical currents of HTS tapes,
the use of this method requires the creation of reliable
electrical contacts, the use of a powerful current
source, and protecting the superconductor from de-
gradation during a sudden transition to the normal
state. Non-contact methods for measuring J., based on
the peculiarities of the magnetic properties of the su-
perconducting state, allow one to avoid the difficulties
associated with the resistive method. Manufacturers of
HTS tapes use a non-contact method to control the
size and uniformity of the J. tape, in which a small
magnetic field (~ 1 kOe) is applied to a section of the
tape, image current arises in the tape, and the field
distribution of these currents is measured by an array
of Hall sensors. The measured field distribution is re-
calculated using the critical state model into the value
of the tape critical current. This method makes it poss-
ible to determine the uniformity of the critical current
along the length of the tape and is implemented, for
example, in the THEVA Tapestar installation. This
method is convenient for tape manufacturers since it
allows one to obtain data on the uniformity of the crit-
ical current along the entire length of the tape, but it is
quite complex and requires expensive equipment.
When using HTS tapes to create magnetic systems, it
is desirable to carry out input control of the tape pa-
rameters using a simpler method. The use of the resis-
tive method, as mentioned above, has its limitations.
A convenient non-contact way to measure J; is a me-
thod based on magnetic flux capture in superconduct-
ing rings [3].

EXPERIMENT

To create a ring from HTS tape, you can use the
following method: a longitudinal cut is made in the
middle of the width of the tape, not reaching the edges
of the tape segment, and a dielectric ring is inserted
into the resulting cut — a retainer. And thus, a conti-

nuous superconducting ring is obtained, formed by a
tape half the width of the original tape [4]. The HTS
rings obtained in this way are widely used in experi-
mental practice to create magnetic systems of trapped
flux [5], magnetic bearings [6], and to measure the
magnitude and rate of relaxation of the critical current
[7].

To measure the critical current, a magnetic flux is
created through the area of the superconducting ring,
and a screening current is excited in the ring, the value
of the current is limited by the critical current of the
tape. The magnetic field at the center of the ring,
created both by an external source and by the ring cur-
rent, is measured by a Hall sensor. It is possible to
determine the limiting value of the magnetic field,
after which the contribution of the ring current field
remains constant, which corresponds to J, of the HTS
tape. The maximum field of the ring current allows us
to calculate the J, of the ring using a simple formula
for the field at the center of the coil with current.

The critical current of an HTS tape can also be de-
termined based on the maximum trapped flux in the
ring after turning off the external field. The magnetic
flux inside the ring can be created either by an exter-
nal solenoid or by a solenoid introduced into the ring
cavity. The second method is more preferable because
it allows you to determine the critical current in a zero
field [8]. In HTS tapes, the critical current decreases
when an external magnetic field is applied, and if
a magnetic field is applied locally to a section of the
ring, then the critical current of the ring will be set
precisely by the reduced value of the critical current
of this section. Based on this, we proposed the design
of a device for measuring the dependence of the criti-
cal current on the magnitude and orientation of the
magnetic field, in which the magnetic field is applied
locally using a system of permanent magnets (see
Fig. 1 and Appendix, Fig. IT). Strong permanent mag-
nets made of NdFeB alloy were mounted on a holder,
allowing the magnets to be smoothly brought together
to a distance equal to the width of the tape while the
applied field varies from zero to 1.5 kOe. Additional-
ly, the proposed device has the ability to smoothly
change the orientation of the applied field from a di-
rection perpendicular to the plane of the tape to a pa-
rallel plane with a step of 4.5°. It is worth noting that
the control rods for the magnitude and orientation of
the local magnetic field are removed from the cryo-
genic region, which makes it possible to change these
parameters without interrupting the experiment.
A solenoid is inserted into the ring cavity to create
a magnetic flux, and a Hall sensor is placed in the cen-
ter of the ring, measuring the magnetic field compo-
nent A normal to the plane of the ring.

The central part of the device (see Fig. 1, a) was
used in preliminary experiments to measure the criti-
cal current of a 4 mm wide SuperOx HTS tape (Mos-



cow), and good agreement of the measured critical
current at 7 =77 K and H = 0 with the value declared
by the manufacturer [9] was obtained.

Fig. 1. A device for non-contact measurements of
the dependence of the critical current of a HTS tape
on the magnitude and orientation of the magnetic
field.

Three components of the device are given.

a — solenoid (1) with HTS tape (2) and a Hall sen-
sor in the center of the solenoid (can be used sepa-
rately to determine J.(H = 0)).

Additional elements: 6 — mechanism for changing
the orientation (3) of the tape relative to the field of
permanent magnets (4) located on the mechanism for
changing the local field (5) — B

The measurements were carried out at a liquid ni-
trogen temperature of 77 K. The measurement proce-
dure was as follows: preliminary calibration of the
solenoid (measurement of A from the solenoid current
in the center of the solenoid) and subsequent mea-
surement of the field H in the center of the solenoid in
the presence of an HTS ring. The difference between
these two quantities corresponds to the field created
by the ring current. Since the Hy, field in the center of
the solenoid is much greater than the field of the ring
H,, , then the difference (Hy, + H,) — Hy, is deter-
mined with low accuracy. With greater accuracy, the
value of the critical ring current can be obtained by
measuring the field created by the current frozen in
the ring after the applied Hy, has been reduced to ze-
ro. In this case, the Hall sensor measures only the field
of the ring current, which can be calculated using the
magnetic field formula in the center of a circular coil
with current H =J/2R.

MEASUREMENT RESULTS

Fig. 2, a, presents, for example, the complete loop
of the dependence of J/J. (Hy,) of the ring current ob-
tained in this way (reduced to the maximum value) on
the value of the previously applied solenoid field in a
zero external magnetic field. Please note that frozen in
the ring, the current begins to deviate from zero at a
value of H,, ~ 250 Oe, and reaches saturation at twice
the value of Hy, ~ 500 Oe, which should be expected
when considering the process of flux capture in the
ring [8]. Fig. 2, 6, shows the initial section of a similar
dependence obtained with a local field value Hj, =
1200 Oe, directed normally to the plane of the tape. It
can be seen that in this case, flux capture (reaching J.)
begins at a lower value of H, ~ 200 Oe and reaches
saturation at Hy, ~ 400 Oe, which indicates a decrease
in J. of the tape with increasing magnetic field.

Fig. 2. Dependences of the ring currents from the
HTSC tape, creating a trapped flux in the ring after
reducing the magnetic field of the solenoid from the
value H,, to zero.

The dependences are normalized to the maximum
value of the ring current, which is taken as the criti-
cal current J_.

a — the total loop J/J, (Hyy) in a zero external mag-
netic field; 6 — initial section of the J/J. (Hy,) de-
pendence in the presence of a local magnetic field
Hy,. = 1200 Oe applied at an angle of 90° to the sur-
face of the tape

Using the created device, measurements of the ani-
sotropy J. of a HTSC tape were carried out in the an-
gle range from —-90° to 90° with a step of 5° for
a number of locally applied magnetic fields with
a maximum value of H,,. = 1500 Oe.

As an example, Fig. 3 shows one of the experimen-
tal dependences J./J.max (@), obtained at Hj,, = 1000
Oe and T'= 77 K. A number of features of this depen-
dence are noteworthy: firstly, the non-monotonic de-
pendence J/Jemax (@), secondly, the shift of the J.
peak by 20° from the direction parallel to the plane of
the tape; thirdly, the asymmetry of the dependence
Jo/Jemax (@) relative to a = 0°. In work [10] it was re-
ported on measurements of the anisotropy of the criti-
cal current of a tape of the same composition and a
sharp decrease in the critical current when deviating
from o = 0°, as well as the asymmetry of the J.(a) de-
pendence.

Fig. 3. Dependence of the critical current of the tape,
normalized to the maximum critical current, from the
angle of application of the local magnetic field
Hyj,.= 1000 Oe.

The zero angle corresponds to the orientation of the
magnetic field parallel to the plane of the tape

CONCLUSION

A modification of the method for determining the
critical current according to the magnetic flux trapped
in the ring is proposed. The modified method makes it
possible to measure the dependence of the critical cur-
rent on the magnitude and orientation of the magnetic
field using a pair of permanent magnets that create a
local magnetic field in a section of the HTS tape. A
device based on this method was implemented, and
the dependence of magnetization on the magnetic flux
of the solenoid and the critical current on the angle of
application of local magnetic field for for rings made
of SuperOx HTS tape was obtained.



The dependence of magnetization on the magnetic
field of the solenoid at zero external magnetic field
shows that the current frozen in the ring begins to de-
viate from zero at a value of Hy, ~ 250 Oe, and reach-
es saturation at twice the value of Hy ~ 500 Oe.
Double field ratio saturation to the field of the begin-
ning of current growth is preserved even when a local
magnetic field is applied.

The dependences of the anisotropy of the critical
current for this tape were obtained. The dependences
demonstrate a significant asymmetry relative to the
parallel (a = 0°) magnetic field, and a shift of the crit-
ical current peak by 20°.

The resulting data array shows the effectiveness of
modifying the method for determining the critical cur-
rent by capturing magnetic flux in a superconducting

ring. It is shown that the proposed method can be used
to measure and control the characteristics of HTS
tapes when designing and creating magnetic systems.

APPENDIX

Fig. II. Device (assembled) for non-contact mea-
surements of the dependence of the critical current of
a HTSC tape on the magnitude and orientation of the
magnetic field




