CBepxnpoBoagHUKH X X| Beka

(CBepXnmpoBOAUMOCTD, CBEPXIIPOBOASIIIINE MATEPUAJIbI, HX
MOJIy4YeHHE U IPUMEHEHHUE)
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npogeccop kageapbl HEOPraHUYECKON XUMHUHU
Xumundeckoro pakyiabsrera MI'Y um. JlomoHocoBa



FBneHue ceepxnpoBoanmMocTu oTKpbITO B 1911 1. B YHUBepcutete JlengeHa
ronnaHackum yueHsim X.KameprnmHr-OHHeCcoMm

CTtpaHuya n3 nabopatopHOro xypHana X KaMeprnuHr-
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HobGenesckass npemus no
dusnke B 1913 1.



KpMTquCKMe TeMnepartypbl 3neMeHTapHbIX

cBepxnpoBoaHUKOB
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IPpdpekT MencHepa (1933 r.)

[ToCTOAHHOE MarHUTHOE MNosie BblTanKNBaeTCs
n3 obbema CBepxnpoBOaHMKA.

BcTpeyHbIn MarHUTHbLIA MOMEHT
cBepxnpoBoasLLero obpasua co3gaetcs TOKOM,
TEKYLLMM MO ero NoBepXHOCTMW.

CBepxnpoBOAHNK 0OnagaeT AnamMmarHeTM3mMoMm.

OuamarHeTu3smM — HenpemMeHHOe CBOMCTBO
CBepXnpoBOAHMUKA.
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CeepxnpoBogHuku I-ro u llI-ro poga.

MarHutHble Buxpu (Buxpu Abpukocosa).
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[TPOHMKHOBEHME MAarHUTHOIO
nonsa B CBepXnpoBOaHUK |I-ro
poaa.
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1930-e. Pabotbl PTUHT (XapbkoB)
1950-e. Abpukocos A.A.



KonnektmBHoe ABUXeHUEe MarHUTHbIX BUXPEW.
Kpun MmarHuTHoro notoka. NuHHUHT.

MarHutHble

BUXpPMU ‘ [1ns noBbILLEHUST YCTONYMBOCTH
- ' & TOKOHECYLLEN CNOCOBHOCTU
K CBEPXMNPOBOAHMKOB B MarHUTHOM rorsie

HeobxoaMMOo 3aKkpernneHne MarHUTHbIX
BUXpEN - MTUHHUHT
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LleHTpamMu NUHHUHIa MarHUTHbIX BUXPEN MOTYT ObITb pasnnyHble
nedeKkTbl CTPYKTYPbl CBEPXMNPOBOAHMKA (ToYeYHble AedekThl, AucrnoKauuu,
aHTUa3sHble rPaHuLLbl, rPaHNLbl ABONHUKOB, rPaHULLbl 3ePEH), a TakKe MHOPOOHbIE
BKITOYEHUS CIy4aiHOro NpPOoUCXoXOeHUs UK LeneHanpasneHHo co3aHHbIE.




daszoBas AnarpamMmma CBepXnpoBOAHMKA 2-ro poda B KoopanHaTtax
Temnepatypa —MarHutHoe rnorsie — [NNoTHOCTb TOKa
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v\ ‘ MarHutHoe none

CmewaHHoe cocmosiHue
(LLly6HuKkoseckas ¢hasa).
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MNOTHOCTb TOKa

Kputnyeckoe MmarHMTHOE Mose N KpUTUYEeCKasi NITIOTHOCTb TOKa CBEPXMNPOBOAHUKA
BO3pacTatoT Npu yMEHbLUEHUN TEMNepaTypbl HUXe Tc.

«CBEpPXNPOBOANMOCTb YKpPENMsieTcs Npu NOHWXKEHUN TeMnepaTtypbl < Tc »



J.Bardeen, L.Cooper, R.Schrieffer
«BbKUI-Tepus», 1957 r.

HooOesneBckas npemus mo pusuxke 1972 r

«3a co31aHue TeOPUHU CBEPXIIPOBOAUMOCTH

OnekTpoHbl 06pasyoT Kyneposckue napbl. KynepoBckue napbl C y4acTUeEM
boHOHOB 06pa3ytoT KBAHTOBbLIN «003e-KOHAEHCAT».

KynepoBckasd Konebanus
napa § _, 4 KPUCTaNMMYECKON
HOB

AMNeKTpo

peLleTkn — OOHOHbI
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Hu3koTtemnepaTypHble CBEPXNPOBOAHUKM

Werepwerannng | | T, K He,, Tn, npu 4,2 K
Nb,Ti,_. (x~0,5 | 8—10 9-13 O
V,Ga 14,5 22
Nb,Sn 18 23 ®

| VaSi 17 23
Nb,Ga 20,3 34
Nb,Al, ;Geg 5 20,7 37
Nb,Ge 24 40 ol?

NbTI - oOCHOBHOW HM3KOTEMMNEPATYPHbIN CBEPXMNPOBOAHUK OS1IA HEMArHUTHbIX
NPUMEHEHUN.

Nb,Sn - OCHOBHOM HU3KOTEMNEPAaTYPHbIW CBEPXMPOBOAHUK ONA  MarHUTHbIX
NPUMEHEHUN.
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HuskotemnepatypHbie cBepxnpoBoaHMKM NbTi

NbTi

1-s1 MHOTOBOJIOKOHHAsI cOOpPKa

Jsoiinoii Andy3nonnbiii fapbep
u3 Nb ¢ Ta BeraBxkoii

Crabuansupyoman

20,82 mm
3aroroBka nposoaa weis  2-5i MHOTOBOJIOKOHHAsI cOOpKa

e MeTann => MOXHO NOAYYUTb ANNHHbBINA U TMOKMI Kpyrabin (1) npoBoa,;

e CnepactBme 60NbLWION ANNHbBI KOTEPEHTHOCTU => KPUTUYECKUN TOK HE
YyBCTBUTENEH K KQYeCTBY MEXK3epPEeHHbIX FPaHuL;

® BbICOKNI ypOBEHb PA3BUTMA TEXHONOTUM => HMU3KAA LeHa, bonbLliomn
obbem npomsBoacTBa, cTabMnbHOE KayecTBo.



Bua uexa npomsBoacTtBa MeTannmMyecknx CBepXnpoBoaHUKOB Heneukoro
MeTannypruyeckoro 3asoga. lpoussoantensHocTs 60 T/roa. KpynHenwee n
caMoe COBpPeMEHHOe Npon3BoacTBO B EBpone.

MwvHaTtom, r.[ma3oB



Pa3HOBMOHOCTU MPOMBILLIIEHHO NMPOU3BOANMBIX
CBepXnpoBoasiLLMX kabernen Ha ocHoBe

NbTi 1 Nb,Sn

CeuveHne cBepXnpoBOaSILLErO
Kabens

TBUCTUPOBAHHLIN
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1 ipoekT 35 crpan. 15 et ctpoutenbeTBa. 44 Mapa EBpo. DKCriepuMEHThI

HayHyTCcs ~ B 2035 . 50 MBT- BX0HOM MoIHOCTH, Ha Bbixogae 9500 MBT (?7?)
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CoBMECTHBI




CBepxnpoBoasiLnm Kkabensb,
narotosrieHHbI N3 Nb;Sn ans
MarHuUTHbIX Katywek ITER.

Ha narotoBneHne MmarHUTHbIX
KaTyLuek n3pacxogosaHo 500
ToHH Nb;Sn.

OpfHa 3 cekunn
CBEpPXNpPoBOASILLIEr0O MarHuTa
ana ITER.




CeepxnpoBogsiume marintbl bonblioro AgpoHHoro Konnangepa (LHC)
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MarHuTto-pe3oHaHcHasa ToMorpadusa BbICOKOro paspeLleHuns
... — Hanbonee macwwtabHasa cepa NpUMeHeHNs
" HA3KOTEMMNEpPAaTYPHbIX CBEPXNPOBOAHMNKOB B DyAyLLEM.

[MpoekTnpyembit marHuT ¢ nonem 11,5 Tn'!

> 200 KM cBepxnpoBoasLLero kabens c
Kputnyecknm Tokom 1500 A

PaspeweHne Tomorpadpa 0,1mm.

MarHuTHOEe nosie B COBPEMEHHbIX
Tomorpadax 1,3 — 3 Tn.

—




OTKpbITUE BbICOKOTEMMEPATYPHbIX
CBEpXNpPoBOAHUKOB

TeMmnepaTtypa Ha NOBEpPXHOCTU 3eMnu — AHTapKTUuaa

HgBa,Ca,Cu,0, noa

nasnesmnem 350 Teic.atm P 19947

150

Alex Miiller Georg Bednorz HgBa,Ca,Cu,0, # Mait 1993 .
T1,Ba,Ca,Cu,0,, §Pespans 1988
NioHb1986 Bi,Sr,CaCu,0, @ SHeaps 1988 .
Hobenesckas npemus no dusuke 1987 r « 3a BaxHbIN 100 —x " YBa,Cu,O, § ®espans 1987 .
MPOPbIB B OTKPLITM CBEPXMPOBOAVMOCTH B it

Kepamuyeckux matepuanax» La. .Sr..CaCu.O
16v'04 2>6
D
I-aZ-XBaxcuo4-y La, ,Ba,Cu0.Q rrpens 1986
XKuakuii sogopoAa
Tc ~30 K Hg ®Na, .ce,Ccuo,
o I ! ! ! |

1910 1930 1950 1970 1990 2010

Pekopa Tc cpeau Kynpartos: fon

Npu P =1 6ap NMpu P = 300K6ap

Tc=135K Tc =164 K
HgBa,Ca,Cu;0g,;




Kpucrannuueckue ctpyktypbl BTCI1 Ha ocHoBe KynpaToB

& Ca™

.Bi+d

@sr™

@cu™

@0~ Y Y
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Lo La— YBa,Cu,0,_;
La, Ba,CuO, -

Bi,Sr,CaCu,Oq

CBepxnpoBOANMOCTb B KyrpaTtax OCyLLUeCcTBrgeTcd no nnockoctam CuO, n nmeer
aHN30TPOMHbLIN XapakTep.



MUKpPOCTPYKTYpa KEPAMUKHU CBEPXIIPOBOIHUKA
YBa,Cu,;0-_,

Tc~92 K

[11OTHOCTH KPUTUUYECKOTO TOKA,

JC:
B KEPAMUKE ~ 101-103 A/cm?

B MOHOKPHUCTAJJIE ~ 104 A/cm?

B DIIUTAKCHAJIbHBIX TOHKUX
[IJICHKax > 106 A/ CM2




[Ona nonydeHns 60nbWUX 3HAYEHUI KPUTUYECKOW MNOTHOCTM TOKA MINEHKN
RBa,Cu;0-_5 AOMKHbI UMETb DMakcuanbHyo TEKCTYPY.




CtpoeHue BTCI1-neHT 2-ro noKkosfieHns1 Ha OCHOBe
LnBa,Cu,;0, 5 " OCHOBHbIE TeXHONOrnyeckme npowuecchbl nx

nony4yeHus

TexHonorus IBAD

IBAD,

3aTtem
MarHeTpoHHoe
HanbINeHue
anMTaKkcuanbHoro
cros

TeKkcTypa

Cnowu Y,04 npenotBpallaet B3aMumoaencTene
MgO c Al,O; n crnaxmeaeT NoBepXHOCTb pocTa.

Cnon Al,O; TopMo3nUT andpdpysnio aToMoB
MEeTansmnoB U3 NneHTbl-noanoxkmn B cron BTCI,
a TakKe OKUCNEHME NOOSOXKW.




MpuHunn IBAD (lon Beam Assisted Deposition)

3apoabIliy HanbINAeMONn NIIeHKU

NMoanoxka

Motok
YCKOPEHHbIX
MOHOB Ar+

UCTOYHUK
MOHOB Ar+

OneKTpoHHO-Ny4YeBoe
ucnapeHue
HanbINAeMoro
BellecTBa

<— DBaKyyMHas
Kamepa

Ha HeTeKCTypMpoBaHHYy (MOUKPUCTANNNYECKYI0) NMEHTY U3 HEPXKABEILLEN CTanW UMK HUKENEBOro cniasa
MeTogoM IBAD HaHocsT okeugHble cnon MgO, ZrO,(Y,05) unm TiN ¢ ocTport GruakcuanbHOM TEKCTYPOM.




IBAD W PLD o6opy.qOBa|-me B KOMMaHUMU SuperOx

JInHng HaHeceHns 6beepr|X YcTtaHoBKa MMNYIbCHOIO rnasepHoro

T HaHeceHud (PLD) CI10€eB
CInoeB. |1eKCTypa AOCTUraeTcA CBEPXNPOBOAHIKA REBCO.
npu HaHeceHn MgO MEeToOOOM  Vcronbayetcst Xe-Cl aKkcUMepHbIi nasep

IBAD. (700 mBt/vmnynbc, 200 Iu).




CynepOxc

TEXHONOr A NPOM3BOJICTBA BbICOKOTEMMEPATYPHOIO CBEPXMPOBOHWUKA

[nuHa euHKYHOO 0Tpe3Ka 600+ 1

B NPOUIBOACTBE

TonwyHa nognoxKu 60 unn 100 mkm
Tonuwwxa cnos cepedpa 1-10 mkm
Tonwwmna cnos Mean 0-100 mKm Ha CTOpOHY

HpO‘iHOCTb Ha PACTAXKEHNE

(c coxparermem 95% KpuTMYECKOro ToKa) S00 Mffa / pechopmapen 0.4%

Mg0
INEKTPOHHO-NYYEBOE UCMAPEHIE ‘

MgO IBAD
INEKTPOHHO-TYHEBOE UCMAPEHWE
Y203
PACTbINEHUE
PACMbINEHNE

...............

(Lupu+a neHTsI 4w 6 mu 12 mm —
Kpuruseckuit Tok (77 K, c.n.) 100-150 A~ 150-300 A | 300-500 A UMINYNbCHOE NASEPHOE
(OnHopopHOCTb ToKa +10% +10% +10%

C LaMnO, PACTIbINEHUE

' / - | onepaToP

O ——————— | BLIXOJHO
AEKTPOX/MUYECKOE KOHTPOMb
OCAXEHE (VERHEHAE) | |
TPOOOHAR PEGKA
KUCTIOPOHbI
oK I
Ag PACTIITEHVE
(CEPESPEHVIE)

>500 A/ 12 MM LUMPUHDbI

(npun 77 K, B cOBCTBEHHOM
MarHMTHOM norie)



CynepOkc: BTCIl-npoBoa poccUMNCKOro npon3BoacTBa
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20 40 60 80 100
Temnepartypa, K

CtaHpgapTHaa npoAaykKuus :

COBCTBEHHOM MarHUTHOM none, KA/cm2

MH)KeHepHaFI NIOTHOCTb TOKa B

LLinpunHa, mm 12 4
TonwmHa, Mm 0.1 0.1
TonwunHa cnos BTCI1, Mkm 1.5 1.5
3allUTHBbIN CINOK Cu,Ag Cu,Ag
Kputundeckum Tok npu 77K, A ~ 600 130-160

Kputnyecknu tok npu 4.2K, A ~ 3000 ~ 1000




NMpumMmeHeHunsa cBepxnpoBoaHUKOB: BTCIl-kabenu, oxnaxanaemble XUAKUM a30TOM.

BHWUUKI Poccusa 2005

ANSCIConEa 2007 ¢ B0KB/104MBA/BOM. . BHUMKIPSceHs12007
20KkB/50MBA/30M , 20kB/50MBA/200M

: ~_“Super 3C 2004
Southwire 1998 Ultera 2003 10kB/17MBA/30Mm
12,4kB/27TMBA/30m . 13,8kB/6IMBA/200m

AMSC/Nexans 2003
138kB/600MBA/610Mm

Pirelli/EPRI 1997

115kB/400MBA/50Mm ~ Furukawa AilnoHus 2002
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[MMNoOTHbIE NPOEKTLI NOKa3bIBalOT BO3MOXHOCTbL ycneLwHoro ucnosnb3osanuns BTCI1-
NMMHUIA ANga nepegavym nepeMeHHoro Toka 60onbLWon MOLLHOCTM.

BTCI1-kabenu no3BonsaT NnepeaaBaTh BbICOKYH MOLLHOCTb NPY OTHOCUTESTbHO
MaroMm Cce4YeHun, YTO 0COBEHHO BaXKHO B YCITIOBUAX COBPEMEHHbLIX MEranosincos.
[Moa3eMHbIn BbicokoBOSbTHLIM BTCIl1-kabenb cnocobeH 3ameHUTb Bo3ayLUHbIe JIOI.
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BTCIl1-neHTa BToporo nokosrieHna (YBCO) n megHbin Kabenb C
PaBHOW TOKOHecyLen criocobHocTbo, 200 A



BbicokoTemMnepaTypHble CBEPXNPOBOAHNKN B aBMaLum

NMepcnektnBa 2050 r: NMpoeKkT NOMTHOCTbLIO ANEKTPUYECKOro NacCaXXMpCcKoro
camoneta VoltAir (Airbus), ncnonb3yoLwero JIMTUN-BO3AYLUHbIE
OaTapeu, reHepaTop, MOTOPbI U KabenbHy pa3Boaky Ha BTCI1 —
MaTtepuanax 2-ro noKosrieHus.

[MONHOCTbIO INEKTPUYECKUI
camonet Airbus E-fan.

[MepBblt NONET COCTOANCA B
~ uione 2014 roga.

T R




BTCIl-BeTporeHepaTtopbl

[oHgona ¢ BTCI1-BeTporeHepatopom MmolHocTeo 3,6 MBT (EcoSwing,
Hanusa, 2018). NpumeHeHne ceepxnpoBoadalero portopa nossonuno Ha 40%
CHU3UTb Maccy Mo CPpaBHEHUIO C TPAAULMOHHLIM NUCMNOSTHEHMEM reHepartopa
paBHOW MOLLHOCTW.



CBepxnpoBOAHNKOBLIN OrpaHU4YNTENb TOKAa

e [1pn cTaHgaptHon Harpyske COT Hukak He BUSET Ha paboTy ceTu

e [Ipu npeBbILEHNN KpUTUYECKOTO 3HaYeHns Toka y COT npakTuyecku
MrHoBeHHO (~ 0.001 ¢) nosiBnseTca cobCTBEHHbIN UMMNEAAHC
W NMPOMCXOOMT OrpaHNYeHNe Toka Ha MPOEKTHOM 3HaYeHWH.

e [locne pa3mbikaHKs CETU NPOUCXOANT aBTOMATUYECKOE
BOCCTAHOBIIEHME OrpaHMYNTENS (BPEMS BOCCTaHOBNEHUS < 1¢)

WITATHbIN pexXum BOCCTaHOBNEHUEe LITaTHbIA
J pexum TOKOOrpaHu4YeHus (oxnaxxgeHue) pexum

TOKOOrpaHu4nUTENs
IIN(I,\‘ _________ i A_ e

A
\J/ VU \V

OxnaxaeHwue 1
XUOKUM a30TOM — Ctopka

BTCIl-mogynen




XapaKTepVICTVIKI/I cBepxXnpoBoAHUKOBOIo orpaHn4ynTensa TokKka
N3rotoButenb «Cynepokc». YctaHosrneH B Mockse Ha noagctaHuum « MHeBHUKMY B utoHe 2019 r.
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» Manoe Bpems
cpabaTbiBaHUS
(MUNNCEKYHAbI)

=CMOCOOHOCTb CaMo-

BOCCTaHaBNMBaTbCH
3a KOPOTKOE BpPEMS
(200 mcek)

" OrpaHUYeHne Toka Ha
ypoBHe 2,5 kA

" NOSTHOE OTKIMIoYEHNe
uenu
He NpoucxoauT

"HOBeWLaga TeEXHONormsa

05 <20 > = :,.‘”_‘i‘ :{:‘7'..',:, — Al = — : “

HaLI,I/IOHJ'IbeII7I poeKTI/II/ICTepCTBa 9HEepreTmKu -P.
PekopaHbIM MO MOLLHOCTU TOKOoOrpaHmnintens B mupe: 220 kB /1200 A
BuageH co cnyTHuka Ha kapTtax Google: 55°45°29,4” CLU, 37°30'17,0” BA



CBepxnpoBogsiine MarHUTHbIe CUCTEMbI B peaKkTopax TepMosinepHOro CMHTe3a
|

Mpoext ITER: @ 4K, @8 T ; [lpoekT «2020»: @ 20K, @ 20 T

ynpaBnﬂema;l TepModaepHas peakuund.

2D+ 3T = 4 He+%n +17,6 MeV

\/7}>

: MarHuThbl us

: : JNIeHT 2-ro

: U TS TRUR ¢ NOKOJIeHNA Ha
I g i g N ‘,‘“ .

: (AR \g W\ Ve, | ocHoBe

: I W-WN\E5 | YBaCuoO.

[oCTYynHOCTb, HAAEXHOCTb, KOMMAKTHOCTb.



2022 r: CBepxnpoBoAALLMM MArHUT Ana TepmoagepHoro peaktopa: 21,5 Ta npu 20 K.

Pexopanbiit MarHuT nu3rotoByicH u3 BTCII-neHTel Ha 0CHOBE CBEpXMPOBOJIHUKA



MATNEB: XENE3HOOOPOXHbIA TPAHCNOPT HA MATHUTHOM NOABECE

SAnoHuA: NneBUTUPYHOLLMKM Noe3a C UCNOoSIb30BaHUEM CBEpPXNpoBOoASLLUNX
MarHMToOB;
MaKcumMaribHasi CKOpocTb 581 Km/u.



Cyneprnapuabl P33, obpasyoLlmnecs rnpu BbICOKUX AaBNEHUAX —
NOTEHUMANbHbIE CBEPXNPOBOAHUKU
c Tc > 25°C (!N

TeopeTuyeckue
npeancKasaHus:

YHy,

Tc = 303K

npw
400 Nna
(4 mnH aTm)

?




Resistance (Q)

OkcnepuMeHTanbHble JokasaTenbcTBa ceepxnposogumocTty B LaH 10 NOA BbICOKUM

1.2

AaBJIEHNEM.
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Konnektus komnaHum CynepOKc — BbINYCKHUKN
XUMm4yeckoro doakyrnereta n doakynsTetTa Hayk o
Marepuanax.




