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HIIKIITIIY A., Xyxapeaa VI.C. PS - 9453 

K pacqeTy 3~~eKTf!BHoro conpoTf!aneHHg MenKoAHCnepcHoro 

CBepxnpoBoAHHK8 B ABYXKOMllOHeHTHO~ MaTpHUe 

BbiBeAeHbi ~opMynbi ang pacqeTa 3~~eKTHBHoro conpoTHaneHHg MenKo
AHcnepcHoro caepxnpoBOAHHKa ang aayx pa3nHqHbiX aapHaHToB ABYXKoMnoHeHTHo~ 
MaTpHUbi: I cnyqa~ - caepxnpoaoagmHe HHTH, Ka>Kaag H3 KoTopbiX oKpy>KeHa 

MeAHblM qeXnoM, paBHOMepHo pacnpeAeneHbl B MenbXHOpOBO~ M8TpHUe; 
2 cnyqa~ - caepxnpoaoASil!IHe HHTH paBHOMepHo pacnpeaeneHbi a MeAHO~ MaTpH
ue BHyTpH KnacTepoB, K8lKAbl~ H3 KOTOpblX OKpy>KeH MenbXHOpOBO~ o6onoqKo~. 

npHBeAeHW npHMepW pacqeTa 3~~eKTHBHoro ConpoTHBneHHg B TOM H ApyroM 

cnyqaSix. 

Pa6oTa BbmonHeHa a !la6opaTopHH BbiCoKHX 3HeprH~ 0115111, 

Coo6IUeHMe 06be,[IMHeHHOrO MHCTMTyTa H,l:lepHbiX MCCJie,[IOBaHMH 

,ll,y6Ha 1976 

Nichitiu A., Khukhareva I.S. PS - 9453 

On the Calculation of the Effective 
Resistivity of a Filamentary Composite 
Superconductor in a Two Component Matrix 

The formulae have been deduced for calculating the 
resistivity of a filamentary composite superconductor for 
two different variants of a two component matrix: the 
first case - superconducting filaments, each surrounded 
by copper, are uniformly distributed in a cupro-nickel 
matrix; the second case - superconducting filaments are 
distributed in a copper matrix inside a cluster; each 
cluster is surrounded by a cupro-nickel sheat. Examples 
of calculation of the effective resistivity are pre
sented for both the cases. 
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fiOTepH MOI.QHOCTH B CBepxnpOBO~JII.QCH06MOTKe HMllYJILC

HOrO MarHHTa, B OCHOBHOM, CKJia~LIBaiOTCJI H3 rHCTepe3HCHLIX 

H BHXpCBLIX llOTCpL. fipH 3a~aHHOH CKOpOCTH H3MCHCHHJI 

MarHHTHOrO llOJIJI H BLI6paHHOM ~HaMeTpe CBepxnpOBO~JII.QHX 

HHTCH /CllH/ llOTepH B HMllYJILCHOM MarHHTC MOryT 6LITL 

YMCHLIIICHLI 3a C'ICT BHXpeBLIX llOTepL, KOTOpLie CHJILHO 

3aBHCJIT OT reoMeTpH'ICCKHX napaMeTpOB CBepxnpOBO~HKa 

H c onpoTHBJieHHJI Ma TPHU.LI. Kax noKa3aHo ua npHMepe pac qe

Ta llOTCpL B ~BYXKOMllOHCHTHOM CBepxnpOBO~HKe C ~aMeT

p OM CllH 1011 I I / , auxpeBLie norepu, cpaBHHMLie c rucrepe-

3HCHLIMH npH IIIare CKpyTKH f p = 5 MM, CTaHOBJITCJI cy

I.QCCTBCHHO MCHLIIIC llOCJIC~HHX npH f p = 3 MM H npO'IHX. paa

H LIX YCJIOBHJIX. JioJiee 34><J>eKTHBHLIM CllOC060M YMCHLIIICHHJI 

B HXpCBLIX llOTCpL JIBJIJICTCJI llOBLIIIICHHe y~eJILHOrO conpo

TH BJICHHJI MaTpHU,LI, OKpy)l(aJOI.QCH CllH, 3a C'ICT BBe~eHHJI 

B Hee B T OpOH KOMllOHCHTLI C BLICOKHM 3Ha'ICHHCM p • 
Bo3MO)I(HLI pa3JIH'IHLie coqeraHHJI KOMnoueHT . O~HH H 3 npu

Mepoa T peXKOMllOHCHTH Or O CBepxnpOBO~HHKa OllHCaH B pa6o

re 121 , r ~e npe~JIO)I(CH cnoco6 pacqera 3cl>cl>eKTHBHoro y~eJIL 
uoro c onpoTHBJieHHJI (pe ) cno:>KHoii: MaTpHu,LI. Conocraane

uue p acqeruoro 3Ha'leHHJI Pc c 3KcnepHMeHTaJILHLIMH, npo

ae~euuoe B 3TOH pa6ore, ~ano xopowue pe3yJILTaTLI, H3 qe

r o cne~yer, 'ITO aLI6pauu aH cxeMa pacqera ~ocTaTO'IHO ua

~e)I(HO OllHCLIBae T pe(\JILHYJO KOMll03H1J,HIO . HcnoJIL3YJI OCHOB

HLie H~eH y npoi.QaiOI.QHX npe~nOJIO)I(CHHH ~aHHOH pa60TLI, MLI_ 

paC C'IHTaJIH 34><J>eKTHBHOe y~eJILHOe COllpOTHBJICHHe KOM6HHH 

poBaHHOH MaTpHU,LI B 3aBHCHMOCTH OT reoMeTpH'ICCKHX 4Jax

T OpOB ~JIJI ~BYX pa3JIH'IHLIX BapuaHTOB CO'ICTaHHJI MC~H 

u MCJILxu opa aoxpyr CllH . 
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CAy~au I . 0AHOPOAHOe paerrpeAeneHHe eBepxrrpoBOAH

mHx HHTeH, OKpy)l(eHHbiX MeAHOH o6onoqKOH, B MenbXHOpOBOH 

MaTpHIJ,e. 
~nx paeqeTa 3~eKTHBHoro yAenbHO~o eonpoTHBneHHH 

MaTpHIJ,bl pI paeeMaTpHBaeTeH ynpolll,eHHaH KOMTI03Hll,HH, e 
eoeToxmax H3 CITH KBaApaTHoro eeqeHHH e nHHeHHbiM pa3-

MepoM d H OKpy)l(aiOlll,HX enoeB: MeAH, TOniiJ,HHOH t , H Menb

XHOpa, TOnlll,HHOH U . llonepeqHOe eeqeHHe TipOBOnOKH pa36H-

BaeTeH Ha OTAenbHbie TOHKHe KOnbiJ,a, Ka)I(AOe H3 KOTOpblX 

eoeTOHT H3 OAHoro en.ox CITH, pa3AeneHHbiX MeAHbiMH H Menh
XHOpOBbiMH neperopOAKaMB,ABYX enoeB MeAH e MenbXHOpOBbi

MH neperopOAKaMH H OAHOrO HenpepbiBHOrO enOH H3 Menb

XHOpa /eM. puc. Jj. 3aAaqa eBOAHTeH K onpeAeneHHIO Mar

HHTHOrO MOMeHTa, B03HHKaromero 6narOAapH 3aMKHYTblM 

BHXpeBbiM TOKaM B eeqeHHH TipOBOnOKH,TiepneHAHKynHpHOM 

MarHHTHOMY TIOniO. PaeeMaTpHBaiOTeH TOKH, TeKylll,He BAOnb 

CITH H TIOA npHMbiM yrnoM K HHM qepe3 HOpManbHYIO MaTpH

ll.Y. 1 w - nnoTHOeTb TOKa B enoe e CITH, MeAHbiMH H Menb

XHOpOBbiMH neperopOAKaMH; J v - TinOTHOeTb TOKa B enoe 

MeAH e MenbXHOpOBbiMH neperopOAKaMH.qT06bi onpeAenHTb 

J w , paeeMaTpHBaeTeH KOHTYP OABA '0' /eM. puc. 2/: 

J Bds = <fp J de ; 

J B d s -::. B r sin ¢ l'l z ; 
s 

rf.. JdLJ ( 2 ) rl'l¢ '!-'P p t+pU-----
w t u d+2t+U 

J = ~ rsi~. (d+2t+u) 'rAe sine= ~:P-. /1/ 
w sine (pt2t+puu) Az 

AHanorHqHo, paecMaTpHBaH npoeTpaHCTBeHHbiH KOHTYP 

OAC~BA' 0 ', MO)I(HO onpeAenHTb J v : 
• rl'l¢ 
Br sin¢ t>.z = J [ (2t+d)p +up ] ---- + 

v t u 2t+d+u 
!'>.J (¢)t !'>.J (¢+1'l¢)t + __ v ___ ( tp +up )- v (p t+p u). 

rl'l¢ t u rl'l¢ t u 
IToeneAHHe ABa qneHa B npaBoii qaeTH ypaBHeHHH yqHTbiBaiOT 

nepeTeKaHHe TOKa B paAHanbHOM HanpaBneHHH qepe3 cnoii 
MeAH H MenbXHOpa 

4 

iJv 
-a-;;r 

2 • 3 
~=t +d~~~u] r _.!._~-- _ --~ si~--
( 2t + d + u) t ( p t + p u ) t ( t p + up ) sin e 

t u t u 

'd 

.,. ••t 

"Y% I I= U 

Puc. 1. 

Pernax 3TO ypaBHeHHe c rpaHHqHbiMH ycnoBHHMH 

J (¢)=-1 (-¢) 
,. v 

J (¢)= J (¢+2rr), 
v v 

nonyqHM 

• 3 
J = B r sin¢ ( d + 2 t + u) 

v I t ( d + 2 t +U)( t p +up ) + [ ( 2 t +d) p + up ]r;.!; l sine 
t u t u 

/2/ 
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Al. 
Puc. 2. 

Puc. 3. 

6 

HaMarHuqusaHHe MenKo~ucnepcHoH csepxnposo~g~ei npo

sonoKH CKlla~LIBaeTCH H3 ~BYX KOMDOHeHT: DOCTOHHHOH, KO

Topag B03HHKaeT H3- 3a rHcTepe3HCHLix noTepb c CIIH, H ne

peMeHHOH, 3aBHCH~eH OT CKOpOCTH HapacTaHHH MarHHTHOrO 

nonH. IlepeMeHHaH cocTasmno~ag onpe~enHeTCH suxpeBbiMH 

TOKaMH, TeK~HMH nepneH~HKYllHpHO MarHHT.HOMy DOJDO. 

B ~aHHOM cnyqae TOKaMH J w H J v· Ilpo~OllbHaH COCTaBllHIO~~g 
llHHeHHOH DllOTHOCTH TOKa fiy~eT: 

J(¢) = _&d + Jv2t 
-sinO~---· 

3neMeHTapHblH MarHHTHLIH MOMeHT paBeH: 

r~e 

Llm (¢) = p.
0 

f I ds ::: p.0 J ( ¢) r Ll ¢ r sin¢ Ll z 
s 

2A • 2 • 
~ m = 110 r a ¢ s1n ¢ L'lz B 

sin2e 
rd(d+2t+u) 

+ 
2tp + up 

t u 

3 
r (d+2t+u)2t 

+ 
t(d+2t+u)ftp +Up )+[(2t+d)p +Up lr 2 

\, t u t u 

2 . 2 • 
11 0r Ll ¢ stn ¢ L'l z B 

sin e 

ljJ ( r ) = !..~0!~2.!.-t_~) + 
2 tp +u-p 

t u 

lfr(r), 

r 3 (<i+2t+u)2t 

I= 

/3/ 

+ ------------------------·------------~ 
t(d+2 t+u)( tp +Up )+[(2 t+d)p + up ]r2 

t u t u 
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fiHTerpHpyH no ¢, nonyqHM MarHHTHMH MOMeHT KOnb~a: 
277 

m=J dm. 3aTeM, npocyMMHposasno rHpaJ.I{enHBHaJne-
0 

MeHT o6'beMa !-. V =77R ~ L'.z I R.- pa.I{Hyc _ MenKO.I{HcnepcHou 
nposonoKH/, c yqeTo~ Toro, 

1

qTo sin 8= 
4
1 £r ,nonyqHM nepe

p 

MeHHYIO COCTaBnHIO~YIO MarHHTHOrO MOMeHTa: 

M 
• 2 

=~.!_E! 
772R2 

i 

'-/; (r) . 

llonHMH MarHHTHMH MOMeHT TBHCTHpOBaHHOH npOBOnOKH 
MO)f(HO JanHCaTb B BH,I{e /:i, 

M=M 0 + M , r.I{e Mo = -2~lc d 
377 ---

- HaMarHHqeHHe CllH, A - K034JliJH~HeHT JanonHeHHH, Je -
nnOTHOCTb KpHTHqecKoro TOKa, 

M = M 0 (1 + a _.1__) , r ,I{e a 
pI 

_l_= 
pI 

e 

e 

6 
77 R~ ; l/J ( r ) . 

I 

• 2 

-~!..E. 
A Jc d 

/4/ 

TaK KaK B .I{aHHOM cnyqae CllH O.I{Hopo.I{Ho pacnpe.I{eneHbl 
B HOpManLHou MaTpH~e H d« R i, B ypaBHeHHH /4/ CYMMH
poBaHHe MO)f(HO 3aMeHHTb HHTerpHpOBaHHeM no r OT 0 .!{0 

Ri 

! _. .L J dr, r,I{e £ ~, d + 2 t -t u . Bbipa)f(eHHe /4/ 
r £ 0 

Ri: 

npHMeT BH,I{: 

_1_ = ___§ 1 Hi Ri 
pei 77 R~ T [ fk A f r dr + £ J 

I 0 0 

3 
r dr 

2 
], 

kc +kBr 

8 

'-I 

I ' 

J 
\ 

r.I{e 
1 

k =-----
A 2t u 

d u 
k=O+-)p +-p; 

d-pt +dpu 
B 2t t 2t u 

t u ) kc = ( d + 2 t + u ) < :r P t + 2 P u 

kc 
2 

Ri kR 

(d+2t+u)(tp
1 

+up)t 

R2
[(2t+d)p +up l 

I t U 

1 3 1 [ 1 
-- = - l 2 k A + ...,-- 1 - < In ( 1 + - )l! . 
PI 17 KB ( ... 

ilpHycnOBHH U:ct<d<<Ri Hp 1 <<pu f<<1, TaK qTo 
JqxveKTHOe y.I{enbHOe conpOTHiffieHHe HOpManbHOH MaTpH~bi, 
oKpy:lKaro~eu CllH, npe.I{cTaBnHeTcH B BH.I{e: 

_1_ = l.. l ___ 1 ____ + 

PI 77 J_p +-!Lp 
c d t 2d u 

___ _]_ _____ ] . 

0+ ~)p +-~ p 
2t t 2t u 

/5/ 

B KaqecTse npHMepa paccMoTpHM MenKO.I{HcnepcHyJO csepx
npoBO.I{H~yro nposonoKy co cne.I{yJO~HMH napaMeTpaMH: 

.I{HaMeTp CllH d = 10 11 = 10·10- 6 M, 

TO~HHa Me.I{Horo qexna t = 211= 2-10 - 6 M, 

-6 TO~HHa MenbXHOpOBbiX neperopO,I{OK U = 111 =} ·10 M, 
P1 = 2 ·Io-IO f2M (Cu) 
Pu = 5·10 -H 0M(Cu-Ni) 
no llJopMyne /5/ p 1 = 22,3 -Io·- 10 f2M. 

c 

CAy'lai.i II . 0.I{Hopo.I{Hoe pacnpe.I{eneHHe CllH B Me.I{HOH 
MaTpH~e BHyTpH KnacTepoB, Ka)f(.I{bJH H3 KOTOpbiX OKpy)f(eH 
MenbXHOpOBOH o6onoqKOH. 

)l,nH ynpo~eHHH p&cqeTa 34JliJeKTHBHoro y.I{enLHoro co
npoTHBneHHH MaTpH~hi P!I KnacTepLI mecTHyronLHoro ce
qeHHH JaMeHHIOTCH KBa.I{paTHLIMH co cTopoHou, paBHOH 0

4
, 

r.I{e 04 onpe.I{enHeTcH H3 nno~a.I{H ceqeHHH nposonoKH: 
2 '--

77R · ~3 o ) 2 S = ---~ = N S = N - ( 
4 

+ u . np 4 r;.JI 6 K JI 2 /6/ 
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AHanoruqHo cnyqaro I , ceqeHHe npoaonoi<H pa36HaaeTc.H 
Ha TOHI<He I<OnbU.a, I<a:>K)l,Oe H3 I<OTOpbiX, COCTOHT H3 CnO.H 
I<nacTepoa, pa3)l.eneHHhlX MenbxHopoBhlMH neperopo.IJ.I<aMH, 
cno.H Me.IJ.H c MenLxuopoBhlMH neperopo.IJ.I<aMH H cno.H Menb
xuopa TOniU.HHoii u /eM. puc. 3/. PaccMaTpHBaiOTC.H TOI<H 
J w H J v , 3HaqeHH.H I<OTOphlX onpe)l.en.HIOTC.H Tal< :>Ke, I<ai< 

B cnyqae I . J w TeqeT B cnoe I<nacTepoa, pa3)l.eneHHhlX 

MenbXHOpOBbiMH neperopO)l.I<aMH: 

B r sin cf> 1'1 z = J ( p "0 + p u) ~-
w 4 u 0 4 +U 

J B rsincp(04+u) 

w= sin-8(;''04 + ~' /7/ 

r)l,e p" - 34Kl>e1<THBHOe y)l.enbHOe conpoTHBneHHe Me)l.HOH 
MaTpHIJ.hl c O.IJ.Hopo.IJ.HO pacnpe.IJ.eneHHhlMH a Heii CllH /1/ • 
J v onpe)l.en.HeTc.H H3 paccMoTpeHH.H I<OHTypa OAC)l,BA'O ', 
/puc. 2/, r.D.e B .D.aHHOM cnyqae aMecTo CllH - I<nacTepbi. 

B r sin cf> 1'1 z = J ( 0 4 p +up ) r 1'1 cf> + 
v t u O 4+U 

J (,J.) t " t ) -L\ v _'+'_~(up +04P + P t 
+ ~cf> u 

1'1Jv(cf>+i'1cf>)t ( " ) 
- up +04p + tpt · /8/ 

r 1'1 cf> u 

llepBhlH qneH npaBOH qacTH COOTBeTCTByeT TOI<Y, Tei<yllJ.eMy 
no I<OnbU.Y, WHpHHOH t H3 Me,IJ.H C MenbXHOpOBbiMH nepero
pO)l.I<aMH; BTOpOH H TpeTHH qneHhl yqHTbiBaiOT yTeqi<y TOI<a 
B.IJ.Onb pa.IJ.Hyca qepe3 I<nacTephl H MenbxHopoBhlii 6apbep. 
Bhlpa:>KeHHe /8/, Tai< :>Ke, I<ai< B cnyqae I , CBO.IJ.HTC.H I< .IJ.HIP
IPepeHIJ.HanbHOMY ypaaHeHHIO BToporo nop.H.IJ.I<a no J v , pewe
HHe I<OTOporo 3anHChlBaeTC.H B BH)l.e: 

• 3 
~~-pj_D 4_+,_u__;)~--

sin e [t(04+u)(upu -+04 p"'+ tp
1 

)+ ( 04p1 

J = v +up u) r 2] · /9 I 

10 

llnOTHO~Tb npO)l.OnbHOrO 

04J +2tJv J ~ --~------ . 
sin e 

TOI<a B )l,aHHOM cnyqae 6y)l.eT: 

llonHOCTbiO noBTOp.H.H BhlqucneHH.H npe.IJ.hl.D.Ylll.ero cnyqaJI 
no onpe)l.eneHHIO MarHHTHoro MOMeHTa, nonyquM Bhlpa:>KeHHe 

)l,n.H 34Kt>ei<THBHOrO y)l.enbHOrO conpOTHBneHH.H .IJ.BYXI<OMno
HeHTHOH MaTpHIJ.bl C MenbXHOpOBhlMH neperopO)l.I<aMH Me:>K.D.Y 
I<nacTepaMH B cne.D.yrolll.eM BH.IJ.e: 

_1 6 
P ~l = -;Rf ! l/1 ( r), /10/ 

r.D.e 

~ 

1/J(r)= 0
4(04-tu)r 

+ 
p"o4+-puu 

3 
2tr (0 4 -tu) 

+ 
t ( 0 4 + u ) ( u pu -t 0 4 p " + t p 

1 
) + ( 0 4 p "+ u p u ) r 2 

Ri 

llepexo)l.HM B /10/ oT cyMMhl I<HHTerpany I I--> f f dr 
r)l,e£=04-tu/,HnonyqHM: r 0 

r.D.e 

__ 1_- 6 Ri R· 
pll --;-R2[kAJ rdr-tJ

1 r 3dr 
----] 

e i 0 k c+ kBr 2 

k = 
A 

= 2._ l 2 k A+ -k1 [ 1 - f ln (1 + l_ )]I , 
rr B f 

p 

1 
u 

+ -- p D u 
4 

k = 
B 

D4pt +Up.u 

2 t 

k = l.. ( D 4 +- u )( u p + D 4 p " + t p ) , 
c 2 u t 

~-
f = R2 k 

i B 

/11/ 
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Ilo.n.cTaBHB 3Ha"'eHHe ( 0 4 + u) H p ", H C"'HTaH a nepaoM 
npu6nu)f{eHHH p '~ p , nony"'HM: 

t 

( ~ V rr /2 ,,/) N ( t I R . ) << 1 , 
KJI I 

TaK "'TO B /11/ qneHOM, CO,IJ.ep)f{all,\HM f ,MO)f{HO npeHe6pe"'b. 
Tor.n.a B OKOH"'aTenbHOM BH,IJ.e Bbipa)f{eHHe ,IJ.nH 34JcPeKTHBHOrO 
y.n.enbHOrO conpOTHBneHHH npe,IJ.CTaBHTCH B BH,IJ.e: 

1 
-II _ll 1 ---I. 

2 + D-4- ~r 
P,. 

7T 
+ - u -- pt 2t 2t 

" u t p t- --p t---p 
0 u 0 t 4 4 

II 
Ilpuoe.n.eM npuMep pac"'eTa P,. .n.nH MenKo.n.ucnepcHoro 
coepxnpoBO.D.HHKa co cne.n.yiDJ.QHMH napaMeTpaMH: 

.n.uaMeTp npooonoKH 0,5 MM, 

Ri = 240.10-() M. 

IlpOBOnOKa COCTOHT H3 55 KnacTepOB, B Ka)f{,IJ.OM H3 KOTOpbiX 

19 CIIH, 
d 

-6 
.n.uaMeTp CIIH = 10·10 M, 

TOnll.\HHa cnoH Menu t = 2·10 - 6 
M, 

TOnll.\HHa MenbXHOpOBblX neperopO,IJ.OK 
Pu = 5·10-8 !JM(Cu-Ni) 
p t = 2 • 1 0- I 0 U M ( Cu ) 

, -IOn " t p = 7·10 HM p =p ---:r 
t ' t t+U 

o
4 

onpe.n.enHeM no 4JopMyne /6/: 

-6 
U = 1·10 M, 

/eM.' I' /. 

o
4

.+u = vrr/2NKJiv3 R. =0,128R .• 
I I 

04 = 31,7•10-6 
M. 

Ilo 4JopMyne /12/ 
Pll = 8 4 •10-IO !JM · 

e ' 

12 

TaKHM o6pa3oM, H3 npuoe.n.eHHLix npuMepoo cne.n.yeT, "'TO 
BBe,IJ.eHHe B MaTpHUY MenKO,IJ.HCnepCHOrO CBepxnpOBO,IJ.HHKa 
MenbXHOpOBblX neperopO,IJ.OK yoenH"'HnO 34J4leKTHBHOe conpo
THBneHHe MaTpHUbl no cpaaHeHHIO C Me,IJ.biO/P <:::.2•10-IO !JMj 
B nepBOM cnyqae npHMepHO B 10 pa3, BO BTOpOM - npHMepHO 
B 5 pa3. 
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