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I. BBEAEH~E 

1 • ,ll.n.A Bb\.ACHeHJ.IIR HBH60nee BS>KHbiX, 0611.\LIIX 3SKOHOMepHOCTe~ 

.A,QepHoVi ¢J.ii3J.IIKH 8 HSCTO.AIL\ee BpeM.A CTpeMRTC.A n011Y4STb J.ll J.IICC!le

,QOBSTb .A,Qpa B Kpai::iHJ.IIX, 3KCTpeMSI1bHbiX yc.nOBJ.II.AX: npl-1 nilOTHOCTI-1, 

eo MHoro paa npeaocxo,Q.AW.ett 06bi4HYIO, np~r~ 3Hepnu~x soa6y>K,QeHJ.1R 

BnilOTb ,QO MHOrHX faB Ha HYKilOH J.11 T.n. 3Ta CilO>KHS.A KSK B Tex

HH4eCKOM, TSK H B HSY4HOM OTHOWeHJ.IIJ.II 3S,QS4S CO,Qep>KHT MHOrO He

onpe,QeneHHOCTei::i. Ao HSCToRw.ero speMeHH AOCTST04HO no,Qpo6Ho 

H3Y4SI1J.11Cb CBOi::iCTBa .A,Qep IlJ.IIWb B OCHOBHOM J.11 npocTei::iWHX B036y>K

,QeHHbiX COCTORHHRX. ,Qame 0 CBOi::iCTBSX o6bt4Hb1X KOMnayH,Q-COCTORHHH 

C 3Hepn1eYI B036ym,QeHH.A liE • U n - 3HepnH1 CBA31-1 Hei::iTpOHS -

,QOCTOBepHO I-13BeCTHO 1.13 OnbiTOB 04eHb MSilO. TeOpHR "?aKHX COCTO.A

Hir1Vi paapa60TSHS .ABHO He,QOCTaTOliHO, \riHTepeCHble pe3yJ1bTaTbl 3,QeCb 

OlleHb pe,QK!rl. ~aJ1bHe~Wirle !riCCJ1eAOBaH!rlfl KOMnayH,Q-COCTOflHirl~, He

COMHeHHO, OlleHb aa>KHbl \rl np~r~HeCyT Cyll.leCTBeHHble CBe,QeH\rlfl 05 

o611.11r1X cao~craax R.Qep, Heo6XO.Q!r1Mbte .QnR .QanbHe~wero npo.QBIII>KeH!rlfl 

B 05JlaCTb e11.1e 50Jlbtll\IIX 3Heprlrl~, 3KCTpeMSJlbHbiX COCTOAH\11~ A,Qep. 

2. Hac acer,qa IIIHTepecy~r Ha\116onee xapaKrepH~e o611.1111e cao~

crea R,Qep, np\IICYil.lllle BCeM A,QepHbiM C\IICTeMaM, a He KSKOMy-n'-150 

OT,QeJlbHOMY COCTOAH\rl~ 8 K8KOM-TO O.QHOM A,Qpe. no3TOMy p83YMHO 

~3yli8Tb cpe,QH\rle xapaKTep!IICT\IIK\rl KOMnayH,Q-COCTOAH\11~, liTO \II ocy

ll.leCTBnReTCA 8 CTST\IICT\IIlleCKOM nOAXO,Qe. KoMnayH,Q-COCTOAH\IIA OlleHb 

CJlO>KHbl, n03TOMY, He nbiTSACb CTpOiriTb BOJ1H0Bble <!JyHK~\11\11, AJlA \rl3y

lleH\IIA \IIX cpe.QH\riX CBO~CTB HCnOJlb3Y~T CT8T\IICT\IIlleCKOe On\IICSH!IIe, 

BBOAA reMneparypy T,cooreercray~ll.IYIO 3Hepr~r~~r~ e0a6ym,qeH\IIR SE(T)11/ 

npe.QnonaraercR, liTO paccMaTp!llaaeM~e cocroRH\IIA MO>KHO nonararb 

CTST\IICT!rllleCK\11 paaHOBeCHbtM\11 \IIJl\11 XOTR 5bl 6J1!113K\IIM\r1 K T8KOBbiM. 

no.nyllaeMble nplll 3TOM pe3yJ1bT8Tbl OTHOCATCA He K OT,QeJ1bHOMY co

CTOAH\1110 RAp8, HO xapaKrepiii3YIOT cpe.QH~r~e caoHcraa KOMnayH.Q-co

croAH~r~~, pa3Jl\rllllriA Me>KAY 3HeprHRM!rl KOTOPblX 3H8ll\riTeJ1bHO MeHbtlle 

TeMneparypbt. JlnA He~TPOHHbtX pe30H8HCOB TA>KeilbiX fl,Qep 3TO YCI10Bir1e, 

KaK npas~r~no, BbtnonHeHo. PaayMHO paccMaTpt.1BaTb 1-1 onbtTHble AaH

Hbte, ycpeAHeHHble no MHOrHM T8KI-1M COCTORHI-1AM. 

3. Ecn~r~ T .<<(r - 3Hepr~r~!ll ¢epM~r~, ro pacnpe.QeneHt.1e HYKnOHOB 

MeHAercA np~;~ HarpeaaHHH n~r~wb y rpaHI-1~bl CllepMI-1 1-1 MO>K~o pacnpo-

crpaHir1Tb reop1-1~ KOHeliHbiX ¢epMt.1-CI-1creM/2/ 1-1a T,l 0 sf, t.1cnonb-

3YA MeTOA TeMneparypHbiX ¢YHK~Hi:1 fpHH8. MO>KHO Bbl'-llriCI11-1Tb I-13Me

HeHHe npH 'HarpeaaHH\11 cpe.QHero KBS.Qpar~r~liHoro pa.Q~r~yca S.<r 2 (T)>-. 
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KBa,QpynOilbHOro MOMeHTa OQ(T_), 3Heprl-11-1 8E(T), O,QH048Cn14HbiX ypoeHe~ O(k (T) 1-1 T.n/3-e/, nocne,QosaTenbHO y~.tHTbJBa.A cll!nb
Hoe B38vtMO,QeJ1CTBHe HYKI10HOB KaK 8 KaHane l.l8CTYH~8-,QblpK8, TBK 
14 8 K8Ha!le 48CTH~a-4aCTl448, npHBOAR~ee K napH~M KOppe!lR~HRM 
CBepxnpoBOARI!lero T"na. np" 3TOM li< r (T)> , /iQ(T) , liE(T) , 
0( k (T) H T .··A· 38BHCRT OT COOTBfCTBYIOUIJ..1X Henpii!BO,QHMbiX aMnili-1-
TYA pacceRHHFI Ksar'-lacn1tt rcu. r ; B C!lyl.lae T.<< ~ MO>KHO I-1C
nonb30B8Tb f 0

, r , BXO,QRutllle B TeOpHIO np1-1 T ==0/ • 06utl.1e BbJpa
}f{eH"!FI ,QllA l43y4ahiX BeJH14HH, a T8K)I{e HX K84eCTBeHHbJe OLJ,eHKH 
5bJilH nonr-l~Hbl 8 3 • 41-1C!leHHbJe p8C4eTbl AJlR c¢eplo14eCKJ.1X FI,Qep npo
Be,qeHbl 8 41• ~X peay11bT8TbJ YK83b1B810T, B 48CTHOCTI-1, Ha yMeHbWe
HHe <r 2 > , 8< r

2(T) > '* -0, 1 ¢M 2 
,Q!lA T ""'T n no cpaBHeHYliO c ocHos

HblM COCTO.AHI-leM, T=O, AJlA TeX .R,Qep, y KOTOPblX npt.-1 T =0 3Hep-
ri-1.R napHblX Koppen.A41-1H !'1 (0) '"" 1 M3B, a np~o-1 T,. T n OKa3brsaeTc.A 
f'1 (T0 ) "" 0. T n - T€MnepaTypa, COOTBeTCTBYtouta.R 3Heprr-11-1 CB.A31-1 
HeHTPOHa 8E(Tn)=Un. 

CeH1..1ac paapa6oTaHa MeTOA!-1Ka/7 / 1-1 Bb!nOnHeHb/s/ nepsbre r-13Me
peHI-1.A pa3HOCTei1 8<r 2 > B KOMnayH,Q-COCTO.RHI-11-1, B03HI-1KSIOuteM npr-1 
3aXBSTe Tennoeoro Hei1Tp0Ha .A,QpoM, 1-1 B OCHOBHOM COCTO.AHI-11-1. 0Ka-
3SJiOCb, '-ITO 8 KOMnayH,Q-COCTO.RHI-11-1 

239 U <r 2>z ,H, "" 1+2 ¢M 2 
M€HbWe, l.J€M B OCHOBHOM: 8<r 2

>z =-(1,7 ~6:~)¢M2 /8 . 8 HSCTO.Rutei:f 
pa6oTe BbrnonHeHbr AJl.R TA>Kenbrx ,q,e¢opMYipoeaHHbiX .A,q,ep pac'-leTbl een~t~
'-IHH 0<r2(T)> , 8Q(T), aHanor!-1'-IHble BblnOnHeHHbiM e/4/ Ail.A c¢epvl
'-lecKHX TeM }f(e MeTO,QOM. 3,q,ecb Mbl orpaHI-1'-IHMCR T ~ 2 M3B. B cne
AYtotl.leM paa,q,ene, II, npHBe,q,eM OCHOBHble ¢OPMYJlbl 1-1 OCTaHOBHMC.A Ha 
H€K0TOpbiX OC06€HHOCT.AX l.JHCJi€HHOrO pac'-leTa B CJiyl.Jae ,Qe¢OpMI-1pO
BSHHbiX .R,Qep • .Qanee, pa3Ae.n III, Ol.leH!-lM, KSK 811!-l.ReT HS peaynb
TaTbl nO.ABJi€H!-le B 8036y>K,CI,eHHOM COCTO.AHHH y .A,Qpa Cn!-lHS, OrpaHH
l.JHBSRCb npH 3TOM MSlibiMH MOMeHTaMH. B paa,q,ene IV o6cyAHM pe
aynbTSTbl HSWHX pSC'-I€TOB H ,q,pyrr-1e T€0p€THI..J€CKHe H 3KCnepHMeH
TSJlbHbl€ pa60Tbl, co,q,ep}f(autHe cse,QeHH.A o paaMepax H Q>opMe .A.Qep 
B B036y}f(,Q€HHbiX COCTO.AHH.AX. 

II. Bbi4HCnEHHE H3MEHEHH~ li<r 2(T) > , liQ(T) 
nP~ HArPEBAHH~ J1E<IlOPMHPOBAHHbiX Ri1EP 

1 • Bee I-1HTepecytoutHe Hac senH'-IHHbl 
8Q(T) CB.R3SHbl C lt13M€HeHH€M MSTPHL.Ibl 

npH HarpesaH~t~l-1. l-1aMeHeHI-1e 8.</(T)> 
Im6o sen"4"Hbl q(r) cor nacHo s,.; 

' 

2 liE(T) , li< k (T) , li<r (T)>, 
nilOTHOCTH CHCTeMbl 8p(T,f) 
cpe,QHero 3HS4€HH.R KSKOi1-

,QS€TC.R BbJpa>K€Ht.-1eM 

v v-+ v... ... v v 8<q >~ ( q (r)lip (r,T)dr. L, ( V [ q l 
-v~... v" v" :\ L .pk (r)o

0
p _ .p (r1dr= v k kk k 

v" v v -+ -+ 
= L, V [q ]li

0
p (r)dr. v= n,p. 

v 

/1/ 
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ypaBH€Hlr1€M 

- , - , , 
2W-t-t V 1! V-t 

:1: a r (r,r') :1: <fr (r').l' - (T)</• (r')x 
' k k k k 

v k 1 k 2 2 1 2 1 I 2/ 

v' 
XV 

Vo ~ 
[q ]dr', 

KOTOpoe AilFI A€$0pMlr1pOBaHHbiX FIA€P 6yAeM pewaTb B KOOpAlr1HaTHOM 

npeACTSBJ1eHHH. 6 /1/, /2/ 'k , <frk H ;k (T) , i& k(T) - OAHO-

l.laCHtl.!Hble 3Hepri-U1 \It ctJyH~l,\14\lt B OCHOBHOM COCTOFIH\It\lt Ill B COCTOn

H\1114 c TeMnepaTypoill T. f. k k (T) Bbtpa>KaeTCR 1..1epea \ltHTerpanbl 
1 2 

OT npOI43BeAeH\It~ nOiliOCHbiX l.ISCTeil1 TeMnepaTYPHbl~ cflyHKL,\14171 rp1r1Ha 

\It AaeTCFI B o6~eM B\ltAe ¢l0PMYI10il1 /6/ 143 pa60Tb,l4/, a Be!ll1l.llr1HS 

00 p~k (T) ... iik (T) - n~ - pa3HOCTb 
11

0AHOI..IacT\Itl.!HbiX 11 ¢YHKL\lr1il1 

pacnpe,QeneH\.1FI HYKilOHOB - ¢opMyno~ /2/ 1-13-14/. Mbl paccMaTplr1aaeM 

Illr1Wb T<< ( F' nO~TOMy S Sblpa>KeH\.1\.1 ,Qilfl Henplr1SOA\.1MO~ aMnillr1TYAbl 

pacceFIHI-1FI rw 1 2! 

131 

see se!li-11..11-1Hbl I-1M€10T Te me 3Hal.leHI-1FI, !..ITO \It Ailfl T ,.Q: 

f w' (r)of~v'+(f''v'-rvv')(p(O,T)-p(r,T))p(O,T)-~ r"n ol, fnp "-0,6, 
1n ex 1n In In 

/3a/ 
nn np nn np nn nn np 

r., o-1, fex"-3,g "1,4, g "-0,2, f of+f', g "g+g', f :f-f', 

gnP, g-g ' . 

.[\llfl Y13MeHeHI-1FI cpe,QHero KSS,QpSTI-1l.IHOro paA1-1YCa 3apFI,Qa 0<r
2
(T)> z , 

MSCCbl 0< r ~T)> A Y1 KBS,QpynOilbHOrO MOM€HTa QQ(T)z,A S€111-11..1\11-

Ha q B /1/ 1 /2/ pasHa COOTB€TCTB€HHO: 

A 4rr 
s " 2v ---, 

2 5 

14! 

v ' A 
q[Cl]"q8' » vp 
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2 • 8 ,QBJ1bHei1WIIIX pac4eTaX ,QJlR ,Qe$OpMIIIPOBSHHbiX aKC\.1SllbHO
CitiMMeTpH4HbiX fl,Qep Mbl lo1CnO!lb3yeM C06CTBeHHble 3HepnH1 ltl ¢yHKI..Il-1YI 
,qe¢.opM~t~poeaHHoro noTeHLIHana By,qca-CaKcOHa l k , ifrk 1113 pa6o-
Tb/9l, r,Qe nO,Qp06HO Oni-1CSH BJ.1,Q 3TOrO noTeHI..IYIBJla 1t1 MeTO,Q BbJ-
41t1CJleHHR l k • 1/Jk • 3,QeCb k Ofi03HS4aeT COBOKynHOCTb KBSHTOBbiX 
41-1Ce11 ~'k , Ok;, iTk ; f!k- npoeKI.lliTR MOMeHTa, "k - '-leTHOCTb 
COCTORHI-1.A. 8 fg( rj1 k (1) pS3JlO>KeHa no COfiCTSeHHbiM ¢YHK1..11t1RM C¢e
pH4eCKJ.1-CJ.1MMeTpJ.14HOrO noTeHI..I\.1aJla By,Qca-CaKCOHa: 

!51 

Ko3¢l$1-11..1HeHTbl a~Ej HSXOARTCR /g, to/ 4J.1C!leHHO Ha 38M. MeTOA 
npHrO,QeH AllR Ae¢opMSLV1i1, He npeeocxo,QRI.qHX aaMeTHO paeHoeecHyiO 
,Qe¢opMS4HIO aKTJ.1H\.1,QOB, KOTOpyiO MO>KHO paCCMSTPIIIBSTb, KSK 803My
lqeHHe. Ha-aa orpaH~t~4eHHOCTJ.1 ccf>ep~~ecKoro 6aa~ca ~~cno ~neHos 
B /5/ C pOCTOM npoeKL!~~ Q} y6biBaeT, i/J k(f) np~t~6.n~t~ma~TCR 
K C<!>epH4eCKHM. nepeXOA IYk( ) B C<i>ePH4eCKHe ¢nljm· "[Jk (r) np" 

J 6o.nbW~X Qk, !) ¢H3H4eCKH nOHRTeH ~ no,QTsep>K,QaeTCR TO~H~M~ pac~eTaMH /11.5,3HC r.j1k He CO,Qep>KHT COCTORH~c:::i C 60.nbWIIIMI-1 no.no>KHTenbH~M~ fk gj , n03TOMy Mbl snpase HCnOJ1b30BaTb ero .n~Wb 
A11R cpasHHTenbHO He6onbWit1X TeMnepaTyp T £. 2 M3B, 8E ('I') .$.1 00 M3B, 
K.OTOpble B 3TO~- pa6oTe Ill npe,QCTaBnRIOT ,QIIR HBC OCHOBHOt1 ~HTepec. 

3. 3Qxl>eKTHBHoe none V"' 
>KeH~t~R 

+ 2 
L,J 

4 

vi ~ 
2 0 L (r)YLo (r/r)IJ af3 + 
L 

,.vII ~ -p L 1 J 
uL,J (r)YLp(r/r)u (3( ). 

a p-p 0 

vv1II 
S LL 

1 

!6! 



171 

Vo 
Paam14HbiM s La /4/ cooreercrey!OT paam14Hbte 3$$€KTJ.IIBHbte nom~ V, 

onpeAeil~IOIII"e 8<r 2(T)>z,A , 8Qz,A (T) cornacHo /1/: 

Vo 
8<q > = 

v Vo v -+ -+ 
:i: r v [q ]lip (r)dr= :i: r 
v 0 L,v 0 

v L I 2 
t k (r)r tlr+ :i: 

LJv 

!8! 
vLJII 

tk (r)rrtir. 

Bbtpa)l(eHJ.IIR ,q.nR ecex S, t a 171, /8/ ,qaHbt e np\.1110>KeHJ.IIH. Mbt He 
CTSH€M 3A€Cb no,qp06HO BbtnHCbtBaTb AJ1R ,qe¢OpMJ.IIpOBSHHbtX R,qep ¢>op-

MY11bl, ceR3b1BSIOW.J.1e 3Hepnuo eoa6y)f(A€HHR OE(T) _c reMneparypol1 
T, OE(Tn)= un, ypaeHeH\.1e A11R nonHOC1 aMn.m1TYAbt f(T),. Bbtpa-

)!(€HJ.1R ,q.nR J.II3MeHeH!IIi1 co6craeHHbtX 3Heprlo1&1 8£k=8~kk, 0~= a 2r'"t0 p+ 
+ a2 fw fO:I, J.11 ¢YHKL.t1417r 01/;k(T). Bee 3Tio1 COOTHOW€Hio1fl no.ny4a-
IOTCR lrl3 COOTB€TCTBYIOll.\I-1X $OpMYll pa60T /3,4/ TaK >Ke, KSK Bbtpa>t<e-
Hio1R /7/, !8/ ,q.nR Vv(f,T), O<Q>: ,qanbHei1wJ.~~e pac4eTbl, peaynb-
raTbl KOTOpbtX npHB€A€Hb1 B paa,qe.ne IV, Mbl 8btnOJ1Hfi€M COr .naCHO 

3THM COOTHOWeHHRM. 

1'-,(T)= 1'-,(0)+81'-k(T) - C06CTBeHHble <!IYHK~-- OAHO"aCT""HOrO ra-
M-JlbTOH.aHa H= H(O) + 8H(T) np• TeMnepaType T. 8H = 8I (T) 
H3MeHeHHe C06CTBeHHO 3HepreT~t~4eCKOi:1 4aCTH, Bbi3BSHHOe Harpeaa

HHeM, 8 4SCTHOCT!o1, yMeHbWeHJ..1eM 3HeprHH napHbiX KOppe.nRt..tl-11:1 !\(T) 
np1-1 yae.n~t~4eHI-1~t~ T. 

Pac4eTbl, KaK 1-1 e/4/, Mbl nposOAI-1M, y4~t~TbiBaR 8H= 8~ no Teo-

P"'"" 803My~eH~t~H, 0~/~ < 1. no.ny4eHHSR 8 /4/ 3SBio1Cio1MOCTb 

8,A(T) • 8</>,I.(T) OTT /eM. P•c.3 " Ta6n.3 •• 14/ I Ail~ c<!le-
PI-14eCKJ..1X RAep CBHAeTe.nbCTByeT 0 npae~t~.nbHOCTI-1 TSKitiX Bbi41-1C.neHio1i:1. 

B 41-1c.neHHblX pac4eTax a ASHH05 ya6oTe A.nR U~t~ Pu Mbl no.ny4~t~.n~t~ 
TSKJ..1e )l(e peay.nbTSTbl. KaK 1-1 B 4 ,npHT""Tn 01/Jk(Tn), llfk (Tn)< 
<Q, 1 M38, 04eHb MS.nbl, 1-1 HX y4eT MO)I(eT B.n~t~RTb CYUieCTBeHHO HS 

Bbl""cneH,;e 8< r PrTJ > , 8Q(T) n•wb np• T ~ 2 M3B. np• T <. 
~ M36 80 BCRKOM cny4ae MO)I(HO no.nb30BSTbCR TeOp~t~ei:i B03My~eHHi:1 
no 81:. 0AHSKO A.nR Ae!flopM~t~poaaHHbiX RAep 3TO MOr.no 6b1Tb, soo614e 

rOBOpR, He TSK: 8 3Tio1X RAPS X HeKOTOpble 0AH04SCTJ..14Hble YPOBHI-1 

MOr.nl-1 6b1Tb CTO.nb 6n~t~3Kio1, 4TO OKS3S.nOCb 6bl Q~kkt' fk - (kl 
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/CM., Hanp~Mep, PHC.1,2 8/9//. 3TO 03HB4ano 6~ CHnbHOe 1-13-
MeHeHHe fk• ¢k B TBKHX COCTO.AH~.AX, H, CneA08aTenbHO, TeOPH.A 803My{4eH~J1 no 01:, B 3TOM c.ny4ae 6bl.na 6bl, 04e8HAHO, HenpH-
MeHHMa. 

v 
<l>yHK4WH :£ • 0 oP COAep)l(aT 3Heprww napHbiX KoppenR4HH L'l (T), 

KOTOpble B npH6JlH>KeHHH KOHCTaHTHOrO cnapltl8aHH.A onpeAeil.AIOTC.A 
C08MeCTHO C ;:" F(T) 1113 ypaaHeH~H 

2~ Gv ~ (1-2(1 + exp[ E~ (T) /I'])) /E ~ (T), E k(T) ~ ((£k --.-/ + t.2(T))~ 
<:(T)-;~(T) -v /9/ N,z.· S (1- ----- (1-2(1+exp[Ek (T)/T]))), So p v_ • 0. k E;(T) k 0 k k 

B cooTBeTCT8HH co CKaa~HHbiM Bblwe Mbl nonaraeM npH T-<<E F cnap~-
8aTenbHble KOHCTaHTbl f lll Gv He aaBVIC.AllV1MH OT T 1-1 HCnOJ1b3Y€M 
lt!X 3Ha4eH~.A, nony4eHHble 143 aHaJllo13a pa3HOCTet1 Mace COCeAH14X 
.A,ctep/12/ npH yc.noBHH, 4TO cyMMHposaHHe 8 ypasHeHI-11-1 ,q,n.A !iv (T) 
se,q,eTC.A no seeM COCTO.AHH.AM c { k $. 12 M3B I eM. Ta6n. 2 s I 12/ I. 
llnR RApa U AG 0 = 18,3 M38, AGp = 25,3 M38. C pocToM T !iv (T) yMeHbwaeTC.A, H np"' T.., T n • COOTBeTCTBYIOiqeH 3HeprHH CB.A3H 
Het1TpOHa Un , !J.v (Tn)"" 0 /CMo, HanpHMep,/ 4,G/ /. C 3TOJ1 
a·aB~CHMOCTbiO .!iv(T) CB.A3aHO yMeHbWeH~e <r 2 >, T.e. f><r ~T)>.<O 
npH 'T - 0,5+1 M3B AJl.A .A,ctep, y KOTOPbiX B OCHOBHOM COCTORH~H 
.!lv(O)- 1 M3B. HeTPYAHO y6e,q,~Tbc.A, '-ITO paaMbiTHe pacnpe,q,eneH~.A 

¢>epMH HYKilOHOB npH T ==0 Ha-aa Han~4H.A cnapHBaH~.A 6onbwe, 4eM 
~t~3-3a TeMnepaTypbl npY'I T .. Tn, 6.(Tn) ... o. YaCTHI.tbl, HaXOAHBWHec.A 
npH T = 0 B cnapeHHOM COCTO.AHHH Ha YPOBH.AX f k > f F npH Tot~ Tn 
nocne paapyweHH.A cnapHsaHH.A c 6onbweH sepo.ATHOCTbiO OKaablaaiOT
c.A Ha ypOBH.AX C ;-kl (T)<fk• npw 3TOM, paayMeeTC.A, caMH fk' 1/Jk 
npeTepnesaiOT J.13MeHeHVI.A 6fk (T) , OT/Jk (T), Bbi3BaHHble HarpeBaHJ.1eM, 
a 4acTHOCTJ.1 paapyweHI-leM cnapHBaH14.A np~r~ T .. Tn ,.!l(Tn) .. o. HaMe
HeHHe ~YHK~.tHH pacnpe,q,e.neHH.A ~r~a-aa nepexoAa KaKoro-n~6o HYKilOHa ~-ta.cocTO.AHI-1.A k a k 1 ane4eT sa co6oH 6naro,q,ap.A saa~Mo,q,eHcTBHIO 
r~ B KaHane 4aCT~~.ta-,q,~pKa nepepacnpe,q,e.neH~e HYKilOHOB B APYrYIX 
COCTO.AH~.AX. ~VICileHHble paC4eTbl no ¢lOPMYI1BM 3TOrO pa3,q,ena np~
BOA.AT K pe3yJ1bTaTaM, KOTOPble Mbl 06CYA~M 8 paa,q,ene IV, O~.teHHB 
nepe,q, 3THM a cneAY1014eM paaAeile III, K 4eMy npHBOA~T H3MeHeHHe 
cnHHa .AApa np~ nepeXOAe B B036y~AeHHOe COCTO.AHHeo 

III, H3MEHEHHE o<r
2

(1)> HAfPETOrO !!jlPA 
nPH H3MEHEHHH CnHHA 

1. npH nepexoAe 8 KOMnayH,q,-COCTO.AH~e MaTpH~a nnOTHOCTH, 
a C HeiO VI Bee ,q,pyrHe se.nH4~Hbl MOryT MeHRTbC.A He TOilbKO 1o13-3a 
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HarpeeaHJIIR, 1<81< 3TO nOK838HO B npeAbiAYU-IeM p83Ae11e II, HO Ill OT 

~t~3MeHeHHR cn~t~Ha. Ceo~cTea KOMnayHA-COCTORHHR, a 48CTHOCTH ere 

CnHH I, OnpeAeJ1RIOTCR He K8KHM-n~t~60 OAH048CTH4HbiM COCTORHV!eM 

HJ1H HecKOJlbKHMVI, HO KonneKTHBHbiM cocTORHHeM ecero RApa. Aanee 

6yAeM paCCM8TPHBaTb AJlR Onpe.qeneHHOCTH 4eTH0-4eTHble R.qpa • 

HaMeHeHHe MaTPH4bl nnoTHOCTH OT HarpeaaH~t~R Op(T) He np~t~eo-

AHT 1< noReneHH~ cn~t~Ha y aKc~t~anbHo-c~t~MMeTpH4Horo RApa <I> = 

= (I 0 p(T) dr ... =· 0. . nepeXOA 1-13 OCHOBHOrO COCTORHI-1R CO CnHHOM lo= 0 

e KOMnayHA-COCTORHI-1e co cn~t~HOM I Mbl ocy~t~ecTanReM 8 .qaa 3Tana: 

cHa4ana HarpeaaeM RAPO .qo TeMnepaTypbl T, a aaTeM coo6U-~aeM Ha

rpeTOMy RAPY cn~t~H I. AnR Bb14~t~c.neH~t~R 0< r ~I)>' H8AO Ha~n1 H3-

MeHeH~t~e MaTPI-14bl nnoTHOCTH Op (I) HarpeToro RAPa scneACT8He 

nepeX~A8 1-13 COCTORHHR CO Cnlr!HOM Ia=·O 8 COCTORHHe CO cnHHOM I, 
4TO 3KBHB8JleHTHO nepeXOAY BO BP811.181011.1Y~CR CHCTeMy KOOPAHHaT, 

HilH BKI1~4eHH~ BHewHero nonR 

~~ 

V0 =-(Hl)=-1,0, -Iz!.lz, /10/ 

KOTOpoe Mbl nonaraeM AOCT8T04HO cna6b1M, (0 1)/T << 1, 4TO C007BeT

CTByeT o6bi4HOMY np~t~6Jl~t~}l(eH~t~~ ManbiX MOMeHTOB I eM., Hanp~t~Mep, 13/ I. 
HaMeHeH~t~e Op (I) HarpeToro RAPa eo eHewHeM none /10/ paccMaT

p~t~eanocb e/5,6/. np~t~ T ... T 0 HMeeM 6.(Tn)=0,JII TOrAa 

-1 
n(<)=(l+exp[,/T]) , 

1111 11 1111 
n (<,\ +X,)-n (<, ) 

- v 1 1\ "2 
a <TJ= ------------. 

,.\1,.\ 2 1.1 +XV V ' _, 
,\1 ,\1 ,\2 

/11 I 

v 
fAe V [V 0 ) - 3$$eKTJIIBHOe none B HarpeTOM RAPe 

/12/ 

np~t~4eM e cyMMe no A,i\' _a npon1eononmt<HOCTb c.ny4al0 T =0 np~t~cyT

CTBYeT 4!1eH c A=A.~ , liAA""OnK/VAA· HaMeHeH~t~e O<r2(I)> YA06Ho 

npe.qCT8BHTb B BV!Ae/5,6/ 

11 111 '"' 111 v 
5<q >• v:,_,~ [q Jan,\,\ +q ,\ ,~. 

1 2 

,\1 ~,\2' 

r 2 
q=-- 0 

Z 11p ' 

3Aecb V" onpeAenReTcR ypaeHeHI-1eM /12/ 6ea 411eHoe c A=A". 

/13/ 

7 



2 • B KBa31-1t<IlSCCI-14eCKOM J1PI16r.J.1>KeHHJ.1, KOTOpbiM Mbl orpaHYI41-1MC.fl 
AllR o~eHKH S<r 2 (1)>, HMeeM/ 141: 

r .. 0,5. · 

MaTpHI..!Hble 311eMeHTbl (r 
2

),\ 
1
.\

2 
I= 0 JU1Wb ,QilR pasHbiX npoeK4Hill m 1=m

2
, 

a j , a 1-lMeiOT OTm14Hble OT HYilR MaTpJ.14Hble 311eMeHTbl IlHWb ,QJlR m 1~m 2 .~o3TOMY a HaweM np~QrH>KeHHH BTopoe cnaraeMoe e /13/ 
pasHa HYJlJO. IlHHe~Hblti no (0 I) 4IleH a On .\(1) He _BaeT, o4e
BJ.1AHO, BKJlS,Qa B l><r2(1)>;.. C T04HOCTbiO ,QO i.!IleHOB -(Slf) 2 HMeeM 

. v' 2 .1.1 2 v v v -2 x(J ) n )+U (j )', n,(l-n,)(l-2n,)T . z K A z z z 'i\1\ 1\ 1\ " /14/ 

OT 3HaKa j z He aaei4CJ.1T n A, no3TOMy AilR fh F (I) nony1.1aeM ypaa-
HeHI-1e 

/15/ 

Mbl yl.ll1H, 4TO nocne.QHI-1~ 4IleH a /14/ a KsaaltTK!laccH4ecKOM npH6nl4-
meHHH He ,QaeT BK!la,Qa B /15/. ~eiltCTBJ.1Te!lbHO, 3aMeHRR CYMMY no 
A ~-tHTerpa.noM no d(E-( F), nony4aeM npJ.16J1J.1>KeHHO 

2 -- 2 1)0 -2 :£~p(,F)U li I . r d,n(<)(l-n(<))(l-2n(<))T =0, A z z -oo 

rAe M~ B~HeCnH H3-nOA 3HSK8 HHTerpana CPeAH~~ nnOTHOCTb 0AH0-
48CTH4HbiX yposHec::i y rpaHH~br_ ¢>epMH p ( ( F ) 1-1 cpeAHee 3Ha4eH!4e 
KBaApaTa npoeK~HH MOMeHTa I i z 12 1131, TaK KaK n(l-nX1-2n)T-2 
3KCnOHeH~HanbHO y6~BaeT npH OTXOAe OT nosepXHOCTH ¢>epMH. C T04-HOCTb~ AO 4JleHOB •(01) 2 
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o<qv0 >~n 2 L vv [q"0 ln"(1-nv)(1-2nv)T-2(jV)2 /2 + z Av M A A A z M 

+ll2 L {VV[qVoln"(1-nv)T-1 L rw!\A'v'(jv')2 n"' (1-nv')T-l+ 
z Av M .\ A'v' A.\v z A'A' .\' A' 

+n:((l-n:\)T-Ia,vF(I)i, /16/ 
TaK KaK n.\ H€ 3aBHCAT OT 3HSKa jz, B /15/, /16/ BO~AYT n~Wb 
fvv 1 1-13 /3/, /3a/. AnR np~t~6m1H<€HHbiX KBS3f.1KilaccH4ecKa.-tX ou,eHoK 
aaMeHHM a /15/, /16/ cyMMbl no A, A' ~HHTerpanaMI-1 no d(!-f F) 

-2 wAFAF J.1 BbiHeCeM 143-nOA 3HaKa YIHTerpana cpe,QHJ.1€ 3HS4€HI-1R lj zj ,.rAp..\F , 
VA A y rpaHHU.bl $epMH, HCnO!lb3YA pe3KH~ MaKcHMYM $yHKU.J.1H F F 
n ( 1 -n) T- 1. B 3TOM npr.16m1>KeHHH BTOPO~ '-l!leH B /16/ c y4eTOM 
/15/ o6pa~aeTCR a Hynb, 

3, .QnR o~eHK~ V v e /16/ oocnonb3YeMcR <!JOpMynaM~ /44/, /45/ 
H3 /3/ ill (r 2 ))..)., OU,€HJ.1M TSK>K€ B KBS3lriKilSCCH4€CKOM npJ.16m•nKeHI,H1, 
IIICnOilb3YR OCLIIriilJlATOpHbl€ BOJlHOBbl€ ¢YHKU,Io1J.1! (r2),\A ""f.\ M-1 cu -2, 
hcu =41A-l/~ M - Macca HYKilOHa. Tor,Qa Hac:i,QeM 

I 2 h 2 rr 1 
8<r 2 (I)> ~ _:;_z__ ----c--- x 

Z j'
11
A(T) Mw 2 8Z A(1+f+)(1+f ) 

/17/ 

r,Qe Mbl Hcnonbaoeam1 TaK>Ke onpe,QeneHr.-le 1131 Ksaar.-1KJlacclo14ecKoro 

MOMeHTa ~Hep~H~ j'
11
v (T) ~I J z 12 pv(,F), j' Z;1 N ~ Z/N, j' A;jOZ~ A/Z 

~ 1
11 
(T)nz~Iz h.npH 3aAaHHOM nonHOM cn~He !2 ycpeAH~M /17/ no 

B03MOX<HbiM aHa4eHI-1RM I~ , nonaraR 1-1x pasHosepoRTHbiMVI, 4TO 

cnpaaeAn~ao, ecn~ exp[-I~ h 2/21
11 

(T)] ~ 1. npH T ~ T +HMeeM 161 
j= 11A (T n) "" 50 h 2 I M3B. , ~1cnOJlb3YR B ·HaWI-IX O~.teHKax nf- Vl3 .It:! 
/cTp,315,316/, nony4HM AnR U, Pu 

l><r 2 (I)> ~4·I 2 -1o-5 ¢1M2, z /18/ 

B KOMnayH,Q-cocTORHI-IRX 11130Tonos U, Pu I:=?; 5, 8<r 2(D> He npe
socxo,QI-IT BO BC~KOM C11Y4ae ""Q, Q 1 IJ>M 2 • 0TMeT!f1M, 4TO TaK!f1e >Ke 
Ma!lble I-13MeHeHI-1R B<r 2 (I)> nony4anr-1cb np1-1 T04HOM peweHr.-11.1 sa-
,Qa41-1 BitS/ ,QJlR XO!lO,QHbiX R,Qep. KaK 6y,QeT RCHO 1-13 peay!lbTaTOB, 
npi-IBe,QeHHbiX B CJ1e,QyiOW,eM pas,QeJle, 3TI-1Mif1 r.13MeHeHio1RMII1 8 < r 2 (I)> 
MO>KHO npeHe6pe4b no cpasHeHI-110 c B<r 2 (I)>, BbrssaHHbiMI-1 Harpe
saHI-IeM R,Qep. 
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IV. PE3YllbTATbl 4HCJlEHHbiX PAC4ETOB H HX 06CY)I(.QEHHE 

1 • ¢>OPMYilbl, no KOTOpbiM BblnO!lHf!IOTC.R paC'-IeTbl, 1t1 ace BXO,QRII\He 

a Hltlx napaMeTpbl no,Qpo6Ho o6cy>K,Qan.a..tcb s paa,Qene II. B 41-icneH
Hbrx paC4eTaX C ,QOCTST04HOH ,QilR HSC T04HOCTb10 MO>KHO B /7/,/8/ 
orpaHHlH1TbC.R HHTerpl.1posaHitfeM no dr 1 AO R max - (2 + 3)r0 A 113 

H Bbi4111CI1J..1Tb I-1X npH6JU1>KeHHO no ¢opMyJ1e raycca, annpOKCHMi-lpyR 
nO,QbiHTerpa.nbHYIO <!>YHKLtHIO nOilHHOMOM CTeneHH 2n ""'20 /CM., HSnpH
Mep, 1161 I. ,llnR aHal.leHHH 0 1·II (r i ) a rayccoecKJ.1X yanax no!ly
lH1M Ha /7 I cHcTeMy anre6paH4eCKHX ypaaHe_HHH 

,.vi ( L )/ (2nl 0 o v o 2 
VL rk' 0 ,vO hk -uLLouvvo SLork + 

I h~0 
II- K03$¢H1U,HeHTbl raycca/ H SHSil0fH4HO - BTOpoe ypaaHeHlt1e 

,QJl.R C> 3aTeM no Haiii,QeHHbiM OTCIO,Qa D (r i ), oii (r 1 ) Bbi4HCI1HM 

"HTerpailbl 8 /8/. CyMMbl no L 8 /6/, /7/, !8!, /7a/ COAeP>KST, 
Ol..leBI-1,QHO, 411eHbl c L Tm1 >Ke 4eTHOCn1, 4TO 1-1 L0 = 0 HllH 2, 
H Mbl orpaHH4HMCR L = 0,2,4, 4TO ,qocTaTo4HO, KaK Mbl y6e»<.Qam1Cb, 

,QJlR BW4HCJleHH~ no $OpMyllaM /7/, /8/ C T04HOCTb~ He Xy>Ke -10%. 
0TMeTHM e~e, 4TO B ypasHeHHR /7/, /]a/ .QJlR V BXO,QRT He TOJlbKO 

aMn.m1TY,Qb1 f, f' , HO H g, g', 

2. ~3 scero H3110>KeHHOro paHee s paa,qenax I,II,III RCHO, 

4TO B HCnOJlb3yeMOM HaMH CTaTHCTH4eCKOM onHCaHHH HeT CK0JlbKQ

HI16y,Qb 3aMeTHO~ pa3HHL.tbl Me>K,Qy paC4eTaMI-1 AJlf! pa3Jli-14Hb1X TR>KellbiX 

,Qe$OPMI-1POBaHHb1X R,qep o6nacn1 aKTI-1HHAOB. Mbl nposenH 4HCileHHble 

pac4eTbl 8<r 2 (T)>z A , 8Gz A (T) AilR 236U, 24Dpu nP" 
T < 2 MaB. PeaynbTaTbl pac4eTos All.R 236 U npe,QcTasneHbl Ha 

pHcYHKe; ,Qilfl 240 Pu OHH npaKTH4eCKH TaKI1e H<e. Ha onb!Te H3Y4a

IOT /7,8/ 8 <r 2 > z B KOMnaYH,Q-COCTO.RHHRX, nony4aeMbiX npH 3aXBaTe 

Tennoeoro He~TPOHa COCeAH.HM H30TOnOM C N -1, TaK 4TO HaH60Jlb-

WH~ 11HTepec Allfl Hac npe.QcTaBnReT noee,QeHI1e 8<!2 (T n)>z npH 

T "" T n • KaK BHAHO Bbi4HC!leHJ.1R ,QaiOT 8 <r 2 (T n) > z ,. -0, 1 ¢>M 2, 

T.e. yMeHbWeHHe <r2> npH nepexo,qe B KOMnayH,Q-COCTORHHe. K 3TO

MY pe3YilbTaTy npi1BO,QHT nocne,QOBaTe!lbHbl~ y4eT B3aHMO,Qe~CTBI1R 
HYKJlOHOB, B 4aCTHOCTH yMeHbWeHHe ~ (T) C pOCTOM T , ~ (T n),. 0, 
4TO no,qpo6Ho o6cy>K,Qanocb e paa,Qene II. no cpaeHeHHIO c 8<r2 (Tn)>"" 
""-0,1 <t>M2 MO}f{HO, o4eBHAHO, npeHe6pe4b eem14HHO~ l8<r2(1)>1< 
<0, 01 (1)M 2, O~..teHKY KOTOpoill Mbl nony4H1111 B npe.QbiAY~eM pa3,Qelle III. 
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2 T(,..hB) 

2 TIM3B) 

3aBHCHMOCT:O OT TeMnepaTYPbi H3Me

HeHHH cpe~Hero KBaApaTH~Horo pa
AHYCa 0< r 2 (T) > Z , KBMPYIIOJibHOI'O 
MOMeHTa 0 Q z(T) sapRp;a / crrnomHbie 

KpHBbie/ H MaCCbl 8<r2 (T) >A, 8Q A(T) 
/mTpHXOBaHHbie KPHBble/ AJUl Rp;pa 
236 U. CTperrol.IKOI1 YKa3aHa TeMne

pa Typa T n , COOTBeTC TBYIO~aR 3HeprHH 

CBR3H HeHTpOHa B 3TOM Hp;pe. T = 

= 2 M9B cooTBeTCTBYeT BE(T?IOO M9B. 

np~ AaJlbHetiweM POCTe T 8<r2(T)> 
pacTeT - T 2• Ha cpasHeHHR 3THX pe
aynbTaToa c nony4eHH~MH a141 aa
Kn~4aeM, 4TO 8<r 2 (T)> 8 C$epH4eCKHX 

14 ,Qe¢lOpMHpOB8HHbiX R,Qpax Be,QyT ce6fl 
CXO,QHbiM 06pa30M • 

nepeXO,Q 8 KOMnayH,Q-COCTORHHR co
rnaCHO pac4eTy Bbl3blsaeT ropas,Qo 
6onbwee H3MeHeH~<'~e 0.< r 2 (T) >, 4eM 
A06asneHHe K TR~enoMy RAPY O,QHoro
ABYX HeHTpOHOB /H30TOn~~eCKOe CMe

Ll.\eH~e 1171 I, nepexoA 8 nPocTetlwVIe OAH6Kea3VI~acTVI~Hble coCTORH~R 
l~t~soMepHblt1 CABVIr /17,18/ I HilVI s HVI3Ko!le)f(a~VIe 2+ cocToR-

HVIR115,17,1BI. 8 3TJ.1X RB!leHVIRX l5<r 2 >1 He npeBOCXOAVIT 

-(2+3) .Jo-2 
¢M

2, KaK npas"no, -10-3 <I>M 2 . 3HaK B<r 2> Mo>KeT 

6b1Tb np1o1 3TOM 1o1 oT~Io14aTeilbHbiM. B pa6oTe 
181 

Ha6I110Aanocb 8 KoM-

nayHA-COCTORHHI-1 
23 

U VI3MeHeHJ.1e 0 3KCU.<r 2
>z =-(1,7~5:~, ~TO 

Taro )f(e sHaKa, HO npJ.1MepHo s 20 paa 6onbwe cpeAHero 3Ha~eHHR, 

nony~eHHOrO HSMVI B CTaTHCTVI~eCKOM nOAXOAe• CBR3biBaR CTOJlb 3Ha

~vtTeJ1bHOe yMeHbUJeHvte <r 2 > c vt3MeHeHvteM AecJ>opMa4H~t~ 181 • Mbl 

AOJl)f(Hbl 6biJ1J.1 6bl 'npeAnOilO>KVITb, ~TO RAPO U npH B036Y>KAeHVIJ.1 AO 

OE= 576 M38 cTaH081o1TCR c¢1ep1-1~ecK1-1M. A 3TO oaHa~ano 6bl, ~To 
8 3TOM COCTORHI-11-1 8J1VIRHI-1e 060il04e4HO~ CTPYKTYP~ Ha CBOHCTBa 

RAPa C08epweHHO VIHOe, ~eM B OCHOBHOM COCTORHI-11-1. KaK 81-1AH0 1-13 

PVICYHKa, cornacHo HaWVIM pac~eTaM lo13MeHeHVIe KBaApynonbHoro Mo

MeHTa 8Q z (T) np1o1 T = T n npeHe6pe)f(J.1MO Mana no cpa8HeHVIIO 

C Qz (Q) = 5 ·1 0 2 C!>M 2 - K8aApynOilbHbiM MOMeHTOM U 8 OCH08HOM 

COCTORHVIVI, TaK 4TO pac~eT AaeT B TaKHX COCTORHHRX Ae¢IOPMS4VIIO 

npaKTH4eCKH TY >Ke, 4TO VI 8 OCHOBHOM. C poeT OM T IOQ(T) I 6biCTp6 

pacTeT " np" T = /1 ,8+2/ M9B /BE = 8G'-I 00 MaB/ oKa3b\BaeTcn 

IBQ (T) I - Q(O) . np" 3TOM CTaHOBRTCR CYIJleCTBeHHb\M" y4eT "3Me-

HeHio1R OAH04aCTVI'-IHOrO noTeH41o1a!la 0 :I (T) np1o1 Harpe8SHVIVI J.1 06yc-

JlOBJleHHble 3T~M pa3!1~4~n ;jk -</Jk =8</Jk (T), ;-k -<k =B<k (T). 
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06ono4e4HaR CTPYKTypa, OTeeTcTeeHHaR aa Ae¢opMa~~~ R,Qep, ne-
pecTaeT r.1rpaTb aaMeTHyiO POilb IU1Wb npH OE > 80 M36 KSK OTMe-
4B110Cb H paHee eo MHOntx pa5oTax /cMo, HanP~t~Mep, 119·211 I. 

3. nony4€HHO€ HSMH B CTBTJ.1CTJ.14€CKJ.1X paC4€TBX Cpe,QH€€ 
O<r 2 (T)> cne,Qoea.no 6bt, KOH€4HO, cpaBHHBSTb He c 8<r 2 >, 
Ha6J110,QS€MbtM 8 O,QHOM Hea1TpOHHOM pe30HSHCe lSI, HO C SeJU14J.1HOC1, 
ycpe,QH€HHOC1 no ,QOCTST04HO 60ilbWOMy 4J.1C11Y KOMnayH,Q-COCTORHHH; 
OTCYTCTBVI€ B H8CTORu.tee epeMR T8KYIX OnbiTHbiX ,QSHHbiX JU1WS€T HaC 
3TO~ B03MOmHOCTJ.1. 0,QHSKO, €C11J.1 CTSTJ.1CTJ.14€CKJ.1i1 no,QXO,Q K OnJ.1Ca
HJ.110 CBOHCTB KOMnayH,Q-COCTORHJ.1i1 B006u.te cnpaee,Q11J.1B, B€11J.14J.1Hbl 
8<r 2 > BO BCeX COCTORHJ.1RX C 8E ~ u n ,Q011)KHbl He CJU.1WKOM CJ.1Jlb-
HO OT11J.14STbCR OT 3HS4€HJ.1R, ycpe,QH€HHOrO no MHOrHM TBKHM co
CTO.RHH.RM. 8 CTBTHCTH~€CKHX pac~eTaX H3MeHeHH€ O,QHO~aCTH~HO~ 
cJ>yHK4HH pacnpeA€11€HHR 0 O p onpe,Qe11.R€TC.R BBO,QHM0£1 npH 3TOM 
TeMnepaTypo£1, a e APYrHx noxo*HX 3a,Qa~ax- o6 H30TOnH~ecKOM 
cMe~eHHH, H30MepHoM CABHre H T.n. - 00p TO~Ho aa,QaHo. Ho 
B paMKaX CTaTHCTH~€CKOrO OnHCaHH.R HaW pac~eT- ,QOCTaTO~HO Kop
peKTHbl£1, COA€P*BU\HeC.R B HeM Heonpe,Qe11€HHOCTI-1 MOryT H€CKOJ1b KO 
M€H.RTb pe3Y11bTaT, HO He BHAHO npH~HH A11.R ero H3M€H€HH.R B 
1 0-20 pa3. Bb1BOA (J)opMyn npH T<<f AOCTaTo~Ho o6ocHoBafi 13·4 1 , 
B ~aCTHOCTH 3aKOHHO npeHe6pe>K€HHe F 3BBHCI-1MOCTbiO f CrJ (T), [' ~ (T) 
OT T np~-1 TBKHX T. Bo3MO>KHble I-13MeHeHI-1.R f, f', g, g • e npe,Qenax 
- 20 -:-JO% H HeKOTOpOe H3M€H€HH€ BH,Qa 3a81o1CHMOCTH f CrJ (~) OT r-+ 
He M€H.RIOT CY~eCT8€HHO pe3yJ1bTBT08, KaK-y>Ke np08eP.R110Cb 8 141 . 
0,QHO~aCTH~Hbl~ 6a3HC .'9-11/ .R8J1.R€TC.R ,QOCTaTO~HO nOJ1HbiM,eCJ1H Mbl 
orpaHH~H8aeMc.R T:;. 2 M3B, ero pacw~t~peHHe He cKa>KeTc.R cyu~ecT-
8eHHO Ha pe3Y11bTaTaX pac~eT08. 

npoeepKa KOppeKTHOCTH y~eTa H3M€H€HH.R O,QHO~aCTH~Horo noTeH-
4H811a OH"" 0 l: no TeopHH B03My~eHH~ 3ac11Y>KH8aeT oco6oro BHH
MaHH.R, TaK KaK 803MO>KHOe B npHH4Hne HapyweHI-1€ YC110BH~ npHM€HH-
MOCTH Teopl-11-1 B03My~eHHi1 no O:I MOr 110 6bl npHBeCTH K CaMOMy 
cyl!\eCTBeHHOMY H3MeHeHHIO acex pe3Y11bTaToe. Ho, KaK o6cym,Qanocb 
8b1W€ /pa3,Qe11 II, nyHKT 4/, HHKaKHX OTKJ10HeHH~ OT TeOPHI-1 B03My
U\eHH£1 no 0~ B HaWI-1X pac~eTaX He Ha6J1tO,QaJ10Cb, I-13MeH€HHe 0~, 
8£ k , 81/J k C POCTOM T Y~HTbiBa110Cb ,QOCTBTO~HO TO~H0 1 a npH 
T "'" T n "'" 0, 6 M38 OHO aoo614e He o~eHb cy~ecTB€HHO. 

npH611H>KeHHe KOHCTaHTHOro cnapHBaHH.R, HCn011b30BaHHOe HaMH, 
.RB11.R€TC.R anonHe YA0BJ1€TBOpHTeJ1bHbiM, 80 BC.RKOM CJ1y~ae ,Qll.R OnHca
HH.R Cpe,QHHX CBO~CT8 T.R>K€11biX ,QeeflOPMHPOBaHHbiX .R,Qep, KaK 3TO Mom
HO aaKniO~HTb H3 MHoro~HcneHHbiX pac~eToa ./eM., Hanp~t~Mep, /22/ I. Y~eT aaBitiCHMOCTH QT r, f' aMn11HTY,Qb1 rf(J, f"') H J cne,Qo8aTeJ1b-
HO, /:j,(t,r') npH8€rJ 6bl K pa311H~H.RM B€I1H~HH f:j,k B pa3HbiX CO-
CTO.RHH.RX k H€ 6onee ~eM B -2 pa3a IZ3I, ~TO H€ MO*el' H3M€HI-1Tb 
p€3YrJbTaT Bbi~HCJleHHR 8<r 2 (T)> B 10+20 pa3. 
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4. B pa6oTax 1191 pa8HosecHble paaMepbl 111 ¢opMa R,Qep 208 Pb, 
40,48 Ca 90 Zr 100 Zr 298 X 168 Yb a soa6y>K.QeHHbiX co-

' ' • ' 114 ' 
CTOfiHIIIfiX 8 aa8HCHMOCTIII OT T pacc4111TbiBa!1HCb MeTOAOM XapTpH-
¢oKa nplll T I 0. nplll 3TOM no.ny4aeTCfl MOHOTOHHbl~ Ill 04eHb Me,Q.neH
HbiH poCT paA"YCa c POCTOM T, Aa>Ke AilR T ~ 5 M:>B I oE ~ 0. 7 r:>B/. 
pa.QHYC 8oapacTaeT acero IliiiWb Ha ~ 0, 1 ¢1M, '-ITO caMe no ce6e 
BPfiA Ill'l paayMHO ¢lH3H4eCKH Ill, BIII.QIIIMO, npOTVIBOpe4VIT OnbiTHbiM 
.QaHHbiM 141 . ,ll.nfl fi.Qpa 168 Yb Ae¢opMa~VIfl HC4ea.na 6bl IliiiWb npH OE 
,]Q M36, HHbiMH Cil08aMH; !lHWb npVI TaKHX 3He8rVIfiX CTaHOBIIITCfl 
Hecy~eCTBeHHO~ o6o.no4el.!Hafl cTpyKTypa. B 

12 
; r.Qe 8bi4111Cllfi11HCb 

Ha!116onee sepofiTHble .Qe¢opMa~"'"' npvt paa.niii4Hblx 3HeprvtfiX eoa6ym
,QeHVIfl, no.ny48Il0Cb, \.ITO 172 Yb CT8H081o1TCfl C¢lepvt4eCKHM !lVIWb npH 
OE"" 60 M36, XOTfl ero 3Heprlllfl CBfl3111 Ill VIMeeT .Q8a MIIIHVIMyMa np111 
.Q€4JOpMa~VIfiX {3 ""± 0,2. np111 TaKIIIX >Ke 3HeprHfiX IIIC4e3aeT ,Qe¢OpMa~Hfl 
"' y 

240
P&21;cornacHo

1201 11MflrK!IIe11 A,Qpa nepexo,QHO~ o6.nacTH 
(Os,Pt) Tepf!IOT ,Qe¢lopMa~HIO np~;~ MeHbWe~ 3HeprHH, -20 M3B. TaKHe 
nepexo.QHble fi.Qpa 8 Ha4a.ne 111 8 KOH~e o6nacTIII naHTaHH.Q08 MoryT 
M€Hf1Tb CBOIO ¢l0pMy nplll He3Ha4HTeJ1bHOM lo13MeHeHHIII 4111CJ1a 48CTIII~/24/ 
"' np111 nepexo,Qe 8 cocTOfiHHe ,Qa>Ke c 04eHb Ma.no~ 3HeprHe~ 8oa-
6y>K,QeHI4fl 125< \.ITO CBfl3biB8eTCfl o6bi'-IHO C Ha111114HeM y 3HeprHIII C8fl-
3111 3TIIIX fi.Qep ,Q8YX cpaBHio1MbiX no B€111114111He Her.ny60KIIIX MI4HIIIMYMOB 
np111 no.no>KHTenbHO~ 111 OTp~;~~aTe.nbHollt ,QecJ>opMa~~~~~~~ {3"" ± 0,2. H1114ero 
no.Qo6Horo AI1fl U, Pu noKa He Ha6niO,Qanocb, a 3Heprl4fl C8R3111 
,QJlfl HIIIX MOrna 6bl 14MeTb npl4 {3=-0,2 IliiiWb 04eHb Herny60K11111t 
MIIIHI4MyM, HeCyiJ.IeCTBeHHbli:1 no cpa8HeHIII'9 f; MI-1H14MYMOM npH {3=0,22 
B OCHOBHOM COCTOfiHIIIIII 11111111 npltl fJ"" 0,6 

2 
. B 3TO~ C8fl31'1 6bl110 6bl 

Ol.leHb 14HTepeCHO nposeplt!Tb, K8KYIO ,Qe¢opMa~IIIIO 14MeiOT Kpa~HIIIe, 
KOPOTKO>KIIIBYutHe lo130TOnbl U C 60llbWI-1M Ill M8JlbiM 4111CilOM Hei1TpOH08. 
Ha OCHOBaHIIIIII npe,QnOJlO>KeHHfl 0 CYIJ.IeCTBOBaHIIIIII np111 (3 ... 0,6 MYlHHMy-
Ma 3HePrllllll CBfl3111, COOT8eTCTBYIOIJ.Iero YCTOH411180My KBaa~;~paBH08eC
H0MY COCTORHI-110 B pa6oTax127~ nony4eHbl pe3yilbTaTbl, yKa3biBal011\ll!e 
Ha cy1J.1eCT8eHHoe ysen!ll4eH!IIe ,Qe¢lopMa~~~~~~~ ,Qa>Ke np111 He6onbWIIIX 3Hep
rH.RX B036ym,QeHYl.R: 11BTOpollt 11 MI-1HIIIMYM nplll {3 = 0,6 MO>KeT CT8Tb 
OCHOBHbiM. 3TO COnp080>K.Q8110Cb 6bt yBe!l!ll4eHvteM <r 2 > Ha- 5 ¢M 2 , 
l.lero, BO BCfiKOM CilY4ae Ha On biTe 

181 , He Ha6niO,QaeTCR. 3aMeTHOrO 
y8e!llo14eHIIIR < r 2 > CJle,QOBaJlO 6bl O>Kio1,QaTb B KOMnayH,Q-COCTOfiHIIIfiX U 
Ill cornacHo 128<rAe COCTORHI'Ie B036y>K,QeHHOrO fi,Qpa nOJlyl.laeTCR 
8 BIII,Qe cynepnoaH~IIII-1 cocTORHVIH 8 11 nep8ollt 11 ({3=0,22) 111 11 BTopoH 11 

({3= 0,6) RMax. HTaK, 1-13 scex cyiJ.IeCTBYIOIJ.IIIIX pac4eTos cne,QyeT, 
\.ITO ,Q!lR U MO>KHO O>KYl,QaTb 6011ee 11111111 MeHee 3Ha4111Te!lbHOrO pOCTa 
<r2 > npH 8036y>K,Q€HIIIIII. n111Wb HaWI-1 pac4eTbl ,Q810T HeKOTopoe yMeHb

WeH"e: o<r 2 (T)> ~-0,1 <I>M 2 np" T~Tn• oE(Tn)~un. 
6 H8CTORIJ.Iee 8peM.R HeT, KpoMe /8/, 1-fHbiX yKa3aHHI1 Ha OTCYTCTBr.-te 

.Qe¢OpMa~HH 8 KOMnayH,Q-COCTORHIIIfiX aKTHHHAOB. C ,QpyroH CTOPOH~, 
no-BH,QHMOMy, H€T H AOCTaT04HO CTpOrHX Henocpe,QCTBeHH~X 3Kcnepr.-t
MeHT811bHbiX ,QOKa3aTeJ1bCTB TOrO, \.ITO fi,QPO U He MO>KeT 6b1Tb C¢e-
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PM~eCKMM 8 KOMnayH,Q-COCTOAHHH. TaK, HanpMMep, XOTA o6pa60TKS 
OnbiTHbiX ,QSHHbiX 0 nJlOTHOCTI-1 YPOBHeH npl-1 3Hepri-1H CBR3111 HeHTpOHa 
1-1 nposo,QHTCR ecer,Qa s npe,Qnono~eHMIII, ~To ,Qe~opMa~MR He Me
HReTcA 129< 1113 CSMHX 3THX ,QSHHbiX CTpOroro BbiBO,QS 0 8€11M~HHe 
A~~opMa~HH c.QenaTb He11b3A. To me cne,QyeT cKa3aTb, BHAHMo, 
H 0 ~OTOA,QepHblX peaK~HAX, HeynpyroM paCC€RHHH 3SpAm€HHbiX 
4SCTH~, a-pacna,Qe H T.n. Bo ecex cny4aRx A11R nony4eHMR OAHo-
3Ha~Horo 38KJ1~4€HHR 0 ,Q€~0pMa~HRX KOMnayH,Q-COCTOAHHH Heo6-
XO,QHMbl 6onee TU\ST€11bHble OnbiTbl H HX ¢H3H4~CK8R HHTepnpeTSU,HR. 

8 3SKJ1~~eHHe SBTOP 6narO,QSPHT ¢>.A.rapeeea, B.H.E¢1-tMOBS 
3a none3Hble o6cym,QeHHA H 0.8.6naroHpaeoey 1-1 IO.J .. 1.WenoHu,esa 
38 nOMOU\b npH COCTSB11eHHH nporpaMMbl 1-1 CO,QeikTBI-1€ B npoee,Qe
HHH ~lt1CJ1€HHbiX paC4€TOB HS 38M. 

nPHnOJKEHHE 

BenH~HHbl S, t 

' d -1 
S w II ( ')~(-n-) LL, r, r 

d< F 

Bblpa~aiOTCR ~epe3 (3n- j) -cHMBOJlbl 

,,' , - l', 
a (M ,f,f )fa' 



1+' +' 
:E 6k(2J+1X-1) Jl Js 

1,2,3,4 

J!: :::u!:~ ;:~ l _(h~2J)(ia~·J·)· 
~ L 1 J ~~L' 1 J' ~ M,<,< M M 0 M M 0 

l=nl.el,jl; 

k~ [ (2L+1)(2L '+1 )(2 1 
1 
+1)(212+1)(213 +1) (21 4+1 )(2j

1 
+!) (2j2 +l )(2jge1) (2.4+2)] Y, ; 

{L I (r) ~ ;E K pv (r) dv (<, M) I 2 J I !2 

\

1 1 L)( . . L) 
M< 1,2 0 0 0 -M M 0 

i2i1 L (-1)M-\I 

11 12 y, 

y, - v K~[(2L+1)(21+l)(21 +1)(2j +Il(2j +!)] /yl4rr; P (r)~Rv(r)Rv(r) 
1 2 1 2 1 2 

dv (t,M) ""atMVa!Mv . 
1 2 

3AeCb at~v - K03¢l¢111u,HeHTbl pa3.nQ)KeHHR e /5/, Rv
11 • (r) 

nr. j ...,. nr. J 
AIIIS.nbHaR t..~aCTb eo.nHoeoili ¢>YHKU.111111 ¢ k11 • n(r). Bbllllllc.neHII!e 

~qmj=~k 

- pa-

S, t 

no 3TIIIM ¢JopMy.naM MO>KHO ynpoCTIIITb, II!CnO.nb3/?l pa3.nllll..IHble 
weHII!R A.nR (3n-j) -cii!MBo.noe /eM., HanpHMep, 301 I. 
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