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1. BBE,l\EHHE 

1. CeoHCTBa n~OHHoro nonR B RAepHOM ee~ecTee cy~ecTBeHHO 
3aB~CRT OT ero nnOTHOCT~, TeMnepaTypbl, ~30TOn~4eCKOrO COCTaBa. 
np~ AOCTaT04HO 6onbWOH nnOTHOCT~ B RAePHOM Be~eCTBe MO~eT 
B03H~KaTb HeyCTOH4~BOCTb, np~BOAR~aR K nepecTpOHKe C~CTeM~ 
c o6paaosaH~eM nHOHHoro KOHAeHcaTa 11 - 31• BoaMOIKHOCTb "-KoH­

AeHcau~~. TO ecTb ~aaoeoro nepexoAa ~3oTponHoro RAepHoro se­
~ecTsa B HeOAHOPOAHOe C nep~OA~4eCKOH cn~H-~30Cn~HOBOH crpyK­
TypOH, CBR3~BaeTCR BcerAa CO CMRr4eH~eM n~OHHOH CTeneH~ CB06o­
A~ B RAepHOM ee~ecTee npH yeenH4eHHH ero nnoTHOCTH. Ha ocHoee 
nepBOHa4anbH~X OUeHOK B/1,2/ AenancR B~BOA 0 TOM, 4TO y~e 
o6~4HaR RAepHaR nnoTHOCTb Po~ Pc· TOH KpHTH4eCKOH nnoTHOCTH, 
npH KOTOPOH 4aCTOTa nHOHHOH MOA~ B RACPHOM Be~eCTBe AnR HM­
nynbCOB k-kc-PF CTaHOBHTCR Z'J 2 (k) ~ 0, TO eCTb AOCTHraeTCR 
nonHaR HeyCTOH4HBOCTb nHOHHOrO nonR B cpeAe, cneACTBHeM 4ero 

AOni!<HO fi~Tb HanH4He B RApe nHOHHOrO KOHAeHCaTa. ,l\anbHeHWHe 
HCCneAOBaHHR/ 4 / noKaaanH, 4TO 3TO He TaK, 4TO BO BCRKOM cny-

4ae p 0<pc(T) H npH 06b14HOH nnOTHOCTH flo RACPHOe Be~eCTBO 
H30TpOnHO. npH 3TOM He HCKn11)4aeTCR B03MOlKHOCTb finH30CTH RAep­
HOrO Be~eCTBa npH IJO K TT -KOHAeHCaTHOr::i H€YCTOH4HBOCTH, 4TO 
AOn~HO OKa3aTb Cy~eCTBeHHOe BnHRHHC Ha CBOr::iCTBa 06b14HbiX RACP 
H npORBHTbCR B RACPHOH ~H3HKe HH3KHX H npoMe~yT04HbiX 3HeprHr::i. 
HccneAOBaHH~ TaK~x npeAKPHTH4ecKHX RBneHHr::i noceR~eHo e nocneA­
HHe roA~ 04€Hb MHoro pa6oT, HaH6onee nonHo BCR npo6neMa 6nHao­
CTH RAep K TT -KOHAeHCa4HH OCBC~ilCTCR B 063opax i"t,l)/. nocKOnbKy 

p 0r:j)c, AnR AOCTHY.<eHHR TT -KOHACHCaTHOr::i HeyC.TOr::i4~BOCTH Heofixo­
AHMO ynnoTHeHHe RAepHoro ee~ecTea. OueHKH c AOCTaT04HO peanH­
CTH4eCKHMH napaMeTpaMH B3aHMOACr::iCTBHR 4aCTH4 B RACPHOr::i CpeAe 

Aa~T Pc 't (2 +3)p; 7 • 8 ~ CTonb cy~ecTBeHH~e ynnoTHeHHR MoryT AO­
CTHraTbCR B CTOnKHOBeHHRX TRIKenblx RACP C 3HeprHer::i E/A ~ 1 r3B 
Ha HyKnOH/

9
/. Ho TaKHe CTOnKHOBCHHR H€H3fie~HO COnpOBOIKAa~TCR 

paaorp~~~~ ynnOTHCHH0rO RACPHOro Be~eCTBa AO TeMnepaTypbl 
T- ffiTTC • CneAOBaTenbHO, B CTOnKHOBl!HYIRX TR~enbiX HOHOB npH-

finHIKCHH€ RAepHOrO Be~eCTBa K n-KOHACHCaTHOr::i HeyCTOr::i4HBOCTH 
c pocTOM nnoTHOCHI npoHCXOAHT nprA T ~· 0. B PRAe pa6oT1101 o6-
cymAanHcb npeAKPYITH4€CKH€ RBnCHHR B RAepHOM Be~eCTBe npH CTOnK­
HOBCHHRX TRI!<en~X RAep BbiCOKOr::i 3HeprHH - 11 KpHTH4€CKaR onanec-
4CH4HR11. 
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2. Bo acex 3T~x pa6oTax, rAe ~ccneAyeTc~ noaeAeH~e ~AepHo­
ro aell\eCTaa a6n~3~ Kp~T~4eCKOH T04K~ Kat< np~ T =0, TO eCTb a 
o6bJ4HbiX ~Apax, Tat< ~ np~ T ;./ 0 He at<nJ04anocb rr rr -aaa~MOAeA­
cTa~e ~ He y4HTblaanHCb ¢nyt<Tya~HH n~OHHoro non~ a cpeAe. HHbi­
MH cnoaaMH, He y4HTblaanHCb 3¢¢et<Tbl, He n~HeHHble no nHOHHOMy 
non10, ~ aHrapMOHH3M nHOHHbiX aoa6ymAeHHA a cpeAe. Ha-aa CM~r-
4eHH~ nHOHHOH CTeneH~ cao6oAbl npH 6onbw~x kc- PF a ynnoTHeH­
HOM ~AepHOM aell\eCTae npH T f. 0 3T~ 3¢¢et<Tbl CTaHoa~TC~ t<paAHe 
Cyll\eCTaeHHbiMH a6nH3H t<pHTH4eCKOH T04KH, Kat< 3TO anepable 6blnO 
not<aaaHo a/11< 113 1111 cneAyeT, 4TO ace pac4eTbl, He Y4HTblaaJOU\He 
¢nyt<Tya~~H n~OHHoro non~, He MoryT npaaHnbHO on~caTb caoAcTaa 
~AepHoro aell\eCTsa a6n~3H t<pHT~4ect<oA T04KH. Y4eT Tennoablx 
¢nyt<Tya~~H CTaHOaHTC~ Cyll\eCTaeHHbiM npH nnOTHOCTH, ropa3AO 
MeHbWeH KpHT~4eCKOH. no Mepe npH6nHmeHH~ CHCTeMbl K KP~T~4e­
CKOH T04Ke Tennoable ¢nyt<Tya~H~ nHOHHoro non~ HapacTaJOT ace 
CHnbHee, acneAcTa~e 4ero He80SMOmHO 8blnOnHeHHe ycn08H~ a6co­
nJOTHOH HeycTOH4H80CT~ ~AepHOrO 8ell\eCT8a cu~k) :SO 1111 . 6onee 
TOrO, OK:a3b18aeTc~, 4TO npH Kp~TH4eCKOH nnOTHOCT~ p c(T), onpe­
Aen~eMOH 81111 H3 Tpe6o8aHH~ MHHHMyMa TepMOA~HaM~4eCKOrO no­
TeH~Hana npH OTnH4HOM OT Hyn~ cpeAHeM nHOHHOM none, ~AepHOe 
8ell\eCT80 ell\e AaneKO OT COCTO~HH~, 8 KOTOpOM 4aCTOTa nHOHHOH 
MOAbl o6palJ\aeTC~ 8 Hynb. Jln~ T ;./ 0 He cneAyeT OmHAaTb npH P <pc 
npeAaeCTHHK08 rr-KOHAeHCa~H~, HenocpeACT8eHHO o6ycno8neHHbiX 
6nH30CTbiO K HYnJO 4acTOTbl nHOHHOH cTeneHH C8060Abl· MomHo, OA­
Hat<o, Ha6nJOAaTb C8~3aHHOe C HapacTaHHeM ¢nyt<Tya~HH ~3MeHeH~e 
TepMOAHHaMH4eCK~X C80HCT8 cpeAbl 86nH3~ Kp~TH4eCKOH T04KH, Ha­
npHMep, pOCT TennoeMKOCTH/ 11/, 

3. 04eHb 8amHO 8bi~CHHTb, HCKnJ04aiOT n~ ¢nyt<Tya~~H nHOHHOrO 
non~ 6n~30CTb ~AepHoro 8ell\eCT8a 06b14HOH nnOTHOCT~ Po K T04Ke 

TT -KOHAeHCaTHOH HeyCTOH4~80CTH. 4T06bl noH~Tb, HaCKOnbKO o6oc­
H08aHbl nOnbiTKH 06Hapy~HTb npeAKPHTH4eCKHe ~8neHHR 8 06bi4Hb1X 
RApax /S,S/, He06XOAHMO Tenepb HCCneA08aTb ycn08HR TT -KOHAeHca­
~HH 8 RAePHOM 8e1J1eCT8e npH T .. o c y4eToM rrrr -8aaHMOAeAcT8HR 
H ¢nyt<Tya~HH nHOHHOro nonR, 4TO H 6yAeT CAenaHO 8 3TOH H no­
cneAYIOUIHX pa6oTax. npemAe 8cero 8bi4HCnHM nonRpH3a~HOHHbiH one­
paTop nHOHa 86nH3H KP~TH4eCKOH T04KH Kat< AnR T=O, Tat< H AnR 
T # 0, 8KnJ04a~ 8KnaAbl H oT 6onee cnomHbiX, 4eM y4TeHHble 8/11/, 
npo~eCC08 83aHMOAeHCT8HR nHOHHbiX 8036ymAeHHH. 
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2. OCHOBIIbiE COOTHOWE1ii1Jl llfl.ll nOflJlPI13AUI10HHOf0 onEPATOPA 
11 ¢YHKU1111 fPI1HA ni10HA 

• /11,14/ 1
\ 

1 • Kat< H paHee 8 , paccMaTpH8aeM npH TeMnepaType T pa8H0-
8eCHYJO ~30TOn~4eCt<~-CHMMeTp~4HYIO C~CTeMy, COCTORU\YIO H3 83a~MO-

AeHCT8YIOU\~X Hyt<nOH08, L\ 33 -Hao6ap H n~oHo8. Y4~TbJ8aeM Tat<me 
803MOmHocTt. no~sneH~~ cpeAHero KOHAeHcaTHoro nHOHHoro nonR <rr>-¢. 

2 • 
:, 

·j· 

.np~ H3Y4eHHH nHOHHOrO nonR 8 RAepHOM 8ell\eCT8e HCnOnb3yeM 
Ma~y6ap08CKHe TeMnepaTypHble ¢yHK~H~ fpHHa ~( T , ~ , r2) /12/ , 
-1/T<r<1/T. 8 OAHOPOAHOH CHCTeMe ~ 3a8HCHT n~Wb OT r=r"'1-r 2 . 
Ee ¢ypbe-paanomeH~e: 

~ ... -w r 
ll(r,r)=T!.e n 

n 

_, -cun r dk &r" ... 
~(w,r) .. T!.e (--e ~(w,k), 

v n n ( 217) 3 v n 

wn=2rrniT, v =1,2,3, 

/1/ 

/13/ npeo6paayeM, ~CnOnb3y~ 06b14Hble MeTOAbl 8bi4HCneHH~ TaK~X CyMM , 
Kat< 3TO AenanOCb H 8/11. 14/: 

~~~ (r ,r)-- r _c:£_ e ~rl 
c 2rri 

..... 
~ I + ikr 

ii' • d t <"1 r , dke ·"' • ~ (cf,r)x(t)s-f-·:-e x(fJ,------J, ((,k), 
'' c 2 "I (2rr) a '' I 2/ 

( ~) ( t/T l -1 X ~ • e· - ) • 

CD KOHTY~ C H306pameH Ha p~CyHKe. 3AeCb 
~1,(~,k) - aHanHH14eCKOe npOAOnmeHHe 
Ma~y6apOBCKOH TeMnepaTypHOH ¢yHK~HH 
fp~Ha C AHCKpeTHbiX 3Ha4eHHH l"n = 2rrniT 
Ha KOMnneKCHYIO nnOCKOCTb lu. npH 3TOM 
e 8epxHe~ nonynnoct<OCTH ~(() coena-

C- i C + AaeT c ~ {f) -aana3AbJaaJ011tel1 ¢YHK~~el1 
fp~Ha, a 8 HHH<HeH- c onepeH<aiOIIteA~A(h 
B AanbHe~w~x pac4eTax Mbl ablpaH<aeM 

A H3y4aeMble aen~4~Hbl HMeHHO 4epe3 ~R 
/HnH T /, a He 4epe3 npH4HHHYIO ¢yHK~HIO fpHHa, 4TO 6blno 6bl 
HeyA06Ho H npHeeno 6bl K P~AY TPYAHOCTeA. Kat< H3aecTHO 11 21, • 

~;R((+i0)= ~A* (f-iO), -Imf(f+i0) = lm ~ (f- iO), 

H nOCKOnbKy B ~30TOn~4eCKH-ChMMeTpH4HOH cpeAe X~MnOTeH~Han 
nHOHa 1117 = 0, 

~.A ti'R,A " ti' 
~, <f>=~ (-(), ~(f+i0)=~(-f-i0), Im~(f>=O 

npH Ref=O, 4TO ~ Hcnonb308aHo a npeo6paaoaaH~~ /2/. 

2. 4yHK~~~ fp~Ha B /2/ 

ii' _, 2 --2 _, -1 n rr ...a 
~11 (f,k,p,T) .. (f- k -1-ll,,(.;,k,p,T}), 11=fl + 11 + u, /3/ 

1 rAe lin_ non~p~aa~~OHHbiH onepaTop n~oHa 8 cpeAe, o6ycno8neHHbiH 
rrN-, rrl\ -aaa~MOAeHCT8~~M~: A 

~·· 
11~(w,k,p,T)= -<::)--•~+ -<)-----+ , /3a/ 
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~MeeT norap~~M~4eCK~e T04K~ aeTaneH~R; ll(ill) .~(~) onpeAeneH~ 
Ha KOMnneKCHOH nnOCKOCT~ C pa3pe3aM~ Ha AeHCTB~TenbHOH OC~/1~/ 
Ha KpaRx pa3pe3oa 

~((+i0)- ~ ((-i0)=2ilm ~ ((+iO), /4/ 

4eM ~ onpeAenReTCR B~4~cneH~e ~HTerpanoa a /2/ 1-1 a AanbHeHw~x 
~OpMynax. Pa3pe3bl Ha AeHCTB~TeilbHOH OCH, TO eCTb (, AnR KOTOp~x 
Imll((,IE) # 0, HaxoA~M, a~4~CnRR lln((,k) cornacHo/14/~o~ /3a/. 

n -+ 
Op~-1 T/0, cTporo roaopR,Imll (~,k.T,p) f 0 nHWb A11R Re~ =0. 

JlarpaHlKr-taH ITIT -a3aloiMOAeHCTBHR B cpeAe 3an~weM B BHAe 

f"" =-A( ;+¢)
4 /4, A >0, /51 

nonaraR 3AeCb aMnn~TYAY nono*~TenbHOH nocTORHHOH. HccneAyeM 
B 3TOH pa6oTe OOAPo6HO n~OHHOe none B H30TpOOHOH ~a3e,~- 0, 
a B03MOlKHOCTb OORBneH~R B RAepHOM Be~eCTBe nep~OA~4eCKOH CO~H­
~30CO!oiHOBOH CTpyKTyp~, TO eCTb cpeAHero nep~OA~4eCK010,n~OH­
HOro nonR <-;> = cP y/. 0 ~ CBR3aHHOrO C HHM lla(p ,T ), paCCMOTpr-tM 
B AanbHeHweM. np~ ¢=0 B3a~MOAeHCTB~e /5/ B~3~BaeT A06aeKy 
K nonRpH3a~~OHHOMY onepaTopy nHOHa B cpeAe: 

IT ~ liT 31T 4 

ll (~.k.p,T)=ll (p,T)+ n (w,k,p,T), 

/6a/ 

liT y dk . -+ 
n (p,T)= u = 5A n (p,T)=5A J -~Im ~((-IO,k,p,TX1+2x(()), 

(2m 

311 ,. w,~K 
ll (w,k,p,T)= ·---~--- =-5A ( _d~~ dJt~.&_- x 

(2rr) 6 

;. -to ..... -+ 

8(k 1+k2-k 3-k) ... m ... ---166/ 
x ---:----· r d(1 r d4 r d(3 ~( l'k 1>.v <(2 ,k2> ~ ce-3 ,k3}X" 

(2rrl) 3 C c C 

((1+ (2 + (3)/T .. -+ ,.. ... -+ 

xx((1)x((1)x((3)[e · -l]A((1'(
2
,(

3
,w,k

1 
,~,k3 ,k)x 

x[a\ + (2+ (3 + w)-1 +((1 + (2 + (3- w)-t 

KoTopyiO Bbi4~CnReM cornacHo npaaHnaM A~arpaMMHOH TeXH~t<~ np~ 
T~ 0 1121, ~cnonb3YR /2/, /4/. CaoHcTea nonHoH, np~BOA~MOH aMnnw 
TYAbl "" -pacceRH~R X /poM6HK a A~arpaMMe /66/ I ~ ypaeHeH~e 
AnR Hee o6CYA~M B AanbHeHWeM. 8 CKeneTH~X rpa~~Kax j6/ BOnH~­
CTaR n~H~R COOTBeTCTByeT n~OHHOH ~YHK~~H rp~Ha ~(w,k,p,T) /3/, 

4 

-

i ~--·· .. ] 
:1 

~~r·/ 
··~.·1 
··~ 
· •• ~j~\i ,. 

\: ''') 

'•1··: 
~.{_ 
,··~ ~ ,. 

\. 

KOTOpaR caMa COAeplKHT ll", TaK 4TO B~palKeH~e /3/ C ll" /6/ 
eCTb ypaaHeH~e AflR n ~n~ ~. Ero MOlKHO pewaTb 4~cneHHO, Ha­
XOAR fin cornacHO/l4/, TaK~e pac4eTbl 04eHb CIIOlKHbl, H M~ ~X npo­

' BOAHTb He 6yAeM, a orpaH~4HMCR ~ccneAOBaH~eM CBOHCTB ll IT npH 
w-0 ,k-ko a6n~3~ K~T~4eCKOH T04KH p-p 0 • 6n~30CTb K IT­

KOHAeHCa~~H np~ faHHWX p,T onpeAenReTCR 6nH30CTbiO K HyniO 
een~4HHbl w2 -~- (O,k0 ,p,T) = min ~- 1 , t<aK. 3To o6CYlKAanocb 
paHee 80 MHOrHX pa6oTax 15•a,tt/, no3TOMy He06XOAHMO ~ccneAO­
BaTb nn, ll", ~ np~ w-0, k-ko • AnR np~6n~lKeHHOrO 8~4~CneH~R 
HHTerpanoa /6/ eocnonb3yeMCR, KaK H a 111< TeM, 4TO np~ w -0 
a6nH3~ Kp~T~4eCK~X 3Ha4eH~H p - p c , k -k 0 ~ HMeeT pe3KHH 
MaKCHMYM. Y4HT~BaR /6/, ~ - 1 MOlKHO npeACTaBHTb B BHAe 

-1 -+ 2 -+ 2 n -+ n ... 
~ (~.k,p,T)=w -1-k -Rell (w,k,p,T)-ilmll (cd,k,p,T)-

171 
IT -+ 2 -+ -U (w ,k, p, T) =w (1-a (T)) +iw 13 sign(lmw) -X(w ,k, p ,T), 

22-+ -2 rr-+ 
X .. y·(k-k

0
) +z; (w,k,p,T), w2=w

0
(p,T)+ll (w,k,p,T), /8/ 

2 . 2 2 
w =C(p (T)-p), k 0 (p,T)=k 0 +K(p-p (T)), 

0 c c /9/ 

/3/ /11/ 
nOA06Ho TOMy, KaK 3TO Aenanocb AnR T=O a • a AflR T 1-0 • 
rAe TaKlKe OOAP06HO 06CYlKAanHCb BCe BXOAR~~e B /7/-/9/ napaMeT­
p~ nn. On~caHHbiM~ B~we CBOHCTBaM~ /3/-/9/ n. ~ o6naAaiOT ~MeH­
HO B RAepHOH cpeAe. 3aMeTHM 3AeCb, 4TO eCnH 6~ MH~MaR 4aCTb 
y n • ~ OTCYTCTBOBana. lmll =0, lm ~ =0 B /3/-/7 I. Mbl ~Men~ 
6bl C~CTeMy CO cneKTpOM poTOHHOrO T~na, CBOHCTBa KOTOpoH 8611~3~ 
T04K~ ~a3oeoro nepexoAa paccMaTp~aan~cb np~ T f 0 a1151• HeKoTo­
pble pe3ynbTaTbl, nony4eHHble HaMH a1111 

1-1 Aanee, a nocneAYIO~Hx 
pa6oTaX, CXOAHbl C pe3ynbTaTaM~ Hl151• Han~4He Mar<C~MyMa ~ 
np~ ~ 2 ... 0 , w -0, k -k 0 ~cn~nb3yeTCR eo acex AanbHeHw~x Bbl-
4~cneH~Rx. 04eHb BalKHO, 4TO B /7/-/9/ ~MOYilbC~, np~ KOTOpOM 
npOHCXOA~T CMRr4eH~e OHOHHOH MOAbl, TO eCTb AOCT~raeTCR min~ - 1, 
He Man, k0.- PF (p 0 ). CHnbHble ~nyKTyall~~ n~OHHoro nonR a6n~3H 
Kp~T~4eCKOH T04K~ o6yC110B11eHbl ~MeHHO OORBileH~eM MRrKOH MOAbl 
C 6011bW~M ~MnynbCOM. 

3. KaK cneAyeT H3 OlleHOK, nony4eHHbiX a 15 •61 , 6n~30CTb np~ 
T ,.o RAepHoro ae~ecTaa nnoTHOCT~ Po K " -KOHAeHCall~~ MOlKHO 
3aMeT~Tb B PRAe OObiTOB.! ecn~ ;:;2 (p ,w,k )~ f ~ np~ w -O,k -ko. no­
BeAeH~e 3TOH aen~4~H~ w 2(p) np~ T

0
.;. 0 a6n~3~ Kp~T~4eCKOH T04-

K~ paccMaTp~aanocb a1111 • Ho, a OT11~4~e oT pa6or~ 1111 ,Mbl BKni0-
4aeM Tenepb a ll nonHoe BblpalKeH~e /6/ A11R ll" , a He TOilbKO 
nepa~e npocTeHw~e rpa~~K~ /6a/, He 3aa~cR~~e oT w ,K BB~AY 

5 



I 

nocTO~HCTeaA. 3To npHBOAHT K P~AY cy~eCTBeHH~x ycno~HeHHH, 
B 4aCTHOCTH, Tenepb caMa BeflH4HHa w2 B /7/-/9/ 3aBHCHT OT 
C•! , k . no3TOMY Tpe6yeTC~ 6onee T~aTeflbHOe HCCneAOBaHHe fl l71' 
113", 4TO H 6yAeT CAenaHO B nocneAY~~HX pa6oTaX. 
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