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1. BBE.[(EHME 

OcHOBHhie caoHcTaa HYKnOHa y.n;aeTcH ycnewHo orm:caT& a MO,ll;eJIH KH
panLaoro Meuuca CBM 111 , a KOTopoH cymecrneaayro ponn HrpaeT B3B.HMo
.neHcTaHe KBapKOB, 3anepTbiX B MelllKe, C IIHOHHbiM llOJieM Ha llQBepXHOCTH 
MelllKa. CBM HBJIHeTCH BHYTpeHHe cornacoaauaoH: yCJIOBHH 3a.IIHpaHHH 
KaapKOB B MeUIKe H yCTOiil.J:HBOCTH MeliiKa llOJIYl.J:alOTCH Henocpe.n;CTBeHHO H3 
HCXO,D;HOrO JiarpaH)f(Ha.Ha MO,UeJIH, HX He H8,ll;O BBO,lJ,HTh ,UOllOJIHHTeJILHO. 
TaK )J(e BbltfHCJHIIOTCH H OCHOBHbie BeJIHliHHhl, xapaKTepH3YIOI.I.Uie HYKJIOH: 
pa3MepLI, Macca, MarHHTHLIH MoMeHT H T .II. Mcxo.n;HL:rH narpaH)f(lfaH CBM co
.n;ep)faiT see, liTO aeo6xo,n;HMO ,lVIH orm:cruma MemKa-eyKJioHa. CBM MO)I(HO 
o6o6I.IJ;HTL JVIH Hccnenoaa.HHH ayKJIOHa a R.D;epaoM aemecme /2/. BJIH11HHe 
cpe.n;LI aa MernoK-HYKJIOH CKa3LIBaeTcH a CBM aa H3MeHeHHH ypaaHeHHH mr
oaaoro nonH B H.n;epaoH cpe.n;e c onpe,ZJ;eJieffi:loH. IUIOTHOCTLIO p H TeMnepa
TypoH T no cpaaaeHI:UO c ypaaHeHIIHMH a nycToTe, p = 0, T = 0. 8TH li3Me
HeHHH ecTeCTBeHHhlM o6pa30M BKJIIOlla.IOTCH B .CBM 12• a/. llpHMeHeHHe 
CBM rroaaonaeT HCcJie,ZJ;oBaTL H3MeHeHHa ayKJioHa a .R'.,D;pe no cpaaaemuo 
CO CB060,ZJ;HhlM HyKJIOHOM, HanpHMep, H3MeHeHlle ero paaMepOB IS!. 

Caoli:CTBa HYK1lOHa MeHRIOTCH B 3aBHCIIMOCTH OT IUIOTHOCTH p H TeM
rrepaTypbl T H,ll;epaoro ae:mecTaa. B aacToHm;ee apeMH cTarro B03MO)KHhiM 
B CTOJIKHOBeHHRX TH)J(eJibiX .R'.,D;ep BbiCOKOH 3Heprllll noJiyqeHHe H HCCJie,IJ;O
BaHHe H,ll;epHoro aem;eCTBa 6oJibliiOti IDIOTHOCTH H TeMrrepaTyp:oi, llpH 3TOM 
ecTeCTBeHHO B03HHKaeT BOIIpOC 0 TOM, ,ll;O KaKHX npe,ZJ;eJIOB, ,ll;O CKOJih 6oJih
liiHX p , T H,D;epHOe Bei.QeCTBO MO)J(eT COCTOHTb JIHlllb H3 TpeXKBapKOBblX 
MeliiKOB-HYKJIOHOB. CBM ,ZJ;aeT Bo3MO:>KHOCTL rrpoaecTH TaKHe IICCJie,ZJ;oBaHHH. 
llpH 60J1bliiOti ITJ10THOCTH H TeMrrepaType pacTeT cpe,ll;Hee IIHOHHOe liOJle 
CBM H ero KBaHTOBhie H TepMO,ll;HHal\lfl:fqecKHe <PnmKTyrunn:~. Ilo3ToMy 
OK8.33.JIOCL Heo6xo.n;HMhiM pa3Bl1Tb CBM, rroCJie,ll;OBaTen&Ho BKJIIOllaro:myro 
cyru;eCTBeHHO HenHHefuloe B3aHMO,ZJ;etiCTBHe KBapKOB C IIHOHHbiM llOJleM, 
KaK KJiaCCHlleCKHM, TaK H KBaHTOBbiM 14• 51 • KaK 6Lmo noKaaaHo a 121 , 
YBeJIHqeHHe IIJIOTHOCTH p (npH T = 0) npHBO)IHT K pocTy IlliOHHOrO ITOJIJI 
MeliiKa CBM, H3-3a qero npll .uocTaTOtiHO 6on&llloH p > p

0 
HeB03MO)J(HO 

cyru;eCTBOBaHHe TpexKBapKOBOrO MeliiKa-HyKJIOHa. IlpHlleM 3Ta KpHTHtJeCK3.R 
IIJlOTHOCTh P c TaKOBa, liTO MeliiKH-HYKJIOHbl ei.I.J;e "reoMeTpHlleCKH" He nepe
KpbiBalOTCH • .[VrR OIIHCaHHH CBOtiCTB HYKJIOHa B .R'.,D;epHOM aeru;eCTBe B 3aBH
CIIMOCTH oT ero TeMnepazyphi Mhi a aacToH:meH pa6oTe o6o6m:aeM CBM, 
BKJIIOllaR B Hee TepMO,ll;HHaMHlleCKHe <I>1IIOKTY3.llllli liHOHHOrO IIOJIH B Cpe,ll;e 
IIpH T f=. 0. B 3TOti pa6oTe HCCJie,ZJ;yiOTCR HMeHHO H3MeHeHHR MeiiiKa-ayKJIOHa, 
Bhi3BaHHhie pOCTOM TeMnepaTypbi T, WIOTHOCTh )J(e Cpe.ri;bi IIOnaraeM paBHOH 
rmoTHOCTH o6h!liHhiX R.n;ep p = p

0 
• KaK 6y,ZJ;eT nOKa3aHO, poeT T MeHHeT 
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csoiicTsa HyKJioHa, H npH .uocTaTOliHO 6onblllHX T > Tc H3-3a pocra repMo

.UHHaMHlleCKHX Q}niOKTyauHfi nHOHHOro ITOJIJI B H,UepHOfi cpe,n;e CTa.HOBHTC.fi 

Heso3MO)I(HbiM cymecTsosarme rpexKsapKosoro MeiiiKa-HyKJioHa. Mbi HC

cne.n;yeM HyKnOH a cymecraeHHO Hem,meii:Ho:H: no ITHOHHOMY nonro CBM, 

KOTOpa.H B nyCTOTe npHBO.UHT ~' 4 • S:' K YCTOfiliHBOMY COCTO.f!HHIO CHCTeMhl 

rpeX 3anepTbiX B MeiiiKe KBapKOB C onpe.n;eneHHbiM nOJIHbiM CnHHOM H H30-

TOllCITHHOM H HX npOeKI.J;H.fiMH. CymecTBOBaHHe MeWKa-HyKJIOHa B JI.D;epHOM 

BelUeCTBe CTaHOBHTC.fi HeB03MO:>KHbiM HMeHHO BCJie)J.CTBHe paCTa ITHOHHOro 

noJIR H ero repMO.UIDiaMHlleCKHx Q)nroKryau;nH: c ysennlleHHeM T, p . 

B pa3.u. 2 Mhi noJiyllaeM ypasHeHHH CBM a R,D;epHoM semecrse rrpH 

KOHeliHoH: TeMneparype, a a pa.J.u. 3 KallecrseHHO nccne.uyeM peweHHH 3THX 

ypaBHeHHH: H 3aTeM npe,IJ.CTaBJIReM pe3yJibTaTbl liHCJieHHbiX paClleTOB. 06lUHe 

BbiBO,Ubl HalllHX HCCJie)lOBa.HHfi CO,IJ.ep)KaTCR B 3aKJIJOlleHHH. 

2. YP ABHEHMH CBM 
C Y'IETOM TEPMO!lMHAMM'IECKMX <I>JIIOKTY AUMfl 
TIMOHHOI'O TIOJIH 

06mHH: narpaH)KHaH CBM 11 • 6· 7/ a HawHx HCCne,uoBaHHRX: 

3nech 

(1) 

(2) 

narpruDKHaH, onHChiBaJOlUHii KBapKH. BaKyyMHoe .n;aaneHHe B CBR3aHO c 
3Hepmeft KX)l-BaKyyMa; &v ~ 1 BHYTPH MewKa H &v ~ 0 BHe ero. Jlar. 
pa.H)f(HaH IlHOHHOrO IIOJI.f! 8 Cpe,ue rrpe,UCTa.BJIReM, KaK H pa.Hee B 12 • 3/ , B 

BH,lle 

(3) 
~ -+ -+2 -+ 

-TI(w,k,p,T)]1T ~(t,r). 
w, k 

3,uecb H Be3,Ue ,n;anee HCIIOJlb3yeTCR CHCTeMa e,UHHHIJ; C = Q = ']; 77 = 1. 
C10.ua axo.n;HT nonHpH3aUHOHHbiH: oneparop nHOHHoro nona ll (cu, k, p, T ), 
liTO OTJIHllaeT 3TO Bblpa:>KeHHe OT narpaH)I(HaHa CB060)J.HOrO IIHOHHOrO ITOJIR. 

BenHliHHa II (cu, k, p, T) YliHThisaeT a o6meM cny1.1ae KaK B3aHMo.n;eH:craHe 

IIHOHHOrO IIOJJ.f! CO cpe,n;o:H:, TaK H era CaMO,D;eftCTBHe. Bae.D;eHHeM ITOJIRpH3a

WiH cpeL\bl n ( p' T) B ( 3) Y~HTbmaeTCH H3MeHeHHe I!HOHHOro nonH CBM H, 
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cne.uoaaTen&Ho, BJIHRHHe cp~hi Ha MelllOK-HYKJIOH. ll(p, T) xapaKTepH3yeT 
cpe.uHHe caoHcTBa R.UepHoro aeruecTaa 11 nHOHHoro rronR rro.uo6Ho TOMY, 
KaK B 31IeKTpO,UI-1HaMHKe CBOii:CTBa Cpe,Uhl OIDiChffiaJOTCR .UH3JieKTpHqeCKOH 
IIpOHHI_\aeMOCTbiO H MarHHTHOti BOCilpHHMtiHBOCTblO. 3Ta BeJIHtiHHa 
ll (<u , k, p, T ), B tlaCTHOCTH ee 3aBHCHMOCTb OT TeMrrepaTyphi, HCCJie,UOBa.TiaCb 
pa.Hee '8, 9/, H Mhl IIOJib3yeMC.R .UaJiee, B pa3,U. 3, pe3yJihTaTaMH 3THX pa60T. 
Ey,o;eT paccMOTpeH 11 rrpHMep TepMo,o;HHaMHt~ecKHx B036y~eHHH cao6o,o;
HhiX IIHOHOB ( ll ( lU , k ) = 0) , HaXO,Il;RlllHXCR B TeiiJIOBOM paBHOBeCHH C JI,Il;ep
HOti cpe,o;oii. 

ilarpaH)f(HaH 

(4) 

BKJIIOtlaeT B3aHMO.UeHCTBHe KBapKOB C IIHOHHhiM IIOJieM Ha IIOBepXHOCTH 
MewKa. Ero BKJIIOtleHHe a fc BM o6ecnet~HaaeT 3anHprume KaapKOB BHYTPH '1/ '67' MelllKa · - . Bxo.u.Rrn;HH cro.ua narprunKeB MHO)fGITen& A • · onpe.uenReTcR 
,Ua.Tiee. l13 MHHHMa.TibHOCTH ,o;efi:CTBH.R OTHOCHTeJibHO BapHa.QHii: IIOJiefi q, i , 
rpaHHQhi MelllKa 11 aenHtiHHhi A nonyt~aeM ypaaHeHH.R 3Hnepa-JlarprunKa 
.ll.TIR orrepaTopoa rroneH 

(5) 
~ 

[ q exp (i7ii\ (f) q l·, ~ 0, (6) 

(7) 

B 
---+-+ - -+-+ 

An V [ q exp ( i r ii y5 I f) q ]
8

, 
(8) 

(9) 

YpaaHeHHe (5) OIIHCbiBaeT CB06o)l;Hbie 6e3MaCCOBbie KBapKH B MeUIKe. 
YpaaHeHHH (6), (8) npeACTaBJIHIOT co6oi1 rpaaHqHbie ycrroBHH (Ha 3TO yKa-
3hiBaeT HH.UeKC S ) , o6ecnetiHBaJ0lllHJ ,paaeHCTBO HYJIIO HOpMaJibHOH COCTaB
JIRIOI__Uefi TOKa qepe3 IlOBepXHOCTb (j8 V = 0) H .uaaneHHR Ha IIOBepXHOCTH ( al' Tf!A ~ 0) MOUlKa-' 1, 7/ . JiarpaH>KeB MHO>KHTeJih A onpeAeJIHeTCH H3 
(7). YcpeAHHB (7) 00 COCTOHHHIO nHOHHoro OOJIH H 83HB KBaApaT MOAYJIH 
o6eHX qaCTe.ii, HaXO.UHM 

.!.. ~ A2(<exp(i1~Y. /0 >)+(<exp(i;'~Y. /f)>). (10) 4 5 5 

EcnH npHHRTb, liTO B paCCMaTpHBaeMOM COCTORHHH eCTb JIHUib Cpe,UHee 1111-

~ ~ 

OHHOe IIOJie MeWKa ~ = < T; >, HCTOtiHHKOM KOTOporo COfJiaCHO (9) CJiy)l(aT 
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~ ~ 

KBRpKH, a <j>JIIOKTYRUHH Jl = 1i - cp 
H H3 ( 10) nonyqaeM 3Haqe>me 

A=:!:.!._ 
2 (11) 

MlT -MOAeJIH H o6hiqHOH CBM 
11

' 
6

• 
71 

. OpH yqeTe KBaHToaoro nnoaHoro no
JIR 1- B pact~eTbi axo,nHT rrponaraTop T nHoHHoro rronH B a.nepaoH cpe.ue 
c TeMnepaTypoi1 T 18• 101. 

<~,(;a(x1);/l(x2))> = :Da/3 (xl-x2, p, T) 

~~ ~ 

dk lk(x 1-x2) ~ 2d' 
= l'ia/l J -( '' e f --

2rr,- +O" 

~ 1 
X Jm :i)( '- iO' k' p, T) [ X (e) + -l' 

2 

x( f) = (exp(,/T) -1)-1
• 

-1 .... 2 .... 2 .... :D <e.k,p,T) = e -1-k - rr<e,k,p,Tl-

X 

(12) 

0HOHHOe noJie B (12) OnHChiBReTCH JiarpaH>KHaHOM (3), H cpeAHee BbiqHC

JifleTCH B paBHOBeCHOM COCTOHHHH HarpeTor_g R.II:epaoro Bei.QeCTBR. B tffiCTHO

CTH, llJIH CB060AHhiX nHOHOB, T.e. npH II( e. k) = 0, 

~ ~ 1) 
dk(x(.,(k )) +2 .~ ~ ~ . ~ 

:D<x~ -x2 ) = J 
9 

~ exp[Ik(x1 -x2 ) -II tct2 i.,(k) J. 
(2rr) <>J(k) 

(12a) 

Mhl HMeeM CHCTeMY. KBapKOBOrO (2) nHOHHOrO ( 3) B3aHMOAOHCTBYIO

I.U.HX rroneH:. Mx B3aHMoneHcrane BKJIIOllaeT narpaH)f(HaH f"' ( 4). Cooraercr
BeHHo 3TOMy, llpHMeHRH (5)-(10) K Hameft CHCTeMe, npHXO.UHM K BblliHCJie

HHIO CpeAHHX 3HaqeHHH onepaTOpoB B (5)-(10) no CTailHOHRpHOMY COCTOH

HHIO B3aHMon;ei1CTBYI0111HX nonei1 (1)- ( 4). TaKHe BhlqHcJieHHH 6hmH BhinOJI

HeHhi ,IJ,JIH cao6o.IUtoro HYKJioaa, ll( (.(.), k) = 0, a pa6ore151 . KaK 6bmo noKa-
3a.HO a 151 , CBM norryc:Eker o6o6meaHe aa cymecmeHHo aeJn:~aefuloe B3aH
Mo.n.eHcraHe KBapKoB c ,KBaHTOBhiM rrHOHHhiM rroneM. B aacToffi.I..I;eH pa6ore 
Mhl npHMeHHeM COOTHOIIIeHHH (5)- (10) B HarpeTOH MepHOH cpen;e K paBHO

BeCHOMY COCTOJIHHIO nH~HHhiX B036y>K,UeHHH C <j>yHKQHeH rpHHa (12), T.e. 

IIOJiaraeM, liTO COCTOHHHR: KBa.HTOBOro riHOHHOro ITOJIH, llO KOTOphiM ycpeA· 

HHIOTCii (5)- (10), He HCKOJKeHhl B3aHMOAeHCTBHeM J!.' C KBapKaMH paC

CMaTpHBaeMoro MewKa. BJIHHHHe cpe.n;hr, B KOT<?J>OH Hax:O.IJ.HTCH MellloK, 

Ha IIHOHHbie B036y)K.1];eHHH ytiTeHo HaJIHliHeM fl( (.tl, k, p, T)B (3) H, COOTBeT· 

CTBeHHO, a (12). OpH 3TOM BhiqHCJieHHH cpeAHHX 3aaqeHHH (5)-(10) no

HBHTCH <j>yHKQHH rpHHa 5::(r1 - r2 , t 1 - t 2 ) (12) C COBnaAaiOIIIHMH 

apryMeHTaMH: rl = 72' tl = t2+ 0. TaK rrony'laeTCH, O'leBH,l(HO,llOTOMY, 

4 



tfl'o ace 3TH BhipruKeHHH co.n;ep)KaT <exp(f} n.(x) y 5 /f)>, T.e. epe.n;aee oT 6eeKOHet£Horo p.R,D;a ITO eTeneHHM onepaTOpOB n( X ), B3HThiX B O.IUIOif T01J:Ke x . 3m cpe.uHHe no TeopeMe Bm<a Bbipa>KaroTCH qepe3 rrpoH3BeAeHHH <I>YHKQHli T ( r 1 = r2 , t 1 = t 2 + 0) , cot~ep"'ai.IlHX 6ecKoHeqablli BKJia.A HyneBhlx KOJie6azmli BaKyyMa - 1/2 PHAOM C x(.(') B (12). tfT06b! HCKJIIOqHTb 6eeKOHe1J:HbiJi BKJIM HyneBbiX KOnefiaHHif npH pae1J:eTax B nyCTOTe, npoH3~ ae}:leHim orrepaTOpOB 8 (5)-(10) 3anHCb!BaJOT B HOpMaJibHOH <J>opMe, TOrAa B pe3yJlhTaThl pae1J:eTOB BeJIH1J:HHa T. ( 0, 0 ) He aoH,ueT. BKJia,z::r; ayneBbiX KO~ ne6aHHH nonR a epe.n;e MeHHeTeH no epaaHeHHIO e nyeToToH - MeHJreTCH T( 0, p, T). lfTo6hi 3TO yqecTb, a cpet~e He IIHillYT a (5) -(10) N-rrpOH3Bet~eHHH orrepaTopoB, HO H3 BeJIHqHHbl :1;(0, p, T) B <J>opMyJiax MH cpeAHHX (5)-(10) BbiqHTaJOT ee 3HaqeHHe rrpH p = 0, T = 0, TaK qro sceHalllHpaclleThi a a.n;epHOM aeruecTae co.n;ep)KaT Koaet£Hyro senHlillHY 

T<o,p, T)- T<o.o,o) = ctr 2. (13) 

Mbz paccMaTpHaaeM AaJiee rrpH T ,fo 0 HAepaoe BeiQeCTBO o6bzqaoli JWOTHO· CTH P = p 
0 = 0,5. KaK yBHAHM, B 3THX ycnoBHHX cpeASee none cp CBM OKa3hiBaeTCf.l ae6onhliiHM, c:/J < 1, MH Q:>H3H1J:ecKHX eOCTOHHHH:._.Meliii<:a~ HYKJIOHa, H Mbl BO BCeX BblliHeneHHIIX OCTaBJIHeM JIHHeifH:hie ITO c:jJ tmeHhi. 3To ynporuaeT pacqeTbl, .n;enaeT HX 0603pHMblMH, He MeWIH CyiUecTBa OKOH~ qaTeJibHbiX BhiBO.lJ;OB HalllHX HCCJie.D:OBaHHH. B eOOTBeTeTBHH CO seeM eKa~ 3ai!HblM BblqHCJIHeM cpe}:IHHe B <J>opMyJiax (5) · (10) 110 paBHOBeCHOMY COCTOHHHIOITHOHHOrO ITOJIH. B COOTHOllleHHH (10) HaxO.lJ;HM 

0 ~ <-d <u .w --- X 8
k=o(2k)! 

x {7,2k (x) + 

(14) 
--Jo ..... .., --Jo --Jo -d/2 ............ x ( 17( X ) cp (X)) ( T1T (X ) ) ]I > = e ( 1 - d + i )' 

5 
( T cp (X)) (1 - d/3) /(]8 s • 

H Tort~a H3 (10) rroJiyqaeM 

.\=+ .!...exp(i..)[(1-ct)2 +¢hx)(l-
3
d ) 2 r-2 J-l-l~ - 2 2 

~ ± 1...exp(..1.)(1-d)-1. 2 2 
(15) 

KaK H a HHhiX rH6pH.D;HhiX Mo.n;enax MelllKOB/1, 6, 7/ , Bhi6HpaeM 3HaK MH~ 
aye a ahipruKeHHH ,lVIH narpaa)KeBa MHO)KHTeJIR A . EcrecmeHHo, B oTcyTcmHe TepMOAHHa.MH1J:eCKHX Q:>niOKTyaruni, T = 0, d = 0, nony1J:HM A= = -1/2 (11), KaK s MIT-Mot~eJIH H B CBM 6e3 KBaHTosoro ITHoHHoro noJIH. 
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YprumeHHH (5)-(9) npHMeHHeM K HYK1IOHY- CT311HOHapHoMy cocTOH

HHIO Tpex KBRpKOB C ITOJIHhiM CITHHOM U = 1/2 H H30TOITCllHHOM T = 1/2 
11 HX onpe.n;eneHHhiMH npoeKI..J;HRMH O'z , r 0 . BonHosyiO Q>yHKu;Iuo :3Toro co

CTOHHHH CTpDHM 06hi11HbiM o6pa30M /1/ H3 Q:>yHKIJ;Hif: CBOfiO.UHhiX KBapKOB 

a 181/2 -cocroHHHH, HaxonRIUHXCH a c<PepuqecKoM Meunce pa,n;Hyca R : 

(16) 
r;-v-Je y,(z). 

2z + 2 

,ll;anee Mbl y6e.n,HMCH, liTO Bee BhlliHCJieHHH MO:>KHO llpOBeCTH, npHHHMaJI 

MewoK-HYK1IOH c,PepHqecKHM. BhiQI<CJIHeM cpeJlHee (5)-(9) B 3TOM cocTo

HHHH MeWKa C IIOJieM ;p llpH HaJIHllllli ffi:IOHHbiX B036y)K,ll;eHHft B TeiDIOBOM 

paBHOBec~m c HarpeToH HnepHoH cpe,D;oH. Y cpe,z::uteHHe no rm:oHHhiM creneHRM 

cso6o.n;hi .n.enaeTCH a.H3JIOrHtllio (14), a cpe,nHee no cocToHHHIO rpex Kaap

KOB (16) C OID:ICaHHOft Bhlllle OOJIHOH. BOJIHOBO:ll Q:>yHKUHe:tf BblliHCJIHeTCH 

o6hiliHhiM o6paaoM111 . B pe3ynhTaTe nonyqaeM ypaaHeHHH 
~ 

F
8 
(r) = 0, (17) 

-2B = (18) 

rAe 
4 2 2 10 

F(r) = 3 (j (rp)- j 1(rp)) - - j (rp)J 1(rp) x 
0 3 0 (17a) 

x<NI(t:n)11N> ,PN(r)(l-d/3)(1-d)-1. 

(-w2 +1+k2 + D(w,k,p,T))¢J'(r) 

= < N I 8 ~'I BiT a IN > ~ Q: (19) 

:1!2 a. 2 2 N ~ 
-- {3(j (rp) -i1 (rp)) ¢ (r)/t + 
4" 2f 0 a 

JfH)J.eKC S YKa3:biBaeT, liTO COOTHOllleHHH BhiOOnHHlOTCR Ha llOBepx

HOCTH MeiDKa H Be - rroaepXHOCTHa.H 8-$yHKIJ;HH. 3.uech IN > - cocToRHHe 
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HyKJIOHa C onpe.n;eneHHOi.f npoeKU.Heii CllHHa H H30CITHHa. 3aMeTHM, liTO B 
npasoM qacTH ( 19) ytrreH tUieH, nponopUHOH8..JihHbiH ~, TaK liTO :no ypmae~ 
HHe MO)f(HO npHMeHRTb K HCCJie)lOBaHHlO COCTORHHtf C ¢ ~ 1, HO He 06R3a~ TeJibHO <P « 1. YpasHem<e (19) Yll06Ho llJIH llaJihHeiilliHX pacqeTOB rrepe
nncaTL a anne 

(19a) 

--ikr 
T(;) = - 1- {dl(e T(O,k,p,T) 

(2 rr)3 

-+ -fit t -3 
dke (2rr ) r -----------~2 ~ 

-k -1- ll(O,k,p,T) 
(20) 

,UnR CB060.D;HbiX ITHOHOB, ll(cu.k) = 0, HMeeM XOpOillO H3BeCTHOe Bbipa~ 
)Keane 

T(r) =- ~. 
4 "' (21) 

,llHaroHanbHhift MaTpHliHhiii 3JieMeHT < N i r a : N > \ 0 JIHillb npH a = 0. 
il03TOMy llJIH <f>,B,io ypaaHeHHe (19) 0/lHOpO/lHOe, H HeTpY/lHO y6ellHThCH, qTO oHo MMeeT JIHlllh pellleHHe <P = 0. ,UnH a = 0 H3 (19), (19a) rronyqaeM 

(22) 

;p (r ) ~ I --I(r,R).!Q_J (x)J 1(x)(i.. -1)(1-d)- x 
8rrf 3 ° 3 

X ( 1 -
2 
~ I(R,R) 3( j 2 (x) 
Brrf 0 

- h X ) ) ( i!._ - 1) ( 1 - d )-I ) , I 3 (23) 

2 ~(i-+ (i'-+ 4 I(r,R) = R {dn' nn'):IJ(r-r'),r'= R. 
(24) 

BhlpaJKeHMe (23) llJIH <P crrpaaellJIHBo, pa3yMeeTCH, JIHlllb llJIH d, cy!I1eCT
seHHo MeHLWHX 1, T.K. so scex pacqeTax MLI npHHHMarrH c/J < 1. none "'~ (r) ' rrporropQHOHaJibHOe < N I;; -n I N > ' BXO/lHT B ypaaHeHHH ( 1 7) ' ( 18) ' Orrpe.n;eJIHIOlUHe COCTOHHHe MeWKa. 3To COCTORHHe, OlJeBH.D;HO, He MO:>KeT 
6h1Th ccpeplflJeCKH CHMMeTpHl:IHhiM, BonpeKH TO My, liTO Mbl llpHHHMaJIH IlpH ITOJiyqeHHH (17)- (19). qT06h! CBeCTH 3a,llaqy I< HCCJie/lOBaHHIO C<j>epH
qecKOft CHCTeMbi, 6y.n;eM OIIHChiBaTb HYKJIOH ycpe.n;HeHHhiMH ITO yrJiaM ypaa
HeHI1HMH (17)' (18). <I>YHKQHH (17a) c "'~ (22) CO/lep>KHT ( <N I;;. n! N> l2= 
= cos2 0 , H ITOCJie ycpe)lHeHHH COS 20 -= 1/3 rrpHXO/lHM K ypaaHeHHHM 
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F(R) 0, 

-2B 
n2 
4rr 

a 
-F(r) 
ar 

(25) 

(26) 

F ( r ) ~ 3 ( l ( rp) - J2
1 

( rp) - :_Q_ l ( rp) j 1 ( rp) ¢C r ) ( 1 - ~ )( 1 - d ) - 1 , 
o 3 o 3 3 (25a) 

Olll1ChiBal011UiM ycpe}lHeHHOe IIO yrnaM COCTOHHHe MeWKa-HyKJlOHa. 0HH COB

MeCTHO c (23) npH r = R onpe.nenmoT paDJ1YC MernKa R, HMrrynbChi KBap

KOB p ll none q\(R); 3aBHCllMOCTb q\(r) ll ¢'(r) onpenerrHeTCH cPYHKijllei\ 

l(r,R) B (24). 
YpaaHeHHe (26) coorsercrayer· 11 ycnos1no 

rne 

(27) 

ITOJIHaR 3HepniR CHCTeMbl. B YCTOJ.i:tiHBOM COCTO.HHHH COBMeCTHOMY perneHHIO 

Re, ¢. , Pe ypaaHeHHi\ (23)- (26) cooraercTByer a6corrJOTHhiH MHHHMYM E . 
lh (1)-(4), HCnOJ1b3YH (5)-(9), HMeeM MH nOJIHOH 3HepmH MeJJJKa (27) 

E ~3P+ B4rrR3 /3 +E,, 

E,~ ~ (d;<Co£·cn;s~c<ll¢Crl>. (28) 

(1-~ )(1-d)-1, x~pR. (29) 

l1HTerpllp0BaHlle no yrnaM CO)IeplKl!TCH B (27), (28), n03TOMY npll BhlqllCJie

HHH IIOJIHOi.:f 3HeprHH He Tpe6yeTCH .UOITOJlHHTeJibHOrO ycpe,n;HeHH.Il ITO yrJiaM, 

KOTOpOe AeJiarrOCb npll norryqeHllll (25)- (26). KaK OTMeqarrQCb paHee, Ha

lllH pactreTbi npHrO.UHhi AJI.fl d , cyiJJ;ecraeHHO MeHblllHX 1. TaK tiTO Henb3H 

HCITOJ1b30BaTb )J)IR Err Bbipa)f(eHHe (29) ITpH d --+ 1, Kor.n;a OHO 6eCKOHetrHO 

pacTeT, xoTH caM no ce6e poeT E c pocroM d, T.e. TeMrreparyphi T, H npen

craanReTCH ecTeCTBeHHbiM. 

B nocrreAy!OillHX pacqeTax Mhi HCCJie)lyeM E (28) KaK cjJyHKilHIO R. 
lfT06bJ norryqHTb E(R), HaXO)IHM H3 (23)-(25) cPYHKijHH p(R) ll q\(R) ll 

noACTaBrrHeM s (27). YpaaHeHHe (26) npH 3TOM He HCnOJibJyeTCH. Mhi y6e>K-
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):laeMCH ):lanee (eM. pa3J:1.3), qTo npH Tex p, T, }J,JIH I<OTophiX (23)- (26) HMe
ror coaMecraoe peweaHe if;e, Pe, Re, 3HepriDI E(R) HMeeT a6conl01"1ihiH MH
HHMyM TOl:IHO npH R = Re . Ho oKa3hiBaercH, liTo npH .n;ocraTOllHO 6on&mm1: 
T > Tc, (23)- (26) He HMelOT COBMeCTHhiX peUleHHi:f, COOTBeTCTBeHHO, npH 
3THX T ITOJIHaR 3HeprHH He HMeeT MHHHMyMa, H, cne,n;oaaTeJihHO, HeS03MO)K
HO cyiUeCTBOBa.HHe MelilKa-HyKJIOHa. 

3a.BHCHMOCTh OT p , T BXO,D;HT B COOTHOllleHHH, OnHCbiBaiOI.I..J;He MeiiiOK
HYI<JIOH B H):lepHOM aellleCTBe, qepe3 aeJIHqHHbl d (13) H '£(r) (20), I<OTO
pbie, a cao10 oqepeAh, onpeAenHIOTCH <PYHI<nHel'I I'pHBa '£(t, k ,p, T) (12), 
T.e. rronHpH3~HOHHhiM orreparopoM rmoaa a H,n;epHoM aew;ecme. B CJie,D;yro
IUeM pa3,n;ene Mbl HCCJie,n;yeM MelllOK-HYKJIOH B 33.BHCHMOCTH OT T, npHHH
MaR: pa3JUil:IHhie I'vfO,n;enH ,z:mH orrnca.HHH rm:oaaoro nonH, T.e. S)( cf, k. p, T), a 
n,n;epHOM aemecrae. 

3.PE3YflbTAThlPACqETOB 
IT HX OBCYJKL(EHHE 

IlonylfeHHbie ypaBHeHHH IT03BOJIHIOT ,D;O BbiiTOJIHeHHJI trnCJieHHbiX pacqe
TOB BbiRCHHTh, KaK ae.n;eT ce6R HCCJie.n;yeMaR CHCTeMa B 3a.BHCHMOCTH OT 
TeMnepaTypbl T. If3 (25), (25a) HCHO, ~0 npH :j;(R) ~ 0 HMeeM pR ~X ~ 
~ X0 ~ 2,04 (nepBbiif I<OpeHb ypasHeHHR J0 (X) ~ J1 (x)) H poCT ~R) COOT
BeTCTByeT yMeHhWeHHlO X < X 0 . KoHellHo, <f>H3HqecKHH CMbiCJI HMelOT 
JIHWh X > 1 B COOTBeTCTBHH C COOTHOllleHHeM Heonpe.n;eJieHHOCTH. B 3TOH 
pa6oTe Mbi orpaaHqHBaeMcH HccJieJJ;oBaBHeM <,6( R ) < 1, HO MH o6lllero 
CJiyqaJI CHJihHbiX noneH npH T = 0 B pa6oTel2 / 6bmo noK:a3a.HO, no npH 
yMeHhWeHHH x BeJIHt~HHa ~(R) If. cTpeMHTCR K "KHpanhHOMY npe.n;eny" "; 
HaJIHqHe d ,;, 0 3Toro BhiBoJJ;a ae MeHHeT. IT3 (23), (25), (25a) HaxO):IHM 
COOTHOWeHHe 

a(T,R)b(¢t)c(x)~l, c(x) j~(x) -Ji(x), 

(30) 

CBH3biBa!Olllee aenHqHHbl ¢f ~ ¢;(R)/! H X, ilOJJ;06HO COOTHOWeHH!O (28) 
B pa6oTe/2/. Oao no3BOJIHeT npoCJie,n;HTh noBe):leBHe aenHqHH <,b(R) H x(R), 
T.e. p(R), a 3asHCHMOCTH oT R, T. llpH 6oJihWHx R aenHqHBaa(R) Mana 
(a ~ 0) , H ilOJIYqHTb 1 B npasoi\ qacTH (30) MO:lKHO JIHWb npH ):IOCTaToqao 
MaJiblX <,6 « 1 H X - X0, T.I<. npH 3TOM npOH3Be):leHHe C(X) • b(<{l) MOll<eT 
CTaTh CKOJih yro.n;Ho 60JihWHM. C yMeHbWeHHeM R pacTeT a(R) , H, HatrnHaR: C 
HeKOTOporo Rk' llORBJIReTCR B03MQ)KHOCTh y.n;oanemopHTb (30) He TOJihK:O 
npH t/Jt << 1, Xl - X0 , HO H llpH CHJihHOM nOJie t/12 ~ 1 H X 2 < X0 , Kor,n;a 
b(¢1) - 1, ao H c(x)- 1; noRBJIHeTCR aTopoe pellleBHe ypasHeBHi'I (23)
(25) . llpH ):laJihHei\weM yMeHhllleHHH R < Rk, T.e. pocTe a(R) , 3TH JJ;Ba pe
weHHH c6JIHll<a!OTCH, T.I<. MaJIY!Q BeJIHqHBy npoH3Be):leHHH b(<{l) C(X) = 
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~ 1/ a(R, T) MOJKHO nonyqHTb, nH6o ysenHqHBaf! ¢ 1 " yMeHblliaH x1 a nep
BOM pellleHHH, JIH6o, Hao6opoT, yMeHbllla.R 1/1 2 H yseJUilllfBa.R x 2 80 BTOpOM. 

Ho CTaTh CKOnb yronHO MRnbiM 3TO npOH3BeneHHe b(!/J)- C(X) He MOJKeT, 
H a c yMeHhllleHHeM R pacrer aeorpa.HHt~eHHO. llo3ToMy npH HeKoropoM 
R ~ R0 o6a pemeHHH cnHBaroTCH, a npH R < R 0 ypasHeHHH (23)-(25) 
COBMeCTHbiX pemeHHti He HMelOT. Cne,!J,OBRTe.JihHO, 3aBe,IJ,OMO He MO)KeT 6biTb 

MewKa c R < R0 . 
,USyM pemeHHHM (23)- (25) coorneTCTBytOT " nse seTBH 3HeprHH E(R) 

(27) KRK <I>YHKQHH R. CoorneTCTBYIOIIIaH nepsoMy pemeHHIO 1/11, x 1 3Hep
rHH E1 (R) npH 6onblliHX R y6hmaeT c yMeHbmeHHeM R " MOJKeT nocTHraTb 
MHHHMYMR npH R ~ R0 - COBMeCTHOM pemeHHH (23)-(25), qTQ H COOT
BeTCTByeT YCTOiiliHBOM)' Q>H3HlleCKOMY COCTOHHHIO. B 3TOM cnyqae llpH 

R < R0 3HeprHH E 1(R) BHOBb pacTeT H noCTHraeT MaKCHMyMa npH R ~ Rm~ 
~ R0 _ BTOpa.. seTsb E 2 (R), coorneTcTsyroma.. BTopoMy pemeHHro x 2 ,¢2 
rrpH R c < R < R k , MHHHMYMa ae HMeeT H HHKaKoMy $H3HlleCKOMY cocroH

HHIO CHCTeMbi cooTBeTCTsosaTb He MOJKeT. PemeHHH ¢, R , p (23) -(25) H 
3HepmH E (28) 3aBHCHT, oqesHnHo, oT T (H p) _ C pocToM T pacTeT d " 
a rrpH .l\a.HHOM R,rro3TOMY yse.n:Htmsaercn R0. Re c6JIH)KaeTCH c Rm,a MaK· 
CHMYM E(Rm) nOHH)KaeTCH. llpH T = T c BeJIHliHHhi R e H R m cosna,n;ruoT, 

H npH T ~ T 0 <I>YHKUHH E (R) He HMeeT MHHHMYMR, HeT cosMeCTHbiX pe
meHHii (23) -(25) _ ilpH TaKHx T > T0 HeB03MOJKHO cyll(ecTBOBaHHe Tpex
KBapKosoro MemKa-HyKJioHa B H.nepHoH cpe.n.e. 

3Ty o6m;yro Q;lH3H'Iecxyro KapTHHY Mbi rrony11aeM nanee a liHCJieiDihix 

pacqerax, ne.naa onpe.n;eneHHbie npe,n;nono)KeHHJI o rmoHHOM none a JI)J.ep

HOM sell(ecTse T ,f O,T.e.o<!>YHKUHH. 9J(.;,k,p,T), onpenenHIO!l(eii d " 
9J(r) a (23)- (29) . Bo acex 3THx MonenhHbiX pacqeTax OKR3biBaeTCH s03MOJK
HbiM 3RTIHCaTb 9:)(0, j{) B BHne 

1 -+ .... 2 -2 T- (0, k) ~ -y(k + m ) , (31) 

H, COOTBeTCTBeHHO, 

T(r) ~-(hry)-1 exp(-rm), (32) 

HMH I(R,R) (24) HMeeM 

( 
-3 2 1 - -2Rm._ - -2Riii J 

IR,R)~(2myR)-(l+Rm)[(l-e 1-Rm(l+e ). 
(33) 

B HaiiiH ypasHeHHH sxonHT BRKYYMHoe nasneHHe B (2) _ .[(anLHeiimHe pacqe
Thi ,nenaJIHCh ,ll,JlJI 3HaqeHHH B, He nponmopeqai!Ufx HMeiOIUHMCJI ,naHHhiM 

111 ~ 
TipH :noM, KaK YBH.UHM, ,UJIJI pa3ITHtffihiX B ace aenHQHHhi 33BHCJIT oT p , 

T cxonsbiM o6pR30M-
llfE:)K.ll;e BCero pacCMOTpHM CB06o,UHhie TrnOHHbie B036y)IQ].eHifJI 

( Il (w, k) ~ 0) a TennosoM pasHosecHH co cpenoii ("qepHoe H3nyqeHHe") _ 
Torna a (31)- (33), oqeBHriHO, HMeeM 
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0,5 ' ~ if /~ 3 ~ 

d ! r 
if 

1 ,. 
------ 'r 

,, 
/ - i 

0 2 3 'r T ' 'r Puc. I. 3aeucuMOCTb or T ee.1UttuH d u '¢. 
Clllloumbte KpU8ble nOJlY'U'Hbl COZ.'lQCHO 

ifiopMynaM I 34), I 35): wrpuxoeaH.Hble -
" 1}9)' I 39a): UlTpu.xnyH KTUpHaJl - 14I). 

E ¢ 6bl!IUCfleHbt npu B ~ I, 2, 3. 

" 

,, 
' ' ' ' 

' I 
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I• 
I 

"-----_l_____.__., 

\ 
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I 
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Puc. 2. 3aeucuMOCTb or R 'JHepzuu MeUJKa ~~-;,,;-, ~-;:,,.----,;e,.--~--0;---;- o,s 
E, nO!}fl ¢ u uMnynbca K6apK08 p npu 
Il(w, k,p, T) ~0, ifiopMynbt 134),135). Kpuebte "I" coomercreytOT 
T = 2,/, "3"- T = 2,3. Bee pactteTbl BblnOilHeHbl iJ;1fl B = 2. 

T = 0,5, "2"-

(34) 

(35) 

Oaa npe.n;cnrnneHa cnnowaq:H KpHaoH: aa p11c. 1. llpH Ka)K)];OM 3HatreHHH T 
HI!1eM perneHHe (23)·(26) R0 (T), p 0(T ),¢0 (T) H BbiqHCJI.fleM ¢(R),p(R ), 
E(R), KaK orrncaHo sbrrne; CM. pnc. 2. ITpn T < T0 ~ 2,1 perneHne cyi!1eCT· 
syeT, E (R) nMeeT a6coJIIOTHbiH MHHHMYM npn R ~ R 0( T) ~ 0,6 7 0,8. 
llpH T > T c CHCTeMa CyiUeCTBOB8Th He MO)f(eT: E (R) He HMeeT MHHHMyMa, 
(23) · (25) He HMelOT perneHH.fl. 3asHCHMOCTh 3HeprHH E(R) , HMl1YJihCa 
KBapKoB p(R) " nOJI.fl ;p (R) OT R npn pa3JIHqHhiX T, rrpeACTasJieHHaR Ha 
pHC. 2, COOTBeTCTayeT rrpoae.n;eHHOMY Bbillle Kat£eCTBeHHOMY 8Ha.TIH3Y. 
J13 pHC. 2 Bli.UHO, KaK HaCTynaeT HeyCTOii:tJHBOCTb MeUIKa C pOCTOM T. 
ITpn T ~ 0,3 E (R) nMeeT rny6oKHfi MHHHMyM. ITpn T ~ 2,1 ~ T c cncTeMa 
6n:H3Ka K HeycToiitrHBOCTH, a npH T = 2,3 > 'Jb E HHI<:aKoro MHHHMyMa 
He HMeeT, MelllOK CYllleCTBOBaTb He MO)KeT. l13 pHC. 1 BHAHO, KaK pacTeT 
none ¢ (R, T) Ha rpaanue Memi<a no Mepe npn6JIH)KeHHH T K T 0; 3ai<:aHtrH
BaJOTCH 3TH KpHBhie ¢ (T) npH T ""' T0 • L(nn seTsefl KPHBbiX, H3o6paJKeHHbiX 
Ha pHc. 2 rnrpHxnyHKTHpoM, aamH pactreThi, CTporo rosopH, He onpas.uaabl, 
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Ta6.wqa.Pa3MepMeWKaReuu .. wny.IbCKaapKoa penpu T=Vu T=Tc O_.'lfl 
pa3.1U'IIlbtx B U3 (2) u A ll3 (36) 

B 1 2 3 

I\ 0 0,4 0 0,5 0 0,7 
~---

Tc 2,35 1,95 2,15 1,75 2,15 1,55 

R
0
(0) 0,832 0,698 0,630 

R (T ) e c 0,800 0,795 0,680 0,678 0,600 0,605 
-

p (0) 
e 2,43 2,88 3,18 

pe( Tc) 2,29 2,25 2,75 2,74 2,95 3,05 

T.K. 3)lecn ¢( R ) > 1. Ho 3TO, c O.llHOH cTopoHhi, He o\leHb aa:>KHo - 3TH seT~ 
BH He COOTBeTCTBYIOT 4>H3HliCCKHM COCTORHHRM, a C .n:pyro(t: CTOpOHbi, B/2 -' 

6e3 npe,lliTOJIO)f(eHHR ¢(R) < 1 ITOKa3aHO, liTO peweHHR ypaaHeHHH, aHaJIO~ 
m<mhrx (23) -(26) npH T ~ 0, HMeJOT no cyruecTBy TY JKe 3aBHCHMoCTh oT 
R. )lnR pa3JIHliHbiX B aenHliHHbi Re, Pe, KOHCliHO, HCCKOJILKO pa3JIHllaJOTCR, 

Ha - 20% ( CM. Ta6nm:;y) . 3HaqeHHH R 0, p e npH T ~ 0 H npH T ~ T c IJ)IH 
acex B OTJIHllaJOTCR MaJio, Ha - 5 -:- 7%. 

TipH 60JILWHX T 4>niDKTYaJ..(HH ITHOHHOrO OOJIR BeJIHKH, H CJIC,llyeT 

YliCCTb B3aHMO)lCJ.1:CTBHC ITHOHHbiX B036y)f(,ZJ,eHHJ.1:. 3arrnweM ero B TOM )f(C 

BH.IlC, liTO H )lJIH CB060)lHbiX ITHOHOB: 

5'. ~ 11.;;2 [-a .. ;a~'; + ;2 /21/2-
"" ~ 

(36) 

CooTBeTcTBYlOI.UHH (36) nonRpH3auHOHHbi:fl orrepaTop BhiliHCJieH a 
18• 91 

a 

rrpHfuni)f(CHHH XapTpH- <l>oKa : 

.Y"'""' " ~ X 2 ~2 (l-5dll.) n (w' k) ~ . ~ -5d I\+ 3dll.(w - k ) +3d/\_:__ _ __;_ 
(l-6dll.) 

rne 

d(T) ~ ( -~~k-k2·x(o,(k_~)
rr22w(k) (1-31\d(T)) 
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B ¢>opMynax (31)-(33) 

m2 ~ (1 -5Ad)(1 -6Ad)- 1, y ~ (1-3dA). 
(39) 

PaclfeTbi npoao.n;HnHCb .nnH A ·- 0,5 TaK, lfTo6bi BhiiiOJIHIDIOCb npH6JIH:IKeHHe 
(37), (38) .'9,10.' . Hai1JieHHaH H3 (38), (39) d(T) (eM. pHc. 1) npa T:. 1 

CYUl€CTB€HHO OTJIHlfaeTCR OT d npH n = 0 ( 35) . B3aHMO.r:r;eHCTBHe flHOHHhiX 
B036ylK,!IeHHH c JIOCTaToqao 6onhWHM A ~ 0,5 npem<TcTByeT pocTy d ( T ) npH 
6onhlllHX T, liTO aenocpe.n;cTaeaao BH.UHO H3 (38), (39). KaK noKa3aJIH 
HallJH paClJ€Tbl, BKJIIOlJ€HHe B3aHMO.Uei!CTBH.fl ( 36) · ( 39) He M€HH€T CYIU€CT· 
B€HHO <I;>H3HtJ€CKYIO KapniHy llOB€)J;€HHR M€WKa-HyKJIOHa B 3aBHCHMOCTH 
OT T. KpHTHtrecKaH TeMnepaTypa aecKoJI&KO yMeHbwaeTCR, T c == 1, 7, 
H ace senHtJHHhi MeHRIOTCH c pocToM T, KaK H npH A = 0; HX 3HalleHHR npH 
T = Tc no cyi.I.J;eCTBY TaKHe )1(€, KaK H npH A = 0, liTo BH.U.Ho H3 Ta6JIHUhi 
H pHC. l\ 

B 3THX ahitU1cneHHRX ytJHT&ma.rrocb JUflllb HaJIHtJHe a aarpeToM H.D;epaoM 
B€lli;€CTB€ llHOHHhiX B036y)K.U€HHft, He HCKa)KeHHbiX snHRHHeM CpeJJ;hl. ilOJIR
pH3aljHOHHhlH onepaTop !l(p, T) H <l>YHI<l1Hfl rpHHa ~(p, T) nHOHa B f!JiepHOM 
semecTBe ncCJieJJ;osanncb alB -10/ npn pa3nHt~HhiX p, T. Haxo,LVI 3TH seJIH
liHHhi M3 liHCJieHHhiX pacqeTOB 18•9/, MO)KHO T3K:IKe liHCJieHHO OOJIYli3Th H 
d(T )(13), ~(r) (20), I(r,R) (24), H H3 qHcneaaoro peweHHHypaaaeHHH 
(23)- (26) aaXOJIHTh R0 , .Pe, Re H BhrqHCJlHTh E (R) (28) "'np". pa3nHqaLrx 
'I; p. TaKHe o6LUMe BhlliHCJieHHR Mbl He llpOBQJJ;MJIH, a MR :{;(0, k) BOCDOJih-
30BaJ1HCh annpO!<CHMal1Hefi (31)- ( 33) C 

m 2 ~ 1 + 5Ad; y ~ 0,45 + ( T - 0,25) 0,25; A ~ 0,1 , ( 40) 

KOTOpyiO MO)KHO fiOJIYliHTh MR p = p
0 

= 0,5, 0,2c!) < T <_.1,5 113 pacqeTOB 
cornacao

18
•91 . A = 0,1 B "" -B3a.HMo.UeiicTBHH J... 77 "=-A.,.4/4 cooTseT

'9' cTsyeT cna6oMy OTT3JIKHBa.HHIO. Cornacao · ' d MO)f(HO npeJJ;CTaBHTh a 
BH.IJ;e 

(41) 

cyMMhi no seTBRM cu 1 (k) cneKTpa rrnoHHhiX so36y:~K.UeHHif npH T f. 0, Ko
TOphif.i llOJiyqaeTCR H3 ypasHeHHff 

4 2 n -+ "'2-1-k -Rell(<u,k,p,T)- 5Ad(p,T) ~ 0. (42) 
-+ /8 g; n n (w ,k) BblliHCJIReTCR cornaCHO • ' . Ha pHC. 3 JJ;JIR npHMepa npHBe)leHhi 

"'\(k )( i ~ 1,2,3) npH p ~ p0 ~ 0,5, T ~ 0,5. B (41) yqTeHo, qTo 
~ "' , k, p, T) .f, ~ ( "'• k, 0 , 0). 3Ta d (T) npeJICTaaneaa aa pac. 1 WTpaxnyaK

THpHofi KpHsofi. Pe3ynLTaThi pacqeTOB co macHo ( 40) - ( 42) npeJICTaaJleHhl 
Ha pHC. 4-6. 3aBHCHMOCTH p(R), ¢(R), E(R) OCTaiOTCH TaKHMH >Ke, KaK H 
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Puc. 3. CneKTp nuoHH&lX eo36y:HC0enuU e 

RdepnoM eer.qecTBe npu p = p0 = 0,5, 
T ~ 0,5, noAY"'HHbZU U3 (42). llurfip•z 

y KpUeblX nyMepyJOT eereu cneKTpa, i = 

~ 1, 2, 3. 

Puc. 4. 3aeuCUMOCTb or R 3Hepzuu MetuKa 

E npu pa3nWIH&lX B u T; pac'leT&l e&moll- ~ 12 ~ 
HeHbl C02/laCHO (40), (41). KpUBble r E 11'. 

6e3 KpecruKa noJZy'leH&l iJilR B = 2, a Kpu

Bble, noMe'leHHble KpecTUKOM, - OnR 
B = 1. KpueblM cooreercrsywr reMnepa

ryp&l: "1" - T = 0,2; "2" - T = 1,2; 
"3"- T= 1,5; "4"- T = 0,5; ':5"-

11 
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·~~~~~,~~~~~,~,~~~,~~~~.~~,~ 

// / I 
/ .,...// //1 Puc. 5. 3aeucUMOCT& orR noJJR (f) u UMnyJZ&-

,_...,...,. _........ _.,... ca KeapKoB p iJilll B = 2. Pac11eTbl e&moil-

C::::1' .--·-2 c'_.....l .oill HeHbl C02/laCHO (40)-(42!.- "KpUB(J}l "1" 
~~:::::::::::t::::=::=:::~~~=~ -, noAy .. Ha npu T ~ 0,2, 2 - T ~ 1,2, 
O.S 0,6 0,7 R "3"- T ~ 1,5, KaK u Ha puc. 4. 



Puc. 6. 3aaucUMocro or Te.Mneparypol pa
Ouyca Mewxa-nyKJiona Re, r.e. noJZoJKeHUR 
MUHUMyMa E (Re) (cMownote KPUBOle) 
u noJZOJKeHWl MaKCUMyMa E(R m) -Rm 
(uapuXOBfJHHOie KPUBOie}. PaclJeTot BoznoJI
nenol coznacno (40)-(42). Kpue(Jfl "]" 
nony.enanpu B-2, "2"- a·-1. 

B rrpeJJ:biJJ:YlUHX rrpHMepax: cpaaHHM 
pHc. 2 H pHc. 4, 5. )J)Ia acex B poeT 
T ..._. T0 BeneT K TOMy, liTO MHHHMYM 
E (R) CTaHOBHTCJI BCe "MeJibtJe" H e . 
c6nH>KaeTca c MaKCHMYMOM E (Rm ); 
c6nH>KaiOTCH R0 H Rm (eM. pHC. 4). 
Dpe)KHHMH OCTaJOTCJI H 3aBHCHMOCTH 
p(R), :(;(R) (pHC. 5). CKa3aHHOe 
Bhiille o pact~eTax:, npencTaaneHHhiX 
IllTpHXIIYHKTHpHbiMH KpHBbiMH Ha 
pHC. 2, OTHOCHTCJI, KOHetiHO, H K 
pHC. 4, 5. 0TMeTHM, liTO B 3TOM pac
qeTe (pHC. 4), KaK H paHee (pHC. 2), 
3Heprmo E (28) MO>KHO conOCTaB· 
JIHTh Macce HyKJioHa JIHillh nocrre 
yqeTa PRAa nonpaaoK K E" 11 , no 
KpaiiaeH Mepe JJ:BH:IKeHHH u;eHTpa Mace, 
lffO 3aMeTHO, Ha ""' 15 7 20%,yMeHhp 
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0,6 

--
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1 ';,/ 
/I 

I I 
/ I 

I I 
I I 

/ / 
/ / 

/ / 
/ .... --,;: ...... ........ 

maeT E CR.). yqeT H3MeHeHHH ITHOHHOH MO/Ibl B cpeAe, T.e. n D(p, T) B ( 40)
( 42) , BeAeT K 3aMeTHOMY yMeHbliieHHIO T c no cpaaHeHHIO c npeAhiAYliiHMH 
pacqeTaMH: npH B - 1 HMeeM T 0 - 1,575, a npH B - 2 - T0 = 1,273 
(eM. pHc. 6). PoeT T ae,n;eT, KaK H paHee, K He3HatzHTeJihHOMY yMeHbllleHHIO 
R0(T); 3aBHCHMOCTL R6 (T) npeACTaaneHa Ha pHc. 6. Ha 3TOM >Ke pHCYHKe 
UITpHXOBa.HHOH KpHBOi.f IIOKa3aHa 3aBHCHMOCTh OT T IIOJIO:>KeHHJI MaKCHMyp 
Ma Rm(T). !13 pHC. 6 BHAHO, KaK npoHCXOAHT CITHRHHe ~" R0 npH T ~ Tc· 

4. 3AKJIIOqEHI1E 

Cao:HcTBa ayKJioaa a H.D;epHOM aeru;ecTae MeHHIOTCH B 3aBHCHMOCTH oT 
IUIOTHOCTH p H TeMnepaTypbi T. 3aBHCHMOCTh OT P IIO.D;po6HO HCCJie.D;OBa
JiaCh B /2, 3/ , a OT T - B JJ:aHHOH pa6oTe. 0K3.3aJIOCh B03M01KHbiM ecTeCT
BeHHb!M o6pasoM o6o6mHTL CBM MR OITHCaHHH HyKnoHa B MepHoii cpe11e 
npH KOHetiHoH TeMnepaType. HalllH pactzeTLI a CBM BHyrpeHHe cornacosa
HLI: ecnH npH AaHHLIX p , T ypaBHeHHR CBM (23)- (26) HMeroT COBMeCTHoe 
pemeaHe Re, ¢e, Pe, TO npH 3THX Re, ~e' Pe nOJIHaR 3Hepnm E MelllKa ~:~MeeT 
a6COJIIOTHLIJ1: MHHHMyM. IlpH T ~ T 0 MelllOK-HYKJIOH cyru;eCTBOBaTh He MO-
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~eT: 3HeprHH E (R) He HMeeT MHHHMyMa, HeT COBM€CTHOrO peweHHH (23)
(26). Kor.rr.a T pacrer, Ho ocraercH MeHbwe T0, csoHcTaa MewKa MeHHK>TCH 

HecymecTaeHHO, TaK, Re (T c) acero Ha "" 5-7% MeHLllle Re (0) . AHarwrwmo 

3TOMY a / 2 / 6hmo HaH..u,eHo, liTO HYKJIOH Mana MeHHeTcH npH ysenHlfeHHH 

IUIOTHOCTH cpe.U,bl BITJIOTh .U,O p = p , a npH p > p CyiUeCTBOBaHHe M€lllKa

HYKJIOHa y:~Ke Heao3MO)f(H0. IT pH f > T
0 

(HnH p ~ p c ) H.D.epHoe aemecTBO 

y:>Ke He MO:>KeT COCTO.fiTb H3 TpeXKBapKOBbiX MeWKOB-HyKnOHOB, CJie.u,yeT 

O)KH.U,aTh noRaneHHH HHoH, HeHyKJioHHOH <Pa3hl. Pa3yMeeTcH, oCHOBbiBaHCb 

nHlllb Ha HaWHX HCCne.U,OBaHHRX, H€Jib3H CY.U.HTb 0 CBOftCTBaX 3TOti HOBOH <!Ja-

3bl. 3TO MO:>KeT 6hiTb aei.IJ;eCTBO, COCTO.Rll.l€€ uenHKOM H3 KBapKOB (H rJIIOO

HOB) H He CO.U,ep:>Kamee M€lllKOB. Ho B03MQ)f(H0 H TaKO€ COCTO.RHHe, r.u,e 

BM€CTO HyKnOHOB ( B03MQ)f(H0, lf8..CTHlf:HO) CyiUeCTBYIOT 6onee CJIO:>KHbie 

MeWKH, HaOpHMep, CO.D.ep:>KaiUHe 6,9 H T . .D.. KBapKOB '
121 

. B HalllHX HCCJie.D.O

BaHHHX KpHTHlfeCKaR TeMnepaTypa llOJIYlfHJiaCb cpaBHHTenbHO He6oJibWOH, 

T0 "" 1 -:- 2. TaKaH TeMneparypa MO:IKeT nonylfaTbCH a CTOnKHOBeHHHX TR

:>KeJihiX R.D.€p BbiCOKOft 3HeprHH ll3 :' , H MO)f(HO Ha,zJ;eRTbCR .D.OCTHlfb 3TOrO ne

pexo.rr.a a TaKHX npoQeccax. 
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