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YAK 539.143.5 + 539.16.166 

HOBblE B03MO)I(HOCTH HCCJIE,llOBAHH.H 
KOJIJIEKTHBHhiX CllHH-CllHHOBhlX B3AHMO,UE:AC TBHA 
C HCllOJib30BAHHEM .UHHAMHqECKOrO OXJIA)I(,llEHH.H 
P A,llHOKTHBHhiX .H,llEP 

IO.<D.KHce.Tiea, B.JI.Jiro6oumu;, M.H.llo.nropeu;KHH, A.H.qEpHHKOB 

llpe,llJIO)I(eH HOBbiH MeTO,[l HCCJie,[lOBaHHH K01IJieKTHBllbiX JJieK

TpOHHbiX H JJieKTpOH·.II,[lepHbiX CIIHH-ciiHHOBbiX B33HMO)J;eHCTBHH 

B TBep,[lblX )J;HJJieKipHKax IIpH CBepXHH3KHX TeMrrepazypru<, OCHOBaH

HbiH Ha HCIIOJlbJOBaHHH aHHJOTpoiiHH {3 -y -H3JI)"'eHWI B O,[ll OKpaTHbiX 

H K8CKa,[lHbiX pacrrap;ax IIOJUlpH30BaHHbiX gp;ep. fiOK83aHD, 'ITO DO 

aHH30lpOIIHH H3Jl)"'eHHH pa,nHOaKTHBHbiX H,llep MO)I(HO H3M ~pHTb CIIH

HOBYJO TeMrreparypy Hepa,nH08KTHBHbiX H,llep HCCJiep;yeMOfO 00pa3Ua, 

rroJIHpH3yeMhiX c rroMOIUbJO )J;HH8MH'JecKoro oxn8)1()J;eHHH. HnH JToro, 

BBH)J;y oqeHb Bb!COKOH qyscTBHTeJibHOCTH MeTO,[l8, )J;OCT8TO'H0 BBeCTH 

BHYJp& o6pa3ua -10 14 pa,nHoaKTHBHhiX nnep. llorryqeHh aHaJIHTH· 

qecKHe Bbipa)l(eHHH AJIH yrnosoro pacrrpeneneHHH y -KBaH roB, o6pa-

3YJOI.!UiXCH B ueno~e IIOCJie)J;OBaTeJibHbiX {3- H' y -paCIIa/];C B rtOJIHpH-

30BaHHbiX /3-aKTHBHbiX HAfj_· llonpo6Ho paCCMOTpeH I< aCKa)J.HblH 

nepexop; 22 Na(3+) J3 22Ne(2) y 22Ne(O+). 
Pa6ora BbiiiOJIHeHa B Jla6oparop1m H,llepHhiX npo6neH H Jla6o

paTOpHH BhiCOKHX JHepmii OHHH. 

New Possibilities for Investigation of Collective 
Spin-Spin Interactions Using Dynamic Cooling 
of Radioactive Nuclei 

Kiselyov Yu .F. et a!. 

A new method is proposed for investigation of collecti•·e electron 
and electron-nuclear spin-spin interactions in hard dielectri :s at very 
low temperatures. The method uses anisotropy of {3-y ndiation in 
single and cascade decays of polarized nuclei. It is shown hat ani<.o· 
tropy of radioactive nuclei radiation allows one to measure the spin 
temperature of nonradioactive nuclei polarized by means of dynamk 
cooling. Since the method is highly sensitive, it is enough to introduce 
-10 14 radioactive nuclei in the sample to be investigated. Analytical 
expressions are obtained for the angular distribution of }'-quanta pro
duced in the series of consequent {3- and y -decrs of oolarizt d {3-active 
nuclei.Thecascadetransition 22Na(3+) (3 2 Ne(2+); 22 Ne(O+) 
is considered in detail. } 

The investigation has been performed at the Laboratory )f 1'\udear 
Problems and Laboratory of High Energies, JINR. 
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1. BB EJlEHHE 

H3MepeuHe aHH30TponHH yrnoaoro paenpe~eneHIDI {3- HJIH y-H3-

nytJeHHH IIBJUieTeH HaH60Jiee tJyBeTBHTeJihHbiM MeTO~OM Heene~oBaHHH 
eBepXTOHKHX B3aHMO,D,eHeTBHH enHHOB OpHeHTHpOBaHHbiX H~ep. B 3a

BHeHMOe~·H OT THna B3aHMO~eHeTBHH no aHH30TpOOHH H3JiyqeHHH 

Onpe~en.A lOT MarHHTHb!e H KB~pynOJihHbie MOMeHTbl H~ep, BHyTpeH

HHe JIOKa lhHbie MarHHTHbie nOJIH H T .n/ V . 
B eE:H3H e pa3BHTHeM B noeJie~ee BpeMH HOBOrO Mero~a noJIH

pH3aQHH Fl~ep, H3BecTHOro no~ Ha3BaHHeM "~HHaMHtJeeKOe OXJI8.)1()l;e

HHe" I~ 3 ', , npe~eTaBJIHeT HHTepec npOaHaJIH3HpOBaTh HOBbie, ~0 eHX 

nop He HCnOJih30BaHHbie B03MO:>KHOeTH HeCJie~OBaHHH KOJIJieKTHBHbiX 

enHH-<:nHIIOBbiX B3aHMO~eHCTBHH B KOH~eHeHpOBaHHbiX epe~x no aHH-

30TpOnH11 {3- H y-H3JiytJeHHH. B eOOTBeTeTBHH e H~eeif MeTO~ ~HHaMH
tJecKoro •)XJIIDK~eHIDI JI106bie H~pa B eoeTaBe ~HaMarHHTHOH MaTpHQbl 

e npHMeCbiO napaMarHHTHbiX HOHOB MoryT 6biTh npH TeMnepaTYpe pe

llleTKH - 0,5 K B none H 0 "' 20 Kre nonHpH3oBaHbi nyTeM o6nytJeHHH 

CBq-nomM B6JIH3H u;eHTpa JIHHHH 30P. H3BeeTHo 1 4~ tJTO HMeHHo 

e noMOlliLJO ~HHaMHtJeeKoro oxn~eHIDI B ~Honax C 3H 6 (OH) 2 , 

C ~ 4 (Ofl) H HM n0~06HbiX ~OeTHraeTeH B HaeTOHIUee BpeMH pe

KOp~aH nOJIHpH3ai.J;HH 
1

H 2'0, 1 ~. B OTJIHtJHe OT eOJIH~-3tPtPeKTa 
HJIH MeTC•~a Jl:>KetPtPpHea/S/ B MeTO~e ~HaMHtJeeKoro OXJI~eHHH 
Bee H~pa B eoeTaBe ~HaMarHHTHbiX aTOMOB B OTeyTeTBHe napa3HTHOH 

yTetJKH n pHo6peTa10T nOJIHpH3aQHJO, eOOTBeTeTBYIOIUYIO e~HOH enH

HOBOH Te \1nepaTYpe /f>,G I . 0TeJO~a eJie~eT HHTepeeHaH B03MO:>KHOeTb 

H3MepeH11H nOJIHpH3aQHH Hep~HOaKTHBHbiX H~ep (HanpHMep, ~eHTpo

HOB) no aHH30TponHH yrnoBoro paenpe~eneHHH npo~yKTOB p~o

aKTHBHOr:> paen~a. HH:>Ke 6y~eT noKa3aHo, tJTO no Heo6xo~HMOH 
MH npolle~eHIDI 3KenepHMeHTa KOHI.J;eHTpau;HH H~ep ~aHHbiH MeTO~ 

npHMepH<I B 107
pa3 tJYBeTBHTeJihHee MeTo~a .RMP H He Tpe6yeT 

KaJIH6pOE KH annapaTypbi no TaK Ha3bWaeMOMY HeyeHJieHHOMy eHr

HaJiy OT enHHOB, HaxOMIUHXeH B TenJIOBOM paBHOBeeHH e pellleT

KOH/7/. llpyrHM cne~eTBHeM nOBbillleHIDI tJYBCTBHTeJihHOeTH HBJIH

eTeH B03MO:>KHOen. npoBe~eHHH 6onee TOHKHX no epaBHeHIUO e H3-

BeCTHbiMl< MeTO~aMH HeCJie~OBaHHH 3JieKTpoHHbiX, 3JieKTpoH-H~epHbiX 
H H~epHO·H~epHbiX KOJIJieKTHBHbiX enHH-<:nHHOBbiX B3aHMO~eHCTBHH, 

a TaK:>Ke l<HHeTHKH enHHOBOH penaKeaQHH H~ep. 

2. ME~'OJlH3MEPEHIDI CnHHOBOATEMnEPATYPbl 

no o\HH30TPOnHH H3JIYQEHHJI 

06e} ~aeMbm enoeo6 oeymeeTBJIHeTeH ene~yiDIUHM o6pa30M. 

B ~aMar :IHTHYIO MaTpHI.J;y, eo~ep:>KamyiO Hecne~yeMble R~pa CO COli

HOM I (l:anpHMep, npOTOHbi, ~eHTpOHbl H T.~.), BBO~TeH napaMar

HHTHaH npHMecb e KOHI.J;eHTpaQHeH C, S « C I ( C S "" 2 • 10 20 en ./eM 
3
) , 
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H006XO.IJ;HMa.H .IJ;JIR nOJIRpH3aQHH R.IJ;ep no MeTO.IJ;y .IJ;HHaMH IeCKOrO 

oXJia)l(.o;eHHR. KpoMe Toro, c uenLro H3MepeHHR cnHHoaoH: TeMnepa

TypLr (nOJIRpH3aQHH Hepa.IJ;HOaKTHBHbiX R.IJ;ep B MHilleHH) BHO.IJ;HTCR 

npHMeCL pa.IJ;HOaKTHBHbiX .IJ;OJirO)I(HBYI.l.UfX R.IJ;ep J B COCTaBe Henapa

MarHHTHbiX MoneKyn c KOHUeHTpauHeH: C J << C 8• llocne o KJia)l(}];e

HHR o6paaua .IJ;O HH3KHX TeMnepazyp H BKJIIOlleHHR no.o;MarHVIliHBaiO

I..Qero nOJIR Ho ero o6JiyllaiOT CBq-noJieM Ha llaCTOTe, COOTB€TCTByiO

I..QeH rny6oKOMY OXJia)I(.IJ;eHHIO peaepayapa .IJ;HnOJib-.IJ;HDOJibHbiX B3aHMO

.o;eHCTBHH 3JieKTpOHHbiX CDHHOBI Sl. llpH 3TOM Bee R.IJ;epHblE' cnHHO

Bbie CHCTeMbi, BKJIIOlla.H H pa.IJ;HOaKTHBHyro npHMeCL, npHXO.IJ;R'~ B KOH

TaKT C OXJia)l(}];eHHbiM .IJ;HnOJib-.IJ;HnOJibHbiM pe3epayapOM, BCJl e.IJ;CTBHe 

llero npoHCXO.IJ;HT nonRpH3aQHR pa.IJ;HOaKTHBHbiX R.IJ;ep, KOTOpaa MO)I(eT 

6LITL aaperHcTpHpoaaHa no aHH30TPOnHH {3- HJIH y -HanylleHl'R. EcnH 

npH 3TOM CnHHOBbie TeMnepaTypbi BCeX R.IJ;ep OKa3bffiaiOTCR O.IJ;HHaKO

BbiMH, TO no aHH30TpOnHH H3JiylleHHR MO)I(HO B KOHeliHOM HTO re H3Me

pHTb CnHHOBYIO TeMnepaTypy Hepa.IJ;HOaKTHBHbiX R.o;ep. 3aMeTHM B 3TOH 

CBR3H, liTO paaeHCTBO CnHHOBbiX TeMnepayp pa3HbiX R.o;ep ,llDKa3aHO 

3KCnepHMeHTaJibHO I 51 H TOOpeTHlleCKH 16 TOJibKO npH .IJ;OCTaTOliHO 

BhiCOKHX KOHUeHTPaQHRX Cy H C1 . HH)I(e npe.o;nonaraeTcR, liTO 3TO 

cnpaae.IJ;JIHBO H .IJ;JIR OlleHb MaJibiX KOHQeHTpauHH C J• KOr.U.S MO)I(HO 

npeHe6peliL cnHHoaoH: .DH<P<l>Y3HeH:. CymecTBeHHo, liTO o6cy:ll:.n,aeMLrH: 

cnoco6 n03BOJIReT KaK 3KCnepHMeHTaJibHO npoaepHTb cnpaae,r.)IHBOCTb 

aroro npe.nnono)l(eHHR, TaK H BLIRCHHTL xapaKTep npouecca ycraHoane

HHR paBHOBecHoro CnHHOBOrO COCTORHHR. 

ECJIH pa.IJ;HOaKTHBHOe R.IJ;pO HMeeT cnHH J, a ero MarHHTHbrH MO

MeHT B R.o;epHbiX MarHeTOHax paaeH J.L, TO B none Ho npH C:IHHOBOH 

TeMnepaType T 3aceneHHOCTH cocToRHHH c pa3JIHliHLIMH npoi!KUHRMH 

CnHHa m Ha HanpaaneHHe MarHHTHOrO nOJIR OnHCbiBaiOTCR <f>opMYJIOH 

BonLUMaHa
1 81 

r.o;e 

mxl J 
e 

~ 
6

mx1J 

m=-J 

e1\ 
X= J.L---

2mpc 
"o 

kT 

mx/J 
e 

1 
sh[ x( 1 + J)] 

X 
sh( 21), (1) 

(2) 

e - 3apn.o; npoToHa, mp - Macca npoTOHa, c - CKopocTL ca eTa B aa

KyyMe, k- nocTORHHaR BonLUMaHa. CTeneHL nonnpH3aQHH nnep onpe

.o;enneTcn <l>YHKUHeH: BpHJIJII03Ha: 

1 J 
P =- ~ mp = B(x, J). (3) 

J m=--J mm 
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3acen:eBHOCTH Pm COBna,naiOT C 3JieMeHTaMH CnHHOBOH MaTpHQbl 

nJIOTHOCTH H,Il;pa 1Yl1, KOTOpaH B paCCMaTpHaaeMOM CJiyqae HBJIHeTCH 

.nnarou~JibHOH. 06cy:>KAaeMaH aHH30TponHH H3Jiy'leHHH uenocpe.ncrneu

uo CBH3aHa C TeM, 'ITO npH HH3KHX CnHHOBbiX TeMnepaTypax BeJIH'IHHbl 

Pmm CYII.~eCTBeHHO OTJIH'IaiOTCH OT 3Ha'leHHH (2J + 1)- 1
, COOTBeT

CTBYIOIL ero HenOJIHpH30BaHHbiM H,Il;paM. 

3. Jl·PACOA.Il OOmiPH30BAHHOfO .SI,IlPA 

IlpHMepOM B03MO)I(HOH KOHKpeTHOH peaJIH3ai.J;HH o6cy)I(,Il;aeMoro 

MeTO,IJ;a HBJIHeTCH H3Mepeune CnHHOBOH TeMnepaTypbl npoTOHOB (HJIH 

,IJ;eHTpoHOB) B nponau,nHOJie C npHMeCbiO napaMarHHTHOrO HOHa Cr+ ~ 
B TaKoJi MaTpuue npaKTH'IeCKH .nocTHrnyTbi noJIHpH3aQHH npoTouoa 

±97% H ,neHTpOHOB ± 39%, 'ITO COOTBeTCTByeT e,IJ;HHOH cnHHOBOH TeMne

paType ± 1,3 MK B none H = 2,7 Tn. Ilpn aae.neuHH B MaTpuuy pa.nno

aKTHBHhiX H,nep B03HHKaeT aHH30TpOI1HH ,8-H3Jiy'leHHH, 3aBHCHI.QaH 

TOJILKO OT cnHHoaoif TeMnepaTypbi 3THX H,nep. B cnyqae pa3peweuHH 

,8-nepeJ:O,ll;OB aHH30TpOnHH CBH3aHa HCKJIIO'IHTeJibHO C HeCOXpaHeHHeM 

qeTHOCTfl B npoueccax, o6yCJIOBJieHHbiX CJia6biM B3aHMO,Il;eHCTBH

eM I 10, ,1/ . Ilpn 3TOM yrnoaoe pacnpe.neneuHe ,8-3JieKTpouoa HMeeT 

CTpyKTYPY 

dN 
--- 1 + aPcos(;l, 
dO (4) 

r.ne ~ - yron Me)j(,ny uanpaaneuneM BbiJieTa 3JieKTpoua (HJIH no3nTpo

ua) H ~;anpaaneuneM auewuero MarHHTHoro nonH, P - cTeneHb nomi

pH3au;HH pa,nHOaKTHBHbiX H,Il;ep, KOTOpaH onpe,neJIHeTCH <l>op

MYJIOH ~3). 
B cnyqae 'IHCTbiX raMOB-TeJinepoacKHX nepexo,noB napaMeTp 

a nerKo Bbi'IHCJIHeTc.fi TeopeTnqecKH. Eme a KJiaccnqecKoif pa6oTe JlH 

H .flora ' 
101 

6biJIO I10Ka3aHO, 'ITO eCJIH CnHHbl Ha'laJibHOrO J H KOHe'I

HOrO J ' COCTOHHHH CBH3aHbl COOTHOWeHHeM J '= J - 1 , TO 

a = - _:_:_y_> 
c ' 

(5) 

r.ne < v > - cKopocTh 3JieKTpouoa, ycpe,nuenuaH no ,B-cneKTpy. ECJIH 

:>Ke J '= J + 1, TO 

<v> J a=--.---. 
( J + 1 

(6) 

IlpH J '= J ,j 0 B03MO)I(Hbl KaK raMOB-TeJIJiepoBCKHe, TaK H cPePMHeB

CKHe ,8 ·nepeXO,lJ;bi, H napaMeTp aCHMMeTpHH a 3aBHCHT OT HX OTHOCH

TeJibHOfO BKJia,na. B 3TOH CHTyau;HH BeJIH'IHHY a MO)I(HO onpe,nen:HTh 

3KCnepHMeHTaJibHO, H3y'!aH ,8-pacna,n H,npa C H3BeCTHOH nOJIHpH3ai.J;HeH. 
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PaCCMOTpHM npHMep, B KOTOpOM B KR'Iecme pa,o;Hm.KTHBHOH 

npHMeCH HCDOJIL3yeTCH H30TOD 32p 15, BXO)J;HlUHH B MOJiel<yJiy PH. 3 
H CDOC06HbiH B MHKpOKOJIH'IecTBax paCTBOpHTbCH B nponau,o;HOJie. 

TiepHO)J; DOJiypacna,o;a H.D;pa 
3 2P 15 COCTaBJIHeT 14,5 )J;HeH, nro CDHH 

J = 1,cnHH Koue'IHoro H,o;pa 8 :?s 16 paaeu uymo, 3HeprHH pa3peweu

uoro raMOB-TeJIJiepoBcKoro ~-nepexo.o;a 1,7 M3B 1121 . B 3TOM CJiyqae 

<v> /c:::. 0,835 H cornacuo (5) BeJIH'IHHa a"'-0,835. ECJIH T = 1,3 MK, 

H 0 = 2,7 T, To x = -0,19, H B coomeTCTBHH c <PopMynou (3) nonHpH-

3aUHH a.o;ep <Poc<Popa P = B (-0,19, 1) = -0,125. 3naK "MHHyc" CBH3au 

C OTpHUaTeJibHbiM 3HaKOM MarHHTHOrO MOMeHTa H.D;ep <Poc,Popa (!1 = 
I 12/ = -0,252 ) . TaKHM o6pa30M, 

dN ::: 1 + 0 1 · cos () 
dO ' • (7) 

Cne.o;oBaTeJILHO, npH peaepce 3HaKa nonapH3auHH pa3HHU~ B c'leTe 

6y,o;eT )J;OCTHraTb 20%. TipH pa,o;HOaKTlfBHOCTH npHMeCH 12 MH KpOKIOpH 

MHWeHb 6y,o;eT H3Jiy'laTL - 4 ·10 5 
'laCTHU. B ceeyu.o;y. KpeMHHeBbm 

,o;eTeKTOp )J;HaMeTpOM 3 CM, paCDOJIO)f(eHHbiH Ha paCCTOHHHH 15 CM 01 

o6pa3ua, 3a o.o;uy ceKyu.o;y 6y,o;eT perucTpHpoBaTL - 103 oo6biTHH. 

JlerKO ,o;anee COC'IHTaTb, 'ITO )J;JIH H3Mepemm K03<P<i>HUHeHTa 0,1 B <Pop· 

Myne (7) c TO'IHOCTLIO 2% Tpe6yeTCH ~ 0,3 ·10 6 cnc'leTOB 11, ·CJie.o;o· 

BaTeJibHO, ua6op CTaTHCTHKH 3aBepWHTCH 11epe3 300 C, npH TOM B HC· 

CJie,o;yeMyiO MHWeHb )J;OCTaTO'IHO BBeCTH BCero JIHWb 5. 10 ll pa.D;HO· 

aKTHBHbiX MOJieKyJI. 

4. y -PACnA.Il nomiPH30BAHHOfO R.IlPA 

Auanorwrnhu1 no.o;xo.o; B03MO)f(eH H c y -H3Jiy'laTenRMJ· (Aomo

)f(HBYIIJ.UMH H30MepaMH), KOTOpbie YA06HO npHM€HRTh 3 cnyqaE:: 

o6pa3UOB 6onLwou TOJIIIUfHhi. HanpHMep, ec.rm Bo36y)K)l.eH:iC>E' H,DJO 

HMeeT CDHH J , a y KOHe'IHOrO H.D;pa CnliH J '= 0, TO HOpMH :>C>BaHHOf' 

yr.TIOBOe pacnpe,o;eJieHHe y-KBaHTOB OTHOCHTe.TJhHO HanpaBJIEHilR M~J · 

HHTHOrO DOJIH 6y}l,eT HMeTb BH)J; ;g, 131 

(8) 

(J) 
rne d m, .:!1(0) (J) <PYHKIJ.HH BHrnepa (3.TJeMeHTbi MaTpm~I 1:oue1.1HhiX 

BpaiiJ.eHHH), Pmm- 3aceJieHHOCTH CDHHOBhiX COCTOHHHH, Cl3H3aHHb!E' 

CO CDHHOBOH TeMneparypou COOTHOWeHHeM (1). AHanorH'!HaR <Pop· 

Myna MO)f(eT 6biTb HanHCaHa H npH J'-/ 0 )J;JIH 'IHCThiX 3JieKTpH'IeCKIIX 

rum MarHHTHbiX y -nepexo.o;oa onpe.o;eneuuou MynLTHnOJILHOCTH l 
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2J 1 J L Jm 2 (J) (L) 2 (L) 2 
W(O)=-~ l l (C , ) p [(d (O)) + (d (O)) ] . (9) 

877 J m-JLLJL mm JL 1 JL-1 
m=-J JL~L 

3.D;ecb c -- K03¢1¢luuueHT Kne6wa- rop,D;OHa. 

5. Ki,CKA.UHhiE {3- y -nEPEXOJlhl 

Tpe:·uii B03MO)f(HbiH nyTL H3MepeHIDI cnHHOBOH TeMnepaTypbi 

38KJ110'18E TCR B HCCJie,D;OBaHHH yrJIOBOH aHH30TpODHH y-KBaHTOB 

B KaCKa;JHbiX {3-y -nepexo.D;ax. B Kat~ecTBe pa.D;uoaKTHBHOH npuMecu 

CJie,D;yeT B3RTb ,ll;OJirO)KHBYIUHe {3 -aKTHBHbie R,D;pa C OTJlH'IHbiM OT 

HYJIR Mai'HHTHbiM MOMeHTOM (CllHH J f- 0). 3TH R,D;pa llOJIRpH3YlOTCR 

B COOTBe'~CTBHH CO CllHHOBOH TeMnepaTypoH o6pa3Qa. llycTh B pe3yJIL· 

TaTe {3 -pacna.D;a paccMaTpuaaeMbiX R.D;ep o6pa3yJOTCR npoMe~TO'IHbie 
,ll;O'IepHHe R.D;pa C OTJIH'IHbiM OT HYJIR CllHHOM J' , KOTOpbie, B CBOlO 

ot~epe.D;L, liCDbiTbiBaJOT 6biCTpbiH y -pacna,D;. KaK Mbi yBH.D;HM HU)Ke, 

ecJIH 3JleJ<:TpOHY H aHTHHeHTpHHO nepe,D;aeTCR onpe,D;eJieHHbiH cyMMap

HbiH yrJioBOH MOMeHT L, a HX HMDYJlbCbl He perHCTpupylOTCR (T.e. 

npOH3BO,I: HTCR COOTBeTCTBYJOIQee ycpe,D;HeHHe) , llOJIRpH38UIDI ,ll;O'Iep

ltero R.D;pi cpa3y )Ke nocne {3-pacna,D;a o.D;H03Ha'IHO CBR3aHa c nonRpH-

3aQHeii H i'laJibHOrO ,ll;OJirO)KHByiUero R,D;pa H TeM CaMbiM C HCXO.D;HOH 

CllHHOBOil TeMnepaTypoH. flpOMe~TO'IHbie R.D;pa ,ll;OJI)f(Hbl 6biTb 

HaCTOJlbK) KOpoTKO)KHBYIUHMH, 'IT06bi HX CllHHOBOe COCTORHHe 3a 

apeMR )K13HH He ycneaano 3aMeTHO H3MeHRTLCR. PeanLHO 3TO 03Ha

qaeT, 'ITO BpeMR )KH3HH DpOMe)KyTO'IHOrO R,D;pa ,ll;OJI)f(HO 6biTb O'leHb 

MaJio po cpaaHeHJUO c o6paTHOH qacTOTOH caepxToHKoro pacmenne

HHR 8TOMibiX ypOBHeH ( r « 10-S + 1(}9 C). 

B 31 ux ycnoaiDix yrnoaoe pacnpe,D;eJieHue y -KBaHTOB omocu

TeJILHO HanpaaJieHIDI MarHHTHOro llOJIR HeceT HH<f>opMaQHlO 0 e,D;HHOH 

CllHHOBOH TeMnepaType H8'1aJibHbiX pa,D;H08KTHBHbiX R,D;ep npHMeCH 

H HCCJie,D;} eMbiX Hepa,D;H08KTHBHbiX R.D;ep. 

PaccJ>10TpHM npoH3BOJILHbiH pacna.D; 

<J> b(f'> x<L> a .. + 

npu YCJIOBHH, 'ITO COBOKYDHOCTb '18CTHU X, HMllYJibCbl KOTOpbiX 

He <f>HKCI- pyJOTCR, yHocuT onpe.D;eneHHbiH cyMMapHbiH MoMeHT KOJIH

qecTBa ,ll;JIH)KeHIDI L. nocKOJlbKY B paccMaTpHBaeMOM CJiyqae HeT 

HHKaKHX Bbl,ll;eJieHHbiX HanpaaJieHHH KpOMe TeX, KOTOpbie CBR3aHbl 

C llOJIRpH Ja.QHeH '18CTHQbl a , llOJIRpH3aQHOHHbie napaMeTpbi '18CTHQbl 

b, o6pa3:'JOIUeiicR B pe3yJILTaTe pacna,D;a, onpe.D;enRJOTCR ucKJIJO'IH

TeJILHO BllKTOpHbiM CJIO)KeHHeM MOMeHTOB. J1HbiMH CJIOBaMH, COBO· 

KYnHOCTL qacTHU X MO)f(HO 3aMeHHTh <t>nKTHBHOH "qacTHueii" co 

CllHHOM [., llOJiaraR, 'ITO op6HTaJibHbiH MOMeHT CHCTeMbl (b +X) pa-
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aeH Hynro. B TaKoH CliTyaumf 3JieMeHThi cmmosoii MaTpHUhi nnoTHO

CTH 'laCTHUbl b CBH3aHbl C 3JieMeHTaMH CITHHOBOH MaTpHUbi llJIOTiiOCTH 

'laCTHUbi a npOCTbiM COOTHOllleHHeM 

( J ') 
p = 

rnm 

~ J ID+JL .:.. c , . 
J mLfL 

rn=-L 

J m+fL (J) 

C J' fii LfL • p ID+fL ~+jl 

rne C - K03cpqmu»eHTbl K.Jie6llla - rop)l;OHa. 

(10) 

nerKO BH)l;eTb, 'ITO ecJIH CmlliOBaH MaTpHUa ITJIOTHOCTH HatJaJibHOH 

'laCTHUbi a )l;HarOHaJlbHa, TO CITHHOBaH MaTpHUa ITJIOTHOCTH KOHe'IHOH 

'laCTHUbi b 6yneT TaKJKe .D;HarOHaJlbHOH, npH'IeM 

J ID+fL 2 
(C , ) 

J rn LJL 

(J) 
p . 

rn + !L m+fL (11) 

yJ3 cpopMy Jlbl ( 11) H H3BeCTHOrO B TeopHH CJIOJKeHHH MO vteHTOB 

J rn +fL 2 2J + 1 
paseHCTBa l (C , L ) = BhiTeKaer, 'ITO ecnH pacna.nanmaHcH 

JL J rn !L 2J ' + 1 

qacTHUa He nonHpH30BaHa ( / J~ + = (2J +- 1 )- 1 
npH I m + fL I ::. J ·), TO 

'laCTHUa b poJK.D;aeTCH TaKJKe rnHe~o~dPH30BaHHOH: p ( J.:) = ( 2J '+ 1) 18 ,L" 
mrn rnm 

<l>opMyna (10) xopowo H3BecTHa a TeopHH y -pacna.na o JHeHTH-

pOBaHHhiX H.o;ep - OHa onpe.o;enHeT ycpe.o;HeHHbie no seeM HanpasJieHH

HM BbmeTa y -KBaHTOB llOJIHpH3auHOHHble napaMeTpbi KOHe'IHOI 0 H.D;pa, 

o6pa3yroruerocH B pe3yJibTaTe nepexo.nos onpe.o;eneHHOH MY Jib mnonb

HOCTH L 1 
13, 14 

1 
• B 3TOM cnyqae no.n X noHHMaeTcH y -KBaHr. Ho 

B COOTBeTCTBHH CO CKa3aHHblM Bblllle, COOTHOllleHHH (10) H (lJ) OTHO

CHTCH H K {3-pacna.o;y H.D;pa (a TaKJKe H K-3aXBaTy) npH yCJIOBffH , 'ITO 

nenToHaM nepe.o;aeTcH onpe.neneHHbiH yrnosoii MOMeHT L , a Hanpasne

HHe HX BbilleTa He perHCTpHpyeTCH. B 'laCTHOCTH, npH pa3peiUeHHOM 

(3 -nepexo.ne raMOBa - Tennepa yrnoaoii MO MeHT CHCTeMbi 3JieKI pOH -

aHTHHeiiTpHHO (HJIH no3HTpoH- HeiirpHHo) paaeH e.o;»HHue 11 5 . B CH

ryauHH, Kor.na I J - J 'I = 1' pa3peweHHblH nepexo.n raMOBa-1'e.rrnepa 

HB!IfleTCH OCHOBHbiM ( OCTaJibHb!e CHJibHO no.o;aB!IeHbi) H ll01IH]lH3aUHfi 

H.o;pa, o6pa3yroruerocH B pe3yJibTare {3 -pacna.na, c xopollleii TO•tHOCTbiD 

onHCbiBaercH cpopMynaMH (10), (11) c L = 1. 
Bo3apamaHcb K Mero.ny H3MepeHHH cnHHosoii TeMnepaT:rpbi ny

reM HCCJie.D;OBaHHH KaCKa.D;Hb!X {3- y -nepeXO.D;OB, pacCMOTpHM CJIY'IaH, 

Korna cnHH npoMeJKYTO'IHoro KOpOTKOJKHsymero Rnpa, o6pa3) IOJJJ;ero

CH npH f3 -pacna.o;e ll01IHpH30BaHHbiX H.D;ep npHMeCH, HMeiDJJJ;HX CITHH J , 
npHHHMaeT 3HatJeHHH J' = J - 1 HJIH J '= J + 1. f1pe,nnOJIOJKHI\f .D;aJiee, 

'ITO npoMeJKYTO'IHOe Hnpo B pe3YJibTaTe y -pacna.na nepexo.o;HT B co

croHHHe c HyneBhiM cnHHoM. Tor.na c yt~eTOM (8) H (11) HOpMHpo

saHHoe Ha e.o;HHHUY yrnosoe pacnpe.o;eneHHe y -KBaHTOB OTHoc;nenbHO 
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HanpaaneHHR MarHHTHOrO llOJIH (OCH KBaHTOBaHHH) 6yp;eT HMeTb BH,!I; 

W(0)= 2J.2._!_ I J~ ( CJ')+ CJ') )[(d(J'~e)) 2+ (dCJ') (0)) 2 ] + 
~ 17 m= 1 pmm P-m-m m1 m-1 

(12) 
( J ,, (J ,~ 2 

+2 '(d e) I 
Poo o 1 ' 

rp;e 

( J ') J m + 11 2 ( J) 
P = ~ (C , ) P 

mm /l''O, ± 1 J m 111 m+11 m+11' 

(J) . u u 

a BeJIH'IliHhi Pm+ll m+/1 CBH3aHhi CO CllHHOBOH TeMnepaTypOH COOTHO-

WeHHeM (1). 
Ilp11 J = 3, J'= 2 HMeeM 

i" 1 ( 2) ( 2) . 2 2 
W((J) =-~I- (p + p ) sm f) (1 +cos fJ) + 

817 2 22 -2,-2 

1 ( 2) ( 2) 4 2 
+- (p +p ) (4cos (}- 3cos (} + 1) + 

2 :1 -1,-1 

+3/ 2)cos1J sin2e!, 
00 

npHt~eM 

P c e)= P (: :) + _! P c 3) + ..!._ P c 3) 
22 3 J 3 22 15 11 ' 

(2) 2 (3) 8 (3) 1 (3) 
p 11 = ·ap22 + 15p 11 + sPoo' 

p(2)= 2 p(3) + ~pf3) + .5_p(3) ' 
00 ""5" 11 5 00 5 -1-1 

( 2) 1 ( 3) 8 ( 3) 2 ( 3) 
p = -p +- p +- p 
-1-1 5 00 15 -1-1 3 -2-2' 

( 2) - .!.... ( 3) + _!_p< 3) + p ( 3) ' 
p-2-2- 15 p-1-1 3 -2-2 -3-3 

rp;e 

m sx 
( 3) e X 

m = 0, ±1,±2, ±3. sh(-), Pmm = 
7 6 

s1( 6 x) 

12 

(13) 

(14) 

(15) 



Ecmi J "' 2 , J ' = 1 , 

W(O) = _1_ !J.(p( 1
)+ p(

1
) )(1 + cos

2
8) + /

0

1

0
) sin

2
e!, (16) 

8rr 2 11 -1-1 

1 2 1 e' 1J .~ _ p< 2) + __ P < 2) + _ P < 2) 
<lL) 2 11 3 00 2 -1,-1 ' 

rne 

( 2) 
pmm 

m 
2x 

e x 
= --- sh(-) 

5 4 ' 
sh( -- x) 

4 

m=O,±l, 

( 17) 

f1p11 J = 1, J' 2 yrJJOB08 pacnp811,€JI€HI18 )'·KBaHTOB Onlll'h'hat'Jnl 

tiJopMyJJOH ( 13) CO 3Ha48HI1HMI1 

( 2) 3 ( 1) 
p 22= 5 p 11' 

2 (1) 

t- 5 Poo ' 

( 2) 3 ( 1) 3 ( 1 ) 

p-1-1 = 10p-1-1 + 10p00 ' 

( 2) 3 ( 1) 

p-2-2 = 5 p-1-1' 

rAe 

emx x 
(1) = ---. sh(- ). 

Pmm 3 2 
sh( 2 x) 

(20) 
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6. riPHMEPHbiA: PAC4ET LIJUI KACKALIHOfO nEPEXOLIA 
22Na(3+)-+ 2~e(2+) -+ 2~e(O+) 

Pali;HOaKTHBHoe H,ll;po 2~a HMeeT nepuo)J; nonypacna,ll;a 2,6 ro,ll;a, 
cnHH-IJ€THOCTb 3+ H MarHHTHbiH MbM€HT B H,ll;€pHbiX MarHeTOHaX 
JL = +1,''5 1121 B pe3yJihTaTe raMoa-TennepoacKoro ,8+-nepexo,!J;a 
c MaKCJIMaJihHOH 3Heprueu no3HTpoHoB 550 K3B (HJIH K-3axaaTa) o6-
pa3yeTcH npoM€:>KyTOIJHO€ H,ll;pO 2~e CO CnHHOM J '= 2. Ero nepHO,ll; 
nonypa ~na,ll;a COCTaBJIHeT 3, 7 ·10- 12 C, T .e. Bp€MH JKH3HH OIJ€Hh MaJIO 
no cpanHeHHIO c xapaKTepHbiM nepHO,li;OM ,ll;JIH caepxroHKoro paci.Qe
nneHHH aTOMHbiX ypOBH€H. Jl,ll;pO 2 ~e(2+) H3JiyiJaeT y -KBaHTbi 
c 3Heprueu 1280 K3B H nepexo,li;HT B cra6HJihHbiH H30Ton 22Ne c Hyne
BbiM c lHHoM 1 121 . CxeMa nepexo,ll;oB npe,ll;cTaBJieHa Ha pucyHKe. 

B paccMaTpnaaeMoH cn
Tyauuu yrnoaoe pacnpe,ll;ene
Hue y -KBaHTOB C 3HeprHeH 
1280 K: 1B OTHOCHTeJibHO Ha-

1!Na 
Jt. EC 

npaBJI€11HH MarHHTHOrO nOJIH 
MO)f(€T 6biTh BbiiJHCJI€HO no 
4>oPMYJiaM (13) 7 (15) H€3a
BHCHMO OT TOrO, KaKOMy Ka
HaJIY C OOTB€TCTByeT nepeXO,ll; 
2 ~a(3~ )-+22 Ne (2+) ... 2~e (o+), 
,8+-pacnil,D,y Ha n03HTpOH H HeH-

3 7 
t" 1,Zft58 £00(.%,EC 9,5% I 

. ps ' 

rf 
21 
1oNe 

TpHHO HJIH K-3axaaTy. Opu 3TOM, B cooTB€TCTBHH c (2), 

Ho 
X= 0,6•lT' (21) 

r,ll;€ Har pH)f(€HHOCTh MarHHTHOrO nOJIH 3a,ll;aeTCH B TecJiax, cnHHOBaH 
TeMnepaTypa B MHJIJIHKeJihBHHax. OpocThie Bhi'IHCJieHHH ,ll;aiOT 

W(x, e: = 
4
! [r

1
(x) -fix)cos

4
(}- r3(x)cos 2e], 

r)J;e 

5 r (x) = 2 
1 

5 r (x) = ·2 2 

14 

sh( ~) 
---[chx + 

7 
sh( 6 x) 

2 3 X 1 
ch (- x) + - ch (-) + -- 1 

3 5 3 5 ' 

sh ( ~) 1 h ( ~) _ 2_ ch ( ~ x) + 1], ---[chx + 3c 3 3 3 
sh( 2._ x) 

6 

(22) 

(23) 

(24) 



X 
5 sh( 6) 2 4 x 6 

f (X)=----- (2ch(-X)- -ch(-)- -] 
3 2 7 3 53 5' 

sh( 6 x) 

(25) 

Ecm1 x << 1 ( CJia6oe MarHHTHoe none, BhiCOKaH cnHHOBaH TeMnepa
Typa), TO f 1( X) "' 1, f 2 (X) = ! 3 ( X) = 0 H yrnoaoe pacnpe,J,eJieHHe 
y-KBaHTOB, KaK H CJienOBaJIO O)fGfnaTh, H30TponHO. flpH X >> 1HMeeT 
Mecro pe3KaH aHH30Tponmi: 

W 5 4 c e) = - < 1 - cos e). 
1617 

(26) 

flonqepKHeM, 'ITO yrJIOBOe pacnpeneneHHe (22) C K03<f>!f>HUl1eHTaMH, 
onpeneneHHhiMH cornacHo (23)- (25), aBTOMaTH'IeCKH ynoaneraopHeT 
YCJlOBHlO HOpMHpOBKH 

1 
417 f W( x, O)d( cosO) = 1. (27) 

0 

PaccMOTpHM aemt'IHHY 

JlerKO BHneTb, 'ITO 

sh(-.!.) 
6 

5 [ ~ ch ( ~ x) + ~ ch ( ~) + ...! }. --7- 3 3 15 3 5 
sh( 6 x) 

(28) 

CornacHo (22) HMeeM W(x, 17/2)/W(x=O)=f
1
(x). OTioUieHHe 

HHTeHCHBHOCTeH H3Jiy'leHHH non yrJIOM 0 = 0 H 0 = 11/2 nt=HHHMaeT 
BHn 

W(x, 0) 

W(x, ..!!... ) 
2 

10 . ch ( __g_ x) + 8 ch ( .!... ) + 3 
2 3 3 

3 2 X 
5 ch x + 5 ch ( 3 x) + 3 ch ( 3 ) + 1 

. (29) 

<l>yHKUHH f 1(x), f 2(x), f 3{x) H f 4 (x) npoTa6ym:poBaHbl. 
B. npuaeneHHOH Ta6JlHUe BeJIH'IHHa XN a onpeneneHa B COOTBeTCTBHH 
c <f>opMynoii (21); a nocnenHHX nayx cTon6uax naHhi nonfpH3aQHH 
npOTOHOB H neiiTpOHOB npH TeX )l(e 3Ha'leHHHX CnHHOBOH reMnepa
Typbl H MarHHTHOrO nonH, Bbi'IHCJieHHbie no <f>opMyJie (3) C Xp = 
= llpxNillNa, xo =p.DxNa/P-Na . llpH H = 27 Krc, T= 1,3 MK 
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Ta61!UI.Ja 

--
x(2Natl f 

1
(x)-1 fix) r3(x) f 

4 
(x) pp PD 

1,81· 10-3 5,85·10-8 3,57· 10- 12 4,72·10-7 1,000 2,9 ·10-3 4,27 ·10 - 4 

6,28 ·10- 2 1,88·10-4 1,26·10-7 5,64· 10"""' 4 0,9996 0,1 2,05· 10-2 

0,127 7,66·10-4 2,09·10-6 2,29 ·10-3 0,9985 0,2 4,14 ·10-2 

0,194 1,78·10-3 1,13 ·10-5 5,33 ·10-3 0,9964 0,3 6,32 ·10-2 

0,265 3,32·10-3 3,96 ·10-5 9,94 ·10- 3 0,993 0,4 8,64 ·10- 2 

0,344 5,54·10-3 1,11·10-4 1,65·10-2 0,989 0,5 0,112 
0,434 8,74 ·10- 3 2,78· 10-4 2,60·10- 2 0,982 0,6 0,141 
0,543 1,35·10-2 6,70·10-4 4,00 ·10-20,972 0,7 0,175 
0,688 2,11·10-2 1,67 ·10-3 6,22·10- 2 0,957 0,8 0,221 
0,922 3,59·10-2 5,08· 10-3 0,105 0,926 0,9 c ,291 • 
1,15 5,24·10- 2 1,13 ·10-2 0,150 0,891 0,95 0,356 
1,31 6,50·10- 2 1,81·10-2 0,184 0,862 0,97 0,401 
1,66 9,25 ·10-2 4,04·10- 2 0,253 0,799 0,99 0,489 
1,88 0,109 5,99·10- 2 0,292 0,757 0,995 0,540 
2,38 0,144 0,121 0,360 0,663 0,9990 0,641 

(X = 1,( 3) HOpMHpOBaJIHOe yrJIOBOe pacnpe,!l;eJieHHe y -KBaHTOB HMeeT 
BH,!l; 

5 . 2 4 w = - : o.4~- 0,0705. cos e - o,Ol25. cos e 1. 
877 

(30\ 

B 3THX )l(e ycnoauax H3 (28) cne,!l;yeT C4 (1,33) ""0,86, T.e. 3<f><f>eKT 
COCTaBJifleT npHMepHO 14%. 

B ~ aKJIIOtJ:eHHe aaTOpbi Bbipa)l(aiOT 6naro,!l;apHOCTb A.II.lJennaKoay 
3a llOMOUJ;b B COCTaBJieHHH Ta6JIHU:bl. 
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KpaTKue cco6U4eHU.Ii OHRH N"J (29]-88 JINR Rapid Com,.unications No.3 [29]-88 
YAK 639.1 !.01 

GAUGE DEPENDENCE OF ULTRAVIOLET BEHAVIOUR OF QCD 

D.V.Shirkov, O.V.Tarasov 

As is well known, the two-loop contribution to the beta-function of 
the :)CD running coupling as can depend on the gauge parameter a. In 
this paper the results of renormalization-group (RG) analysis of several 
MOH schemes with this dependence are presented. It is shown that for 
som<! cases gauge dependence can essentially influence the ultraviolet 
beh::viour of as and, particularly, destroy the asymptotic freedom 
prorerty. Possible "physical" implications of these phenomena are 
discussed. 

The investigation has been performed at the Laboratory of Theo
retic il Physics, JINR. 

Ka.TIH6pOBOIJHaH 3aBHCHMOCTh yn&rpa<f>Honerosoro 
nos ~AeHHH s KX.ll 

1l.B.liHpK08, O.B.Tapaco8 

{aK H38eCTHO, A8yxneme80H KOJ$$HUHeHT 6era-$yHKUHH JQr 
$eK· "H8Horo 33pHA3 KXll as MOlKer COAeplK3Tb J38HCHMOCTb OT 
K3JJI' 6po80'IHoro napaMerpa. B pa6ore 8&InOJIHeH peHopMrpynno8oif 
3H3JJ n HeCKOJI&KHX MOM-cxeM, 8 Korop&IX raKaJI 338HCHMOCT& HMeer 
MeCTO. IJOK333HO, 'ITO 8 pHAe C1Iy'!3eB K3JJH6p080'1H3JI 33BHCHMOCTb 
CYIU! CT8eHHO BJJH.ReT Ha yn&rpa$HoJieTOBOe fiOBeAeHHe asH, 8 'laCTHo
CTH, MOlKeT npHBOAHTh K HapyweHHIO aCHMfiTOTH'IeCKOH C8060A&I. 
06C} )I(AeH&I B03MOlKHble CJieACTBHH JTOrO $eHOMeHa }l1IH $H3H'IeCKHX 
8e1IH IHH. 

l'a6ora 8&monHeHa B fla6oparopHH reopeTH'IeCKOH $HJHKH OHHH. 

l. INTROD KTION 

Exp•!riments that will be accessible in the near future can provide 
a possibil ty of more accurate comparison of QCD predictions. We have 
in mind the check of multi-loop contributions as well as effects of 
heavy qu ll'k masses. This especially concerns the 2-loop corrections. 

The results of 2-loop calculations depend on the renormalisation 
scheme ru well as on the choice of gauge. The scheme and gauge depen
dence of !~-loop QCD approximation has been considered in papers 11 - 5 ~ 
It was found Ill that in MOM schemes 2-loop contribution to the 
beta-funcLion of the QCD effective coupling as (as being equal to 
g 2

/ 477) does depend on the gauge parameter a. Due to this, the ultra-
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violet asymptotic (UV A) behaviour of as must be defined by ;he RG 
analysis of the system of two differential equations 

-dad ~f) = ,q(-a, -a), da(f) _ (- _) 1-' ---=ab a, a, 
df 

(1) 

with boundary conditions: -;(0) =a, a(O) = a (where the subsc:·ipt "s" 
in as is omitted). Here it is essential that the group generator (3 depends 
on the running gauge parameter a. 

In this paper we present the results of detailed analysis of the 
system (1) taken in 2-loop approximation for five different MO VI sche
mes which are more often used in calculation of observed pncesses. 
It is shown that the UVA behaviour can essentially depend on the 
gauge parameter initial value a(O) = a. In three of our schemes f,>r nega
tive a ,the ii UV A is governed by a fixed point in the phase plar e (a,-;;), 
see fig. 1. The coordinates of this point depend upon a renormali zation 
scheme and flavour number f- see the Table. In all five schemes in some 
part of the phase plane for a > a* (a) > 0 solutions for ;; (f) exist only 
in the finite interval of logarithmic argument f < P * as at f = P * ~he run
ning a has a pole (the trouble of "zero-change" type). For the cases 
when the asymptotic freedom (AF) for a takes place we give relation 
between the scale parameter A for minimal subtraction scheme and 
its value for momentum subtraction schemes. This relation differs 
from the analogous one presented in paper 121. 

2. FORMALISM 

We limit ourselves to the case when the gauge is fixed in a c )Variant 
way by the term = - ( a

11
1f ) 2 /2 a in the Lagrangian. Hence a = 0 cor

responds to transverse· (Landau) gauge and a= 1 to the :iiagonal 
(Feynman) one. Here, the RG solutions for Green functi,ms and 
matrix elements can be expressed though the effective (i.e. mnning) 
coupling a and gauge a, which can be found from system (1). 

The generators f3 and b in perturbation theory can be ~:pressed 
in the form 

2 3 
{3(a, a)~ -{3 -~- {3 (a)-a-_ 

I 4TT 2 (411)2 
• 0.' 

h(a, a) 
a 2 

b (a)_£_+ b (a)(--) + 
I 4TT 2 417 

(2) 
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To find 2-lo~ terms for MOM schemes it is possible to start with 
{3 2 and b2 1 or MS and make recalculation using relatio~~ between 
renonnalized :z , a in a given MOM scheme and those in MS scheme 

2 a= a __ + Q(a_) a_/4rr + ... ' 
MS MS MS (3) 

a= a_ (1 + K(a-) a-14rr + ... ) . 
M'S MS MS 

MS MS . 
Then, wantecl {3 2 and b2 are expressed through {3 2 and o2 w1th 
the help of<;;~ and K which can be found from 1-loop calculations. The 
correspondint: relations are 

{3 
_ MS 2 

1
-{3 =11--f 

1 3 ' 
b = bMS(a) = 13 - 3a _ i_ C 

1 1 2 3 ' 

M" 
{32 (a) = {3 ''_ b (a) aQ(a) 2 1 a--

aa ' 
(4) 

Ms aK(a) ab (a) 
b

2
(a)=b (a)+b(a)[-Q(a)+a--]-K(a)[{3+a 1 ]. 

2 1 aa 1 aa 

Her/51 

f3MS= 102- ~ ( 
2 3 ' 

bMS(a) =·~:1- 99a- 18a
2 

_ ~ C, 
2 0 6 

(5) 

97 3 3 2 10 
K =-----a- -a +-f. 

12 2 4 9 

In contradistinction to K that is universal, as it is related only to 1-loop 
gluon propafcltor renonnalization, the coefficient Q depends on the 
choice of a p nticular MOM scheme /2,4,6/ 

l69 9 a 3a 
2 

10 2 2 I) Q = -- +- +--- r for a = r _ (-p. , -p. , 0) 
12 2 4 9 !A'T/rt 

223 3a
2 

10 
II) Q = -- + 3a + -- - - f 

12 4 9 
for a = r - (0' - p. ~ - p. 2 ) 

!A'T/1/ 

2 
III) Q = _ 205 + ~a + ~ a2 + R 5-8 a- a _ _!Q_ C ·(6) 

12 2 4 8 9 ' 

for a r _ <- ,2 2 2) 
A'T/1/ r ' - p. ' - p. 
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9 3a2 a3 23 27a 6a 2 12 8R 
(IV) Q = 22 + - a - -- + - + R - + - - r + 

4 2 4 12 9 

for a= ~A~J-p.2' -p.2, -p.2) 

41 23 35 + a 10 
Q =---a- R---- -f for a= r _ (- 11 2. -p.2, -p.2) 

2 6 9 9 ' 1Aqq 
(V) 

Here 
(6) 

1 
R = - I 2lnxdx 2 = 2.3439072 ... 

0 1 - X+ X 

and subscripts A, 1J, q for vertices r correspond to the gluon, Faddeev· 
Popov ghost and quark fields. 

3. RLSULTS 

We present a brief review of our numerical anaJysis demonstrating 
a wide scope of diverse type of UV A beha\'iour possible in diffoent 
MOM schemes. First, three of our scheme:;; obey the fixed point in the 
left quadrant, i.e. for some a =a"", a = aO< < 0, v.t,ere botl:l the gene· 
rators f3 and b are equal to zero. The coordinates a"' and a"' in thebe 
schemes for several values of flavour number are given in the Table. 

Tohl( 

Scheme f aoc: a, 

3 1.36760 -4 7632 
4 1.35767 -4.68% 
5 1.33731 -4.5961 
6 1.30338 -4.4983 

II 3 0.51311 -5.0798 
4 0.51997 -4.9866 
5 0.52567 -4.8856 
6 0.52956 -4.7754 

III 3 0.26327 -7.2283 
4 0.27860 -7.0077 
5 0.29556 -ii.7757 
6 0.31413 -{).5296 
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The behaviour of integral curves for the scheme III are qualitatively 
shown in the .eft half of Fig.l. For scheme I the left singular point is 
a stable knot. In its vicinity a(f) =a.,.+ Aexp(-pf), p> 0. However, 
in the schemeE II and III this point turns out to be a focus around which 

a ( f) = a.,. + A exp (- p f ) . sin [ af + T ] • 

It must l'e noted that from the analysis of the behaviour of the 
curves afJ(a), ab(a) definedbytherelations f3(a 8 ,a)=O,b(ab, a)= 0 
and our estimate of the magnitude of 3-loop correction to f3 it is pos
sible to conclude that the effects of 3-loop contribution on the fixed 
point position (and, possibly, on existence) should be essential. 

All five tchemes have a stable singular point at a= a*= (39-4f)/9, 
to which ten•l solutions from a part of the right quadrant. Solutions 
from the othu part have a quite different UVA behaviour (ii -."",;; _, 0 
or, in scheme V, to finite value) of "ghost-trouble" type. The scheme 
IV has only tb.ese singularities. In the scheme V the type of the UVA 
behaviour of (i (f) is essentially dependent on quark number f as well 
as on quadra:1t of phase plane: at a< 0 there exists a singular point 
for f ~ 5 and · n a > 0 quadrant - second singular point for f 2. 4 values. 
At the same time for f = 3 there exists a region a> a 0 > 0 in which 
our system (1) obeys the solution only for finite values of logarithmic 
arguments f ' f* . At f = f* the effective coupling ;; (f) is finite but 
the effective gauge a has a pole singularity (of "zero of the charge" 
type). The b~haviour ef the phase curve for this case is qualitatively 
presented by 1;he dotted line in the upper right part of Fig.l. 
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In Fig.2 we show the a (f) dependence for several casEs with a ~ 0 
for scheme III. For all our calculations we started from t~e effective 
coupling boundary value ;i(O) =0.19. 

In Fig.3 we give the ;i ( f) dependnece for scheme V for several 
positive a values. 

~5 
0.25 

0.2 

f. 3 

Q10 

aos 

0 20 LO 60 80 

Fig.2 

100 120 1LO 1EO 
Q2 

f=In 2 
ll 

Q2 Ols 

0.10 

0.05 

~--------~----------~--------~---~ Q2 0 5 10 15 e = ln
p.2 

Fig.J 
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Note h•!re that for the cases when the AF property is not destroyed, 
there exists a simple relation between the scale parameters AMOM and 

AMS: 

AMOM(a) = \M
8
exp I Q( a)/2 f3 

1
1 (7) 

which was obtained in paper 121 where the gauge parameter a was 
considered LS a fixed one. With due account that it "runs" it is necessary 
to modify ~his relation by substituting instead of a its limiting UV A 
value 

AMOM(a) ~ AMoJa*) (8) 

as it follows from the integral curve behaviour presented in the right 
quadrant of Fig.l. Here, from a practical point of view the equation (7) 
can be considered as acceptable for a rather large interval of variable f. 
However, s·;rictly speaking A varies with a (i.e. with f ) and for the 
description of "real asymptotics", - e.g. in GUT region - it is neces
sary to use 1.he limiting values as expressed by equation (8). 

It is 'N'Orth mentioning that more accurate analysis needs the 
inclusion o [ heavy quark masses that can be performed on the basis 
of the cornsponding RG formalism 111 . It is essential that in this ge
neralization the gauge dependence can be important on the one-loop 
level. 

No~ added in ~roof: When our calculations have been completed 
we receivec paper 19 in which part of results for the case I are obtained. 
In this cor 1nection we must mention that qualitatively the effect of 
existing stable point and destroying the AF property in left quadrant 
for the scbemes I, II was discovered by V.V.Vladimirov and one of 
us (O.T.) in 1982. 

4. PHYSICAL DISCUSSION 

The Bsults obtained can be considered as paradoxical, as "QCD 
practitione ~s" usually treat the effective coupling a as an observable 
object: it is "measured" by experiment; the physical content of asym
ptotic free:lom phenomena is expressed with the help of a behaviour, 
the uv ex1 ;rapolation of a (as well as a 1 and a 2 of electroweak theory) 
forms the basis of numerical estimations in the GUT speculations (lep
toquark m; ISses and proton decay rate). 

Our analysis reveals that,from the principal point of view, the question 
of gauge d,~pendence merits as much attention as the problem of scheme 
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dependence. From general arguments it follows that the oh;erved quan
tities (transition matrix elements ) as a whole must be gauge indepen
dent. This property can be formulated for each given order of perturba
tion thery (as it is well known from the practice of QED calculatiom). 
However, theoretical results referred to the concrete renormalization 
scheme, include effects of the RG summation of infinite sequence~> 

of the leading and subleading logarithms in all orders of perturbation 
theory. Bisides, in the RG calculations we start vl'ith approximate ex
pression obtained by truncating the expansion in noncovaiant object. 
Due to this, the property of gauge invariance, like the s:heme inde
pendence, can be easily violated. Its restoration needs a special pro
cedure. 

From the practical point of view, it is ~>afely enough to Ul>e more 
popular values a~ 0 and a= 1 because, as follows from our ana!y~>i&, 
in the strip 0:;; a Sa* the effective coupling with sufficient 1:ccuracy can 
be considered as independent of a. Nevertheless, in som1~ situatiom, 
for example, in infrared QCD analysis (confinement probhm), it may 
happen to be more preferable to use gauge parameter valu ~ out of UH· 
safety region. Thus for the Arbuzov gauge (a ~ 7 3{81 

it is _nt:~ e.<>sary 
to be careful in conjunr,<.tion of. the results of infrared ana!)'1>if> with 
the UVA. 

The authors are grateful to V. V. Vladimirov for the h ~lp in calcu
lations, to Drs. A.A. Vladimirov, D.I.Kazakov and A.V.Racyushbn for 
the discussions of the results. We are also indebted to Prcf. R.Rl.lczka 
for stimulating conversation with one of us (D.Sh.) which 1:ave impetu~ 
for completing this investigation. 
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Kpancue cOOt5U4tHUJI OHRH N"J (29) -88 JINR Rapid Communications No.3 [29) -8 g 
YAK539.143 

0 PACXO,llHMOCTH 3HAqEHHA 3HEPrHA CBH3H .llEATPOHA, 
H3MEPEHHhiX C llOMOIUbiO llll,ll H K,llrc 

A.H.HsaHos*, U:.Bbmos, B.M.ropmKaHKHH, 
B.H.lloKpOBCKHH, H.<I>.Yt~esaTKHH* 

IlocK01ThKY JHeprerH'IeCKaR WKana rronyrrpoBo)J;HHKOBbiX crreK rpo
Merpou OCHOBbiBaeTCJI Ha KpHCTann·AH<f>paKUHOHHblX )J;aHHblX, 05Ha· 
p)')KeHHaJI He)J;aBHO 3aMeTHaR p33HHUa B JHalleHHJIX JHeprHH Cli.II3H 
p;eiirpoHa Sn( 2 H), H3MepeHHoii Ha IIII.U-. H KJlfC-crreKrpoMerpax,. 
MO)I(eT OK3331bCJI BeCbMa Ba)I(HOH. DbinH IIOBlopeHbl H3Mepc:HHJI 
y-nyqeii HJ peaKUHH 1H(n, y) H rrop;ruep)I()J;eHbi npe)I(HHe peJynb
rarbi, rronyqeHHbie c rroMOIUJ>IO IIII.U-crreKrpoMerpou. B ro )l(e B( eM.II 
HaWH )J;aHHble ITO y-nyqaM H3 peaKUHH 35cl (n, y ), KOTOpbH Ha· 
XO)J;JITC.II taK)I(e B o6nacrH 2 MJB, nonHocr&IO cornacyiOtC.II c AaHH •IMH 
KJlfC. H.raK, OtMelleHHOe BblWe paCXO)I()J;eHHe OCTaeTCJI B CHne H II}')K· 
p;aerc.ll B )J;a1IbHeiiweM Hccnep;oBaHHH. 

Pa6ora BbiiiOJIHeHa B J1a6oparopHH HAepHbiX npo6neM 0~ flH.. . -
About Discrepancy in Values of Deuteron Binding Energy 
Measured with Semiconductor Detectors and 
Crystal-Diffraction Gamma-Spectrometer 

A.l.lvanov et al. 

The recently discovered marked discrepancy in value of deuteron 
binding energy Sn(2 H), as measured with Ge(U) and CD spectnme
ters, may be of primary importance as the energetic scale of spectr<>me
ters, is based on crystal-diffraction spectrometer data. The measurement 
of y -ra~s in the 1 H(n, y) reaction was repeated and earlier results 
on Sn( H) with Ge(Li) spectrometers were confinned. At the ;arne 
time the Ge(Li) data on y -rays located in the same 2 MeV region "rom 
35 Cl(n, y) reaction obtained in this work are in complete agreement 
with CD data. So the above-mentioned discrepancy holds and reeds 
further investigations. 

The investigation has been performed at the Laboratory of Nu~lear 
Problems, JINR. 

BBEllEHHE 

B HacroHruee speMH wupoKo ucnonb3YIOTCH ABa Ha6c pa/ 1,21 
HOpManeH 3HeprHH ,!VIR rpa,u.yupoBKH cneKTpoMeTpoB C non:mpoBO)J;· 
HHKOBblMH )J;eTeKTOpaMH (llll,ll). 3TH Ha60pbl pacnpOCTI<aHHIOTCH 

*BHifHM UM. MeHoe.neeBa, HeHuHzpao 
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--
TI.O 3Hepnm 3500 K3B1 H TJ.,JIR HX noeTpoeHHR 6biJIH HenOJib30B8Hbl 3Ha
qeHHR 3HeprHH: rllMMa-nepexoTJ.OB HeeKOJibKHX paTI.HoHyKJIHTJ.OB, H3Me
peHHbie < fiOMO~biO KpHeTaJIJI-TI.HcPpa~HOHHOrO raMMa-cneKTpoMeYpa 
(K.[lrC) HeeMoTpR Ha HeKoTophie pa3JIHqHR a MeTOTJ.HKe noeTpoeHHR 
3THX HaO>poB B pa6oTax I 1•21 , Me)f(TJ.y fiOJiyqeHHbiMH TJ.aHHbiMH Ha6JIIO
TI.aeTeR xopowee eornaeHe (eM. pHe.3 a 111). 

C fi)MO~hiO MeTOTJ.OB npeQH3HOHHOH eneKTpOeKOfiHH (eM., Ha
npHMep/31 ) y.i:\aeTeR TI.OCTH~ eTaTHeTHqeeKOH TOqHOeTH onpeTI.eJieHHR 
3HeprHH ifeCJieTI.yeMbiX nepexOTI.OB nopRTI.Ka HecKOJihKHX 3B, 'ITO epaa-

• HHMO e IIOrpeWHOeTRMH, o6yCJIOBJieHHbiMH HeTOqHOCTRMH B 3HeprHH 
HOpManeJi. HanHqHe xopowo yeTaHOBJieHHOH 3HepreTHqeexo:H WKaJibi 
no3BOJIRt!T HCfiOJih30BaTh H3MepeHHR e ITII,lJ; TI.JIR onpeTJ.MeHHR TaKHx 
cPYHTJ.aMeHTaJihHbiX KOHeTaHT, KaK Maeea 3JieKTpOHa (eM. I 4l) HJIH 
pa3HOeTH Maee fiOKOR HeHTpOHa H aTOMa BOTI.OpOTJ.a. 

B noCJieTI.HeM cnyqae H3MepReTeR 3HeprnR noKoR raMMa-nyqe:H a 
pea~HH 3aXBaTa TennoBhiX He:HTpoHoB BoTI.opoTI.a 1 H (n;y) .CornaeHo 
HaH6onet TOqHbiM H3MepeHHRM, eTI.eJiaHHbiM Ha ITII,lJ;-eneKTpoMeTpax, 
3HeprHR •:BR3H TI.eHTpoHa Sn( 2H) eoeTaanReT (a 3B) 

222·t 567 (12) 15•81 -
222•l 564 (17)161 
222•l 575 (9) 171 

222•l 563 (10)181 
222•l 574 (9) 191 

1978 r. 
1980 r. 
1982 r. 
1982 r. 
1983 r. 

Bee H3Mt'PeHHR BbinOJIHeHbi a wxane, onpeTI.enReMoH rnaaHoH: enex
Tpoexom qeeKOH HOpMaJihiO I 101 

E (y411,8 
198

Hg) = 411,8044 (11). (1) 

3HaqeHHR B eK06KaX - eTaHTI.apTHbie OTKJIOHeHHR e yqeTOM eHCTe
MaTHqeei<OH norpeWHOeTH B WKaJie 3HeprHH (1), KOTOpaR B o6Jia
eTH 2 M3H eOcTaBJIReT OKOJIO 6 3B (2,63 ppm). 

KaK BHTI.HO, npHBeTI.eHHbie TI.aHHble o6 Sn(2 H) TJ.a:>Ke 3a BbNeToM 
eHeTeMaTJtqeexo:H norpewHoeTH He npoTHBopeqaT TI.pyr TI.pyry. OTI.Hai<o 
HeTI.aBHO :IORBHJiaeb pa6oTa I lll , B KOTOpoH aeJIHqHHa 8n(2 H) H3Me
peHa Ha J< .[lrC e 60JihWOH TOqHOeThiO H npHBeTJ.eHO 3HaqeHHe 

Sn(2H) = 2 224 589,0 (2,2) 3B, (2) 

KoTopoe 3aMeTHO npeabrwaeT pe3yJihTaTbi, nonyqeHHbie e noMomhro 
ITII,lJ;. Kp·>Me Toro, Ha KWC H3MepeHhi y-nyqH OT pea~HH 35Cl(n, y), 
TaK:>Ke pa,:nono:>KeHHhie a o6naeTH 2 M3B. 

B 3T:>H eaR3H Mbi nonhiTaJIHeb 3aHOBO H3MepHTh .y-JiyqH a peax-
QHRX 1H(:1, y) H 35 Cl(n, y) e noMombro ITIT.[l e TeM, qTo6hi ycra-
HOBHTb B< 13MO:>KHbiH HeToqHHK paeXO)f(TJ.eHHH. 
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llOCfAHOBKA 3KCllEPHMEHTA H PE3YIIbTATbl 

CxeMa 3KcnepHMeHTa noKa3aHa Ha pHc.1. 11cTotmHK HeihpoHOB 

( 252Cf, 5·1d\ HeHTpOH/C) pacnoJiaraJICH B TOpiJ,e IJ,HJIHH,ll;pa HanOJIHeH

HOrO ABa)K,l(bi AHCTHJIJIHpOBaHHOH BOAOH, CJIY)f(HBIIIeH 3aiV e,ll;JIHTeJieM 

HeHTpOHOB. ,[leTeKTOp y-nyqeu (Ge 06'beMOM 100 cMJ H pa3peiiieHHeM 

2,1 K3B .Ha y-JIHHHH 1,3 M3B 60 Co) noMemancH BHYTPH (BHHIJ,oaoro 

KOJIJIHMaTopa H 3aliJ,HliJ,aJICH OT npHMOrO nona,ll;aHHH H3JIY 'leHHH 252Cf 

CBHHIJ,OBbiM <t>HJibTpOM TOJiliJ,HHOH 10 CM. 

4 

..___ 
:OcM 

Puc.!. FeoMerpWl 3KcnepUMeHTOB no mMepeHuJO 3Hepzuu · ,-Ay'leii 

npu 3axeare HeiirpoHOB lH u 35cl . Ge - y-iJereKrop: x, 1) - Ka· 

JIU6p060'1Hble y-UCTO'IHUKU; J - UCTO'IHUK Hell1pOH06, :!52 Cf; 
2 - 3aMeOJIUTe!lb HeUTpOH06, H2 0; 3 - o6pa3eij·MUUleHb; 4 - KO/l· 

!IUMaTOp, Pb. 

B Ka'leCTBe MHIIIeHeH HCllOJib30BaJIHCb IJ,HJIHH,ll;pHtie ~KHH 6JIOK 

napa<t>HHa, JIH6o rpaHynHpOBaHHhiH NaCl npHpo,ll;Horo II30TonHoro 

COCTaBa ( 35Cl - 75,5%), noMeliJ,aBIIIHHCH B TOHKOCTeHHblH llOJIH3TlJ· 

JieHOBblH IJ,HJIHH,ll;p ,ll;HaMeTpOM 60 MM H TOJiliJ,HHOH 30 MM. riocKOJibKY 

AJIH npeiJ,H3HOHHOrO onpe,ll;eJieHHH 3HeprHH cyliJ,eCTBeHHO,llTC>6hl reoMeT· 

pH'IecKHe YCJIOBHH HCCJie,!J;yeMOrO H3Jiy'leHHH H KaJIH6pOBOI!HbiX HCTO'I· 

HHKOB 6bmH 6JIH3KH, noCJie,ll;HHe paBHOMepHO pacnpe,ll;C!JIHJIHCb no 

TOpiJ,aM MHIIIeHH. 

J1CnOJib30BaHHbiH B 3KCnepHMeHTe cneKTpOMeTpH'Iec:KHH: TpaKT 

BKJIJO'Ian a ce6H ycHJIHTeJIL ORTEC-572, 13-pa3pHAHLIH MUI C-400 

<t>HpMLI "Schlumberger" H aHaJIH3aTop a cTaHAapTe KAMAK 1121 . 
HenHHeHHocn cneKTpoMeTpa HcCJieAOBaHa c noMOliJ,bJO Hafiopa paAHo

HYKJIHAOB 08 Co, 6° Co, 65 Zn, 88 Y, 144 Ce H 
48 V cornacHo npoue,!J;ype, 

OllHCaHHOH a/3/. 
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Puc.2. Y'laCTOK annaparypHozo cneK7pa, no11y'leHHOZO npu 3axeaTe 

TeMOtlblX Heil7pOH08 1H ( TH 3 M. = 8 11). 

200 

,lVI.R l H ( n , y ) -peaKQHH 6b17IO npoaeAeHO 8 H3MepeHHH cneKTpa 
y -nyqen c penepaMH 144 Ce H 48 V. TunHtfHbiH annapaTypHbiH cneKTp 
noKa3alf H 1 puc.2. R pe3yJihTaTe o6pa6oTKH nonytfeHo 3HatfeHHe ( c yqe
TOM 3HeprJIH OTAatfH .RApa) 

Sn(2H) = ~ 224 564(10) 3B. (3) 

3TO 3HatfEHHe cornacyeTC.fl C npeAWeCTBYIOmHMH H3MepeHH.fiMH Ha 
lliJ.n H no-npe)IC}{eMy He comacyeTC.fl C BeJIHtfHHOH (2), H3MepeHHOH 
Ha K.Urc. 

3aMe"HM, 'ITO B HCCJieAyeMOM UHKe (2224 K3B) COAep)KHTC.fl 
He3HatlHTeHbHa.fl AOJI.fl (OKOJIO 5%), o6yCJIOBJieHHa.R H3JIYtfeHHeM, 
B03HHKaJOIQHM a 3aMeMHTene H AOCTHraJOmuM AeTeKTopa. HcKa)Ke
HH.fl, BHOCJ!Mbie 3THM <i>aKTOpOM, CJia6o CKa3biBRIOTC.fl Ha onpeAeJieHHH 
3HeprHH B CHJIY MaJIOH HHTeHCHBHOCTH yKR3aHHOH KOMUOHeHTbi. Kpo
Me Taro, <•QeHKa 3HatfeHH.fl 3TOH KOMUOHeHTbi npHBOAHT K BeJIHtfHHe, 
npeBbiWaKmen (3) npHMepHO Ha 20 3B, XOT.fl TOtfHOCTb onpeAeJieHH.fl 
3Aecb HeBeJIHKa H3·3a MaJIOH CTaTHCTHKH. TaKHM o6pa30M, 3TR KOMUO· 
HeHTa CAB•IraJia 6bi nOnytfeHHOe 3HatfeHHe B CTOpoHy 60JibWHX 3HeprlfH, 
T.e. K nyqmeMy comacHIO c (2). 

,lVI.R peaKQHH 36 Cl(n, y) npoaeAeHO 10 H3MepeHHH c BHyYpeHHH
MH penepaMH 88 Y u 14"ce. THnHtfHbiH yqacToK annapaTypHoro cneK-
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Puc.3. Y11acroK annaparypHozo cneKrpa, no.tJy'leHHozo npu 3axane 

Te11JJ06b!X HeUTPOH06 35Cl ( T143 M. = 8 11). 

~a6nul#a 

Pa6oTa1131 Pa6oTa 1141 HacT. pa6om 
E, 3B ~E,3B E, 3B ~E,3B E,3B ~E,3B 

786 302,07 0,39 786 303 2 786 303 5 
788 428,15 0,44 788 433 3 788 433 3 

1164 865,46 0,15 1164 870 3 1164 865 4 
1951140,46 1,37 1951146 3 1951144 6 
1959 356,16 8,45 1959 355 3 1959 352 7 

Tpa npHBe.o;eH Ha pHc.3. Pe3yJILTaTbi HaiiiHX H3MepeHHli, a TaK)ICe/13,14/ 
npHBe.o;eHbi B Ta6nHue. OTMeTHM, 'ITO see .o;aHHbie He nonpasneHbi 
Ha 3HeprHIO OT,D;a'IH H,D;pa, a npHBe,o;eHHbie OIIIH6KH He BI<JliO'IaiOT 
norpeiiiHOCTeH y 411,8 K3B. KaK BH.o;HO H3 Ta6JIHUbi, HaiiiH Pe3YJib
TaTbi B npenenax norpeiiiHOCTeH cornacyroTcH c HaH6onee 1 O'IHbiMH 
H3MepeHHHMH 1 131 . 0TMeTHM TaK:>Ke, 'ITO c YlleTOM 3HeprHii OT,IJ;a'IH 
H.o;pa cyMMa 3HeprHH KacKa..o;HbiX nepexonoa 786 K3B ("' 9 3B) 
H 1164 K3B (- 20 3B) cosna.n;aeT c 3HeprHeii Kpoccoaep-nepexo.na 
1951 K3B (-57 3B) B npe,o;enax norpeiiiHOCTeH H3MepeHHH. 
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---
HEI COTOPbiE Bb!BOL{bl 

Ta K:HM o6paaoM, proynLTaTbi H3Mepaurii y-nyqeif H3 peaKQHH 
35 Cl(n, Y) ua llll.Zl H K,UrC xopowo cornacywTca Me:JK,U.y co6ou, 
B TO B{,eMH KaK ,ll;aHHbie DO :meprHH CBH3H ,n;eHTpOHa 3aMeTHO pacxo
,li;HTCH. ]OCKOJibKY 3HeprHH H3MepaeMbiX y-Jiyqeif ,li;OBOJibHO 6JIH3KH 
,n;pyr K ,n;pyry '· HeBOJibHO B03HHKaeT BODpoC 0 B03MO)KHOH CHCTeMa
THqecKCH norpeUIHOCTH B pa6oTe/11/, DOCBHLQeHHOH H3MepeHHIO 
Sn (2 H) c noMoLQblO K,Urc. 

Aarophi Bbipa)f(aJOT 6naro.n;apuocTh A.<I>.Hoaropo.n;oay 3a noMOLQb 
B DpHrC,TOBJieHHH pa,n;HOaKTHBHhiX HCTOqHHKOB, a TaK)f(e Dpo<jleccopy 
K.H.rpoMOBy 3a DOCTOHHHbiH HHTepec K ,ll;aHHOH pa6oTe. 
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HCCJIE)lOBAHHE XAP AKTEPHCTHK 
KHHEMATHqECKOrO CEIIAPATOP A BACHJIHCA 

A.H.AHApeea, )l.)l.EorAaHOB, B.A.ropUIKOB, A.B.EpeMHH, 
A.ll.Ka6aqenKO, O.A.Opnoaa, r.M.Tep-AKOilb.RH, B.H.qeDHI'Hll 

J1ccneAOBaHbi OCHOBHbie rrapaMeJpbi JneKJpocJaJH'IeCKoro ce rrapa
Jopa rrpOAYKJOB peaKD.HH rromwro cm!JIHHJI BACIDIJ1CA. llon {'leHa 
J4>4>eKJHBHOCJb cerrapaiJ.HH .IIAep OJIJ,a'IH )J.JIJI peaKIJ.HH c HOHaMH Ne, P 
H Ar 4%, 14% H 20% COOJBeJCJBeHHO. KoJ4>WHIJ.HeHJbi O'IHCJI:H OJ 
pacce.RHHbiX HOHOB Ar, pH Ne COCJaBn.RIOJ 101 , 1011 H 1Q12. }~OJ~ 
4>HIJ.HeHJ O'IHCJKH OJ rrepBH'IHOfO rryqKa COCJaBn.ReJ 10 15-;.-10 17 . 
C uenb!O OIIpe)J,eneHHJI B03MO)l(HOCJH CHHJe3a HOBbiX :meMeHJO J Bbl· 
IIOnHeHbl rrpe)J,BapHJenbHble JKCIIepHMeHJbl. 

Pa6oJa BbiiiOnHeHa B Jla6opaiOpHH .RAepHbiX peaKD.HH 0 J1HJ1. 

Investigation of V ASSILISSA 
Kinematic Separator Characteristics 

Andreev A.N. et al. 

The main parameters of the electrostatic separator for corr plete· 
fusion reaction products V ASSILISSA were investigated. An efficiency 
of 4%, 14% and 20% was obtained for reactions with Ne, PandA· ions, 
respectively. The separation factors for scattered Ar, P and Ne ions were 
obtained to be equal to 10 10 , 1011 and 10 12. The separation factor 
for primary beam ions is equal to 10 15 -+ I 0 17 . Previous experiments 
are carried out in order to determine a possibility of the experiments 
to synthesize new elements. 

The investigation has been performed at the Laboratory of 1\uclear 
Reactions, JINR. 

1. BBEllEHHE 

,[ln.R CHHTe3a H H3yqeHH.R CBOHCTB HOBhiX H30TODOB rpancQ:>ep
MHeBbiX :meMeHTOB, yAaneHHhiX OT nHHHH f3 -cTa6unbHOCTH, l' ccneAOBa
HH.R MeXaHH3MOB B3aHMOAeHCTBH.R Cno:>KHhiX .R,ll;ep HAp. B :mcne)l;Hee 
apeM.R ace UIHpe npHMeH.RJOTC.R KHHeMaTwieCKHe cenapaTc phi. K Hx 
'IHcny OTHOC.RTC.R 3KCDepHMeHTMbHbie YCTaHOBKH, B KOTOpbiX pa3ll€· 
neHHe B npOCTpaHCTBe TpaeKTOpHH ABH)I(€HH.R. HCKOMbiX fiYKnHAOB 
H Q:>oHOBbiX DpOAYKTOB DpOHCXO)l;HT DOA BnH.RHHeM 3neK'"puqecKHX 
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--
H Mai'HHTFbiX noneu. Cpe,n;H ycTpOHCTB OTMeTHM <f>HJibTP CKOpOCTeH 

SHIP
11•21, KOTOpbiH o6ecne•maaeT ,n;ocTaTOliHO BbiCOKylO 3<f><f>eKTHB

HOCTb periiCTPilUHH npo,n;yKTOB pea.KQHH Ha nyqKax TH:>KeJibiX HOHOB 

( 5 7 20%) , ManOe BpeMH rpaHcnopTa npo,n;yKTOB pea.KQHH OT MHllle-
-6 

HH K ,n;eTE KTOpaM ( 10 C) , OtiHCTKY OT pacceHHHbiX HOHOB DyqKa 

H <f>OHOBb X IIpO,!J;yKTOB, npHeMneMylO ,!J;nR nOCTaHOBKH 3KCnepH

MeHTOB. 

B Jla5opaTopHH H.n;epHbiX peaKUHH 6Lma nocTaBneHa 3a,n;aqa 

C03,ll;aHHR K:HHeMaTHtleCKOrO cenapaTOpa Ha nyqKe TH:>KeJibiX HOHOB 

C MaCCOH J., > 20131. J.f3 pa6on/ 41 , B KOTOpOH onHCaHbi 3KCnepHMeH

Tbi no CHHTe3y 110 3)1eMeHTa, BH,!J;HO, liTO cenapaTop, npe,n;Ha3HatleH

HbiH ,!J;nR Cl!HTe3a HOBbiX HYKnH.n;OB, ,!J;O)l:>KeH 6hiTb paCCliHTaH Ha perHCT

PilUHIO npo~yKTOB, KOTOpbie o6oa3VJOTCH B peaKQHRX c nonepet~HbiM 
cet~eHHeM CIIHRHHH OKono 10-35 

cM 2 • B ycTaHOBKe BACI1JII1CA cena

pauHR npOHYKTOB peaKUHH nonHoro C)lHRHHR (H,n;ep OT,!J;aliH) OT DytiKa 
H npo,n;yKTOB peaKUHH nepe,n;aq H ,n;eneHHR npOH3BO,!J;HTCH axpoMaTH

qeCKOH CHHMerpHliHOH CHCTeMOH H3 rpex 3neKTpOCTaTHtleCKHX ,!J;Hno

neu, HMeromHx rrnocKonapannenLHLie rrnacrnHLI. TpHnneT KBa,n;py

nonLHhiX n 1H3, pacnono:>KeHHbiH nepe,n; 3TOH cHcTeMou, co6HpaeT H,n;pa 

OT,!J;al!H, BbTieTeBWHe H3 MHllleHH B HanpaBneHHH nyqKa B npe,n;eJiaX 

TenecHoro yrna 1,2 ·10- 2 cp. C<t>oKycHpoeaHHLie KOMnaYH.n;-H,n;pa 

npaKrnt~eci:H 6e3 noTepb npoxo.wn qepe3 anepTypy 3JieKTpocTaTH

qecKHX ,n;H 10nen. BTopou TpHrrneT KBa,n;pynoJILHhiX JIHH3, pacnono

:>KeHHhiH nocJie CHCTeMbl ,!J;HnOJieH, CJIY:>KHT ,!J;nR <l>oKyCHpOBKH nyt~Ka 

H,n;ep OT,n;aq i Ha CHCTeMy perHCTpllUHH. 

B yc .. aHoBKe HCnOJih3yeTcH apaiUaJOIUaRCH MHrneHL, llacToTa 

H <f>a3a Bp.llUeHHR KOTOpOH CHHXpOHH3HpylOTCH C tlaCTOTOH H <f>a30H 

nyqKa ni:>Kt!nhiX HOH~B UHKnOTPOHa Y-400. 3To no3BoJIReT npoBO.n;HTb 

3KCnepHMelfThi, B KOTOpbiX MHllleHb 06JiyqaeTCH nyliKOM HOHOB apro

Ha C HHTeH:!HBHOCTblO ,!J;O 10 13 c- 1 B TetleHHe ,!J;nHTenbHOrO BpeMeHH. 

PerHCl pHpyJOIUaR CHCTeMa
1 51 ycTaHOBKH cocTOHT H3 ,n;ayx ( cTapT 

H CTOn) BpeMHIIpOJieTHhlX ,n;eTeKTOpOB H nonynpOBO,ll;HHKOBOrO no

BepXHOCTHC>-6apbepHOrO ,n;eTeKTOpa (flfl.ll), B KOTOpblH HMnnaHTHpy

lOTCH H,n;pa t)T,!J;al!H. 

3neKT JOHHaR CHCTeMa perHCTPaUHH HaKannHBaeT B DaMHTH 3BM 

,n;aHHLie o epeMeHH nponeTa H,n;ep oT.n;aliH, HX 3HeprHH, :meprHH a-pacna· 

,n;a H OCKOJ KOB ,!J;eJieHHR, BpeMeHH nocrynneHHR CHrHaJIOB C ,n;eTeKTO

poB, HHTepnanax BpeMeHH Me:>K,!J;y CHrHanaMH OT H.n;ep OT,!J;al!H H CHrHa

JIOB OT HX u-pacna,n;a HJIH CnOHTaHHOrO ,n;eJieHHR.I1MelOIUHOCH nporpaM· 

Mbl o6pa6o rKH 003B0)1HIOT <l>opMHpoBaTb cneKTpbl CKOpOCTeH H 3Hep

rHH H.n;ep o·r,n;aqH, a-cneKTpbi, .n;ByMepHbie cneKTpbi "apeMR nponeTa-

3HeprHH". :)rn nporpaMMbl no3BOJIHIOT TaK:>Ke HaxO,!J;HTb BpeMeHHble 

KoppenHuH:i H BhiRBJIHTb uenol!KH pacna,n;oa H,n;ep, onpe.n;eJIRH nepHO,ll;bi 

nonypacna,z:a npo.n;yKTOB peaKUHH, H H,n;eHTH<f>HUHpoaaTL HYKnH,!J;bi 

no reHeTHtiECKOH CBH3H B uenot~Kax a -pacna,n;oa. 
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2. 3~EKTHBHOCTb CEllAPAUHH 

llon 3<P<l>eKTHBHOCThlO cenapaQHH Mhl OOHHMaeM OTH<HIIeHHe 

'IHCJla Hnep OTnatm, DODaBIIIHX B <l>OKaJlbHYlO DJlOCKOCTb ycTafiOBKH, 

K DOJlHOMY qHcny Hnep OTnatm, o6pa30BaBlllHXCH B peaKQHH c: TH)Ke

JlhiMH HOHaMH H BbmeTeelllHX H3 MHllleHH. YcTaHOBKa BACHJIHCA 
cnoco6Ha oTcenapHpoBaTh Hnpa oTnaqH, ehmeTeBlllHe H3 MHlllei- H e Ha
npaeneHHH nyqKa non yrnoM He 60Jlbllle ±52 Mpa.o; H HMelOilllie pa3-

6poc DO 3HeprHH /lE/EH DO HOHHOMY 3apHny /lq/q He 60Jlbllle ± 10%. 

B 3aBHCHMOCTH OT MacChi 6oM6apnHpylOillero HOHa H THna p~aKQHH 
'IHCJlO Hnep OTnatm, HMelOIIIHX yrnOBbie, 3HepreT}iqeCKHe H IIOHHbie 

3apHnOBbie pacnpeneneHHH, OODa,D;aiOIIIHe B COOTBeTCTBYlOIIIHe .o;Hana-
30Hhl nponycKaHHH ycTaHOBKH, pa3Jl}iqHhL B HacToHmeu pa6oTe 

OpHBeneHbl naHHbie 06 3<P<t>eKTHBHOCTH cenapauHH nponyKTOB peaK

UHH THna (HI, xn) npH HCDOJlb30BaHHH 6oM6ap.o;HpylOIUHX HOHOB 
OT Ne no Ar H MHllleHen c A > 150. 

3KcnepHMeHTaJlbHO 3<l><l>eKTHBHOCTh cenapauHH onpenE,JlHJlaCb 

cnenyiOIIIHM o6p830M: B nepBOM ODbiTe a -aKTHBHhie Hnpa OTnaqH 

Bbi6HBaJIHCb a AI c6opHHK, pacnoJIO)KeHHbiH 3a MHllleHblO a He!1ocpen

cmeHHOH 6JIH30CTH OT Hee, 3aTeM c6opHHK nepe,o;eHraJICH 10: nnn, 
pacDOJlO)KeHHOMY B MHllleHHOH KaMepe, KOTOphiH perHCTplipOBaJl 

a-pacna,o; nponyKTOB HnepHbiX peaKQHH. Bo BTOpOM. OOLITe a ·aKTHB

Hbie Hnpa oTnaqH npoxonHJIH qepe3 cenapaTop Ha <t>oKanbHyu nnoc

KOCTh H B6HBaJIHCb B llll)l, HMelOIIIHH ,D;HaMeTp qyBCTBH1"eJlbHOH 

noeepXHOCTH 7 5 MM. B o6oHX cnyqaHx H3MepHnHcb a -cneKTpi>I H on

penenHJIHCb nepHO.o;bi nonypacna,o;a nponyKTOB peaKUHH. )lnH npHMepa 

Ha pHc.1 npHeeneH cneKTp cenapHpoBaHHhiX nponyKTOB peaKQHH 

212j:,. 

6,26 

l 

r 

214Ac 
7,U8 7,21 

l 

0300 Nl< 
Puc. I. CneK1fJ a -'lacruq, ucnycKaeMblX .RrJpaMu oivtz'lu, o6pf13ytoU4UMUc"R e peaK-
quu 22f.le + 197 Au. · 
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22 

Ne+ 
1

\1
7 Au, HMDJiaHTHpOBaHHhiX a Illl,[(. 3Q>Q>eKTHBHOCTh cenapa

QHH H,D;ep OT,IJ;a<IH DOJIYllaJiaCh H3 OTHOUleHHH a ·ClleTa H,D;ep, HMDJiaHTH· 

pOBaHHh[X B I1I1,[(, pacnOJIO)I(eHHOM B QlOKaJihHOH DJIOCKOCTH cenapaTO

pa K a-c•1eTY H.D;ep, a6HThiX a AI c6opHHK, ycraHOBJieHHhiH 3a MHUieHI>ID, 

DOCJie llOpMHpoBKH Ha liHCJIO npoUie.D;UIHX CKB03h MHUieHh TH)I(e

JlhiX HOEOB H ylleTa 3QlQleKTHBHOCTH perHCTpal{HH a-llaCnil~. ProyJII>Ta

Thl 3KCnt!pHMeHTOB npHBe,IJ;eHbl B Ta6JIHQe. 

Ta611UliQ 

PeaKQHH TomQHHa 3Q>Q>eKTHBHOCTh Ko3Q>Q>HQHeHT 

MHUleHH perHCTpaQHH OliHCTKH 

18 2W(21Ne, 4-:-5n) 199, ffiOp0 0,20 Mr/CM 
2 

(4±1)% 1012 

17~r(31p 4n) 197Bi 0,26 Mr/CM
2 

(14 ± 3)% 10
11 

164Dy(40A .~n)199,ffi0p0 0,28 Mr/CM 2 (20 ± 3)% 10 10 

I10JiylleHHhie 3HalleHHH 3cpcpeKTHBHOCTH cenapal{HH npo.D;yKTOB 

peaKQHH DOJIHOrO CJIHHHHH ( CM. Ta6JIHQY) HBJIHIOTCH .D;OCTaTOlfHO 

BhiCOKHMH. I1paMoe cpaaHeHHe c .D;aHHhiMH .D;JIH SHIP 161 caH.D;e

TeJihcTBY eT 0 TOM, liTO npH HCDOJih30BaHHH HOHOB .Ar 3QlcpeKTHBHOCTh 

cenapaTo:>a BACI1JU1CA a 2,5 + 3,0 pa3a BhiUie. Ha 6onee nerKHx 

6oM6apA <ipywiQHx HoHax cenapaTop SHIP He HcnoJII>3yeTca. C .D;pyrou 

CTOpO~hi, H3MepeHphie 3HalleHHH 3QlQleKTHBHOCTH cenapal{HH B 3-4 pa3a 

HH)I(e pa.c: lleTHhiX OQeHOK, DOJIYlleHHhiX B npe.D;DOJIO)I(eHHH 6ecKoHelfHO 

TOHKOH 1\IHUleHH, napaJIJieJihHOrO DYlfKa Ha BXO,IJ;e B CHCTeMy 3JieKTpO

CTaTHlleCJCHX AHDOJieH H 20% UIHpHHhl 3apH,D;OBOrO pacnpe,D;eJieHHH 

npo,D;yKTOB peaKQHH. 3TO 003BOJIHeT Ha.D;eHTI>CH, liTO npH .D;aJibHeHUieH 

ODTHMH3HQHH pe)I(HMa pa60Thl cenapaTopa y.D;aCTCH HecKOJibKO DOBhl· 

CHTh 3Hat~eHHH 3QlQleKTHBHOCTH, OC06eHHO .D;JIH nerKHX HOHOB. 

J. Ot HCTKA OT HOHOB DYIJKA H 410HOBbiX UPOllYKTOB 

Cem.pal{HH H,D;ep OT,IJ;aliH OT nyqxa 6oM6ap.D;HpyiOI..QHX HOHOB 

DpOBO,II;H1CH axpoMaTHlleCKOH CHCTeMOH, COCTOHI..QeH H3 TpeX 3JieKTpO

CTaTHlleCI:HX AHnoneH. MaxcHMaJihHaH ,IJ;HcnepcHH no BeJIHtfHHe E/q .D;O

crnraeTcJl B DJIOCKOCTH CHMMeTpHH CHCTeMhl, OpoXO,IJ;HI..QeH llepro 

BTOpoH lJ HDOJih. I1pOCTpaHCTBeHHOe pa3.D;eJieHHe npo.D;yKTOB peaKQHH 

DOJIHOrO CJIHHHHH H 6oM6ap,D;Hpy10I..QHX HOHOB .D;OCTHraeTCH y)l(e Ha 

BhiXO,IJ;e 113 nepaoro AHDOJIH, r,IJ;e yrOJI OTKJIOHeHHH H,D;ep OT.D;a\IH CO· 

CTaBJIHeT () = +8°. I1pH npoxo)I(,D;eHHH H.D;ep OT.D;aliH llepe3 awpou 

(() = -16°) H TpeTHH (() =+8°) ,II;HDOJIH .D;OCTHraeTCH .D;OOOJIHH-
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Puc.3. a - ~neKrp a ·'laCTU/4, 3apezucrpupo6aHHblX 6 peaK/4UU 238u + 40 Ar, 
6 - cneKlP KoppeJJup06aHHbiX UMnyllbcoe or a ·pacnaooe. 31llluncoM 
066eOeHa O'illOCTb, 6 KOTOpoii Oo./lJICHQ Ha6/liOOQTI>CJI a -a ·KoppeJIJiijUR 
OIVI 14eno'1KU a -pacnaaa MarepuHcKozo .11opa 110 u oO'IepHezo .110pa 
108 'J/II!/ti(!HT(,. 
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TeJILHaR .n:ayxcTyneH'laTaR O'IHCTKa oT pacceHHHhiX qacnm ny11Ka 

H OT npo.n;yKTOB peaKUHH rny60KOHeynpyrHX nepe.n;aq H .n;eJieHHH, 

3JieKTpH'lecKaR )KeCTKOCTb KOTOpbiX OTJIH'laeTCH OT 3JieKTp1NecKOH 

)KeCTKOCTH npo.n;yKTOB peaKQHH DOJIHOrO CJIHHHHH. 

3KcnepHMeHTaJibHO K03qxpHQHeHTbl O'IHCTKH onpe.n;eJIHJIHCb H3 

.n:ayMepHbiX cneKTpoa "apeMH nponeTa - 3HeprHH" (eM. pH::.2a,6), 

H3MepHeMhiX B ¢x>KaJibHOH DJIOCKOCTH cenapaTopa H D03BOJHIOJUHX 

rpy6o H.n;eHTH~HQHpOBaTh npo.n;yKThl pea:KUHH no Macce. 113 p11CYHKOB 

BH,IUIO, 'ITO OCHOBHbiM ~aKTOpOM, orpaHH'IHBaiOJUHM no;Jy'leHHe 

6onee BbiCOKHX 3Ha1leHHH K03qxpHQHeHTOB O'IHCTKH, HBJIHeT !H npH

cyTCTBHe HH3K03HepreTH1JeCKHX 1JacTHQ C MaCCOH, 6JIH3KOH JC Macce 

6oM6ap.n;Hpy10JUHX HOHOB. TaK KaK B HalliHX 3KcnepHMeH1ax .n;JIH 

C03.D:aHHH KOHTpacTHOrO ny'IKa HCDOJIL3yeTCH ero npe.n;BapHreJibHOe 

.n;Ha~parMHpOBaHHe, TO MO)KHO npe.n;nonaraTh, 'ITO ~OHOBbie HH3KO· 

3HepreTH1JHbJe HOHbl o6pa3yiOTCH DpH pacceHHHH nepBH'lHOr(l Dy'IKa 

Ha Kpai:IX .D:Ha~parM. lloJiy'leHHbie 3Ha1JeHHH K03~~HQHeHTOB O'IHCTKH 

oT qacnm, no.n;o6Hhix DY1lKY H HMeiOIUHX 3HeprHIO E > 1 M3B npHBe

.n;eHhi B Ta6JIHQe. 113MepeHHbiH 3KCnepHMeHTaJibHO K03~qlHQHeHT 

O'IHCTKH OT 'laCTHU, HMeiOJUHX 3!feprHIO 6oJiee DOJIOBHHbl . meprHH 

nepBH'IHOrO DyqKa, COCTaBJIHeT 10 lS + 10 17 . 
.AHanH3 a -cneKTpoa, nonyqeHHhix B 3KcnepHMeHTe np -t o6ny-

1leHHH MHllleHH H3 CBHHUa Dy'IKOM HOHOB aproHa (EI'BO. = 22) M3B), 

.D:aJI 3Ha1leHHe K03~~HQHeHTa O'IHCTKH 3 • 10 
3 

.D:JIH npo.n;yKTO B peaK

UHH MHoroHyKJioHHOH nepe.n;a'IH Po, At, Rn. 
C QeJibiO onpe.n;eneHHH B03MO)I(HOCTH npoBe,n:eHHH 3KCDepi-MeHTOB 

no CHHTe3y HOBbiX 3JieMeHTOB 6LIJIH BhmOJIHeHhl npe.n;aapH'~eJI'&Hble 

3KCnepHMeHTbi, B KOTOpbiX DY1JKOM HOHOB 40 Ar C 3HeprHeH ~ 25 M3B 

o6ny11anacL MHllleHL 238u TOJIJUHHOH 0,5 Mr/cM 
2. Ha pHc.3 npHBe.n;eH 

cneKTp a -'lacTHU, 3aperHCTpHpoBaHHbiX B ~OKaJibHOH DJII)CKOCTH 

ycTaHOBKH BACHJIHCA .n;eTeKTOpoM, .D:HaMeTp KoToporo co·:TaaJIHn 

75 MM. Ha 3TOM )Ke pHcyHKe noKa3aHhi pe3yJILTaTbi aHaJIH3E, B'&IHB

JIHIOI.Uero npHCYTCTBHe B cneKTpe a -a-KOppeJIHUHH BO Bpe\1eHHOM 

OKHe 0,5 + 30 MC. BH.ll:HO, 'ITO ~e B TaKOH npocTeHllleH noc·raHOBKe 

OnbiTa MO)KHO paCC'IHTbiBaTh Ha 06Hapy)KeHHe pe,n:KHX C06hiTHI' Koppe-

JIHpOBaHHOrO a -pacna.n;a H.n;ep 110 3JieMeHTa. 

B npouecce o6nyqeHHH ypaHOBOH MHllleHH DOTOKOM 10 lo HOHOB 

40Ar He 6biJIO 3aperHCTpHpDBaHO HH OJJ:HOrO KoppenHpo:3aHHOrO 

C06hiTHH THna a -a HJIH a- ( npH 3HeprHH a -'lacTHQ B l6JiaCTH 

10 + 12 M3B H 6Lmo 3aperHCTpHpoBaHO acero OnHO co6hiTHe B :>6nacTH 

3HeprH~7 Bblllle ~ M3B npH o6Jiy1leHHH 3TOH MHllleHH nOTOKOM 

3,4 ·10 HOHOB Ar . 3TO COOTBeTCTByeT npe.n;eny o6pa:IOBaHHH 

H30T~~2B 1~0 3JieMeHTa B .D:aHHOM 3KCnepHMeHTe 3· 10-
31

' CM 2 H 

2· 10 CM C .n;eTeKTHpOBaHHeM no KaHaJIY CDOHTaHHOrO .~eJieHHH 
H a -pacna.n;a COOTBeTCTBeHHO. 
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---
4. 2 AKmoqEHHE 

llo.1ytJeHHbie 3KCnepHMeHTa.JlbHbie ,D,aHHbie 06 3cpcpeKTHBHOCTH 
cenapa.Q iH R,D,ep OT,D,atJH H K03cpcpHI.UfeHTax OtJHCTKH OT 6oM6ap,D,HpyiD
I.I.UfX HOHOB H cpOHOBbiX npo,n,yKTOB n03BOJ1RIOT nJlaHHpOBaTb npOBe,D,e
HHe 3K•!nepHMeHTOB no CHHTe3y H H3ytJeHHIO CBOHCTB a-pacna,n,a 
HOBbiX HyKJlH,D,OB C nonepetJHbiM CetJeHHeM o6pa30BaHHR MeHbUie 
10-·35 CiVI 2 • llpOCTbie paCtJeTbl nOKa3biBaiDT, liTO HCnOJlb30BaHHe Bpe
MeHHbiX KOppMRUHH THna R,D,po OT,D,atJH - a -a n03BOJ1HT ,D,OCTHllb 
llYBCTBHreJlbHOCTH a < 2·10- 36 CM 2 B 3KCnepHMeHTax no CHHTe3y 

. 238 40 
a -pa,n,Hc aKTHBHhiX R,n,ep 110 3JleMeHTa a peaKUHH U + Ar . 

Aa·~opbl 6naro,n,apHbl aKa,n,eMHKY r.H.<l>nepoay 3a nOCTORHHOe 
BHHMaHHe H nOMOIUb B pa6oTe, E.H.BopoHKOBy, ll.r.EoH,D,apeHKO, 
A.lf.l1aaHeHKO, K.,ll.TyMaHoay 3a o6ecnetJeHne 6ecnepe6o8HOH pa6oTbi 
Y3JlOB H arperaTOB 3KcnepHMeHTa.JibHOH ycTaHOBKH. 
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3. Yeren:in A.V. et al. JINR, E15-88-137, Dubna, 1988. 
4. OraHecRH IO.Q. H ,n,p. 011HI1, ,ll7-87-392, ,lly6Ha, 1987. 
5. AH,n,pt!eB A.H. H ,n,p. 011HI1, P13-87-914, ,lly6Ha, 1987. 
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PyKOfiHCb nocrynHJJa 16 MapTa 1988 ro,n,a. 
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KparKue coo6U4eHUJ1 OHJIH N"3 (29) -88 JINR Rapid Communications No.3 (29)-< rB 
YAK 541.11.0123 

YPABHEHI1E COCTO.HHI1.H C11CTEMbl TBEP.IU>IX ,l1;11CKOB 
B OKPECTHOCTI1 ~A30BOrO llEPEXO,lJ;A 
)f(l1,lJ;KOCTb- TBEP,LJ;OE TEJIO 

11.H.3pHKoa*, B.K.~e,li,HHHH 

IlpHBOAJITCH coornoweHHH A11J1 pacqera crarHCJHIIeCKoii cy VIMbi 
H yprumeHHe cocroJIHHJI A11J1 cHcreM rnep}J;biX qacTHIJ;, nonyqeJmbie 
c Hcnonb30BaHHeM 4lyHK~ pacnpeJJ,eneHHH cny'!aiiubix nnoTHoyHaKo
BaHHbiX KOH<i>Hrypawm. IJpoBeJJ,eHO HCCneJJ,OBaHHe 3TOH 4lyH <~ 
MeroAOM MoHre-Kapno JJ.nH cHcreMbi rnepJJ.biX AHCKOB. OnpeJJ,e. IeHbi 
KOOpJJ,HHaTbl 4>a30BOro nepeXOJJ,a, KOTOpbiH B JJ,aHHOM UOJ],XOJ],e- lepe
XOJ], 1-ro poJJ,a. 

Pa6ora BbinonHeHa B Jia6oparopHH reopelWieCKoii 4>H3HKH 01Uil1. 

State Equation for the System of Hard Discs 
near the Liquid-Solid Phase Transition 

I.N .Zryakov, V.K.Fedyanin 

Calculational formulae for the statistical sum and the state equation 
for the system of rigid particles obtained by using the distribution 
function of random dense packed configurations are presented. This 
function was investigated by the Monte-Carlo method for the s~·stem 

of hard discs. The coordinates of a phase transition, which is the first
order transition in our approach, are determined. 

The investigation has been performed at the Laborat01y of 
Theoretical Physics, JINR. 

1. OCHOBHbiE MllEMM COOTHOIIIEHMR 

B pa6oTax /1,2/ npu uccneJJ,oaanuu caoucTB MOAeJibHblX cncTeM 
TOliHbiH pacqeT CTaTHCTHqecKOH CYMMbl npOBOJJ,HJICH AJIH cnei;HaJibHOrO 
ancaM6JIH cocTOHHHH. TaKoi1 no.n;xo.n; JJ,aeT B03MO)f(HOCTb n Jcne.n;oaa
Tenbnoro yqeTa uecBH3aHHbiX o6nacTei1 <Pa3oaoro npo ::Tpancma 
H oueHKH qucna COCTOHHHH B Ka)f(.D;OH H3 3THX o6nacTeH B 3aBHCHMOCTH 
OT o6'beMa V, 3aHI'IMaeMoro cncTeMoH N-qacTHU. CymecTBo MeToJJ,a 
nau6onee narnHAHO npoHBJIHeTCH B reoMeTpuqecKoi1 uuTepnpeTauuu. 

Ha puc.l cxeMaTuqecKH npe.n;cTasneua CTPYKTypa <Pa3oaoro 
npocTpaucma cncTeMhi mep.D;biX qacTnu. CocTOHHHH xapaK repH3yroT-

*BHHHllKHerjJrexUM KueacKozo HllO "MaCMa", Kuea 
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ql 1 ., 

~=\ )-o ___ 

D 

.. 

a) v-= q, , ' '~o 6) 

Puc./. Crpyrrypa rjxJJOBOi!O npocrpaHCTBa cucTeMbl mepOblX 'laCTUl/. BepwuHbl 

B.IOJICeHHblX ()pyi! 13 Opyi!a rpeyi!OilbHUI<OB (a), I<OHyCOB (6} COOTBeTCTBYIOT n/IOT

HOynaKOBQHifblM COCTO!IHWIM - I<OHOeHCQTaM V k , k = 0, 1 , .••.• 

CR TOJlbKO OAHHM M8KpOCKOnHtfecKHM napaMeTpOM - "o6'beMoM". 

3ro COCTOIIHHH C paBHhiM 06'beMOM, paBHOy,IJ;aJieHHhie OT UeHTpa 0. 
BepWHHbl HHOrOMepHbiX KOHUOB npe,ll;CT8BJIHIOT TaKHe KOHQ>HrypauHH, 

KOTOphie H ~ AOnycKalOT CMell(eHHH tJaCTHU B KOOpAHHaTHOM npocTpaH· 

CTBe 6eJ n•!peCTpOHKH BCeH KOHQ>HrypaUHH. TaKHe COCTOHHHH MO:>KHO 

orHeCTH K KJiaccy cnylfaHHO nnoTHoynaKoaaHHhiX 131 . Mhi 6yAeM Ha

JbiBaTh HX KOH,IJ;eHC8TOM ( 06'beM Vk ) . )lJIH TBepAhiX' ,IJ;HCKOB C ,IJ;Ha· 

MeTpOM, f•aBHhiM 1, HaHMeHbWHM 06'beMOM o6na,naeT KOH,ll;eHCaT 

c reKcatOHaJibHOH riJIOTHOH ynaKOBKOH, vk = vo = N .{3/2 (UeHTpbl 

AHCKOB p~ JMell.(alOTCH B yJJiax napanJieJiorpaMMOB, nocTpoeHHbiX 

HJ paBHOC1 opoHHHX TpeyroJibHHKOB c nnoma,nbw S L\ = y'3 I 4 , H npH 

N _..., nnoiita,z:t;H AliCKOB Mano OTJIHtJalOTCH OT nnoma,nH napanneno

rpaMMa y':i"/2 I 4/) . 

PactJel CTaTHCTHtJeCKOH cyMMbl CBOAHTCH K onpeAeJieHHlO BepoHT· 

HOCTH o6p830BaHHH KOHAeHCaTa (KOM6HHHpOBaHHbiH cpaKTOp) H lfHCJI8 

COCTOHHHH, )J;OCTynHbiX CHCT!'Me B 3THX YCJIOBHHX npH YBeJIHtfeHHH 

o6heMa OT vk AO v (reOMeTpHlfeCKHH cpaKTOp). Ha pHc.l 3TO JawTpH

XOBaHHbie o6nacTH. Ba:>KHo OTMeTHTb, tJTO BHYTPH o6nacTH coxpa

HHeTCH OH:OCHTeJibHOe pacnOJIO)f(eHHe '18CTHU, xapaKTepHOe AJIH ee 

BeplliHHbl ·- KOH,IJ;eHC8Ta, XOTH cymecrnyeT B03MO:>KHOCTb nepeXOAa 

H3 OAHOrO ·:Hna KOHcpHrypaUHH B ApyroH npH AOCTIHO'IHO 60JiblliHX V. 
BKna,n a C1aTHCTHtJecKyw cyMMY a JTOM cnyqae onpeAenHeTCH npoH3· 

Be,ll;eHHeM pk · ( V- Vk )N , rAe pk - aepOHTHOCTb o6pa30BaHHH KOH· 

,IJ;eHCaTa ,IJ;amoro THna. ilonaraH pacnpe,ll;eJteHHe KOHAeHCaTa B cpa30-

BOM npoCTf aHCTBe HenpepbiBHOH ¢YHKUHeH n ( Vk) • nonytJHM 

v 
pk = 0 ( V k) I ( 0 ( V k) dV k • ( 1) 

vo 
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llpH C>KaTHH CHCTeMbl TBep,D;biX qaCTHQ yMeHblliaeTCH ,li;JCTynHaH 

o6nacTb <Pa3osoro npocTpaucTsa ,D;JIH scex THnos Kon<P.- rypauHH, 

3aTeM uaqHHaJOT BbiKJIIOqaTbCH OT,D;eJibHbie THObl KOH<l>Hrypa~HH. llpH 

npe,D;eJibHO 60JiblliHX nJIOTHOCTHX OCHOBHYIO pOJib HrparoT KO ff<l>Hrypa

QHH, 6nH3KHe K nJIOTHOH reKcarouanLuou perneTKe. Onpe,D;~JIHIOIQHM 

KpHTepHeM mna KOH<t>HrypaQHH B ,D;aHHOM paCCMOTpeHHH FIBJIHeTCH 

MaKpOCKOOH:qeCKaH BeJIHqH:Ha Vk- 06'beM KOH,D;eHCaTa. 

,lJ,JIH CTaTHCTHqecKOH CYMMbl TOr,D;a nonyqHM 

Q(V) 
1 

Nl 

v v 
f ( V - Vk )N 0 ( Vk ) dV k I ( 0 ( Vk ) dV k (2) 

vo vo 

PacqeT ,ll;aBJieHHH B CHCTeMe npOBO,li;HTCH no CJie,D;yiOIQeMy COOT

HOUieHHIO: 

(3) 

O(V) 
---. 

v 
r n (Vk) dvk 

vo 
<I>ynKQHH O(Vk)Toquo onpe,11;eneua ,D;JIH Mo,n;enLHbrx CHCT4!M 11-31. 

B CJiyqae Tsep,D;biX ,D;HCKOB TaKOH pacqeT ue npe,D;cTaBJIHeTCH B03MO:>K

HbiM, 003TOMY ,li;JIH OQeHKH Q ( V k) HaMH HC001Ib30Ball MeTO,D; 

MonTe-Kapno. 

2. METOll MOHTE·KAPnO, nPHMEHHTEnhHO K nOCTPOEH1110 

cnyqAfiHO nnoTHOYnAKOilAHHOA KOHIIIHfYPAUHH 

,lJ,nH OOCTpoeHHH KOH,D;eHCaTa TBep,D;biX ,li;HCKOB npe,ZJnaraeTCH 

npOQe.o;ypa, CXO,li;HaH C MeTO,li;HKOH <t>opMHpOBaHHH CJiyqaHHC OJIOTHO· 

ynaKOBaHHOH KOH<l>Hrypamm /5/. 4aCTHUbl ,D;06aBJIHIOTCH 1<: rpynne 

TaK, ~06bl Ka:>K,D;aH B HTOre KacanaCb O,li;HOBpeMeHHO MHHHM}"M ,li;BYX 

qacrHQ ua nosepxuocTH rpynnbi. PoeT KOH,D;eucaTa npoHcXO,D;IIT noCJie

.o;osarenbHbiMH CJIOHMH KOOp,D;HHaQHOHHbiMH c<t>epaMH. llpECOe,D;HHe

HHe 'JaCTHUbl K rpynne n 3aKaHqH:BaeTCH, eCJIH C,D;BHr BHY1 pH COOT

BeTCTBYlOlliero ( n + 1) -CJIOH HeB03MO:>KeH. llocJie,D;ylOIQHe ( JIOH, ,11;0· 

nOJIHHR KOH,D;eHCaT no TaKOMY npHHQHny, 3aHHMa10T ,li;HCKH C Hapy:>K

HOH CTOpOHbl. 

llonyqaJOIQHeCR KOH<l>HrypaQHH xapaKTepH3YIOTCH TeM CBJHCTBOM, 

~0 JI106aH H3 qacTHU HMeeT 4-5 COCe,D;eH, npHJieraiOIQHX B [IJIOTHYIO 
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K Hen. llpli .D;06aBJieHHli CJIOH li3 n 'laCTlil..{ o6pa3yeTCH OT n ,!1;0 2n Ba

KaHCHn AflH qacTHI..t cne.D;yromero cnoa. OHM 3anoJIHHJIHCb cnyt~aHHhiM 

o6pa3oM. EcTeCTBeHHo, 'ITO 3anonHeHne OAHOn BaKaHCHH 3at~acTyro 

npHBO,!J;W 0 K TOMY, 'ITO B COCe,!I;HIOIO C Hen y)Ke HeJib3H 6hiJIO no

MeCTHTb ~ aCTlil..{y 3TOrO )Ke CJIOH. 

B -15 -' npn nocTpoeHHH cnyt~aHHO nnoTHoynaKoBauHon KoHcl>nrypa

I..tHH TBep~Ix wapoB npe.D;naraeTcH, HapamHBaH cncTeMy, noMemaTL 

qaCTHI..{y li yrny6JieHHe Ha llOBepXHOCTH, 6JIH)KaHlllee K l..{eHTpy CHCTe

Mhl, 3aTeH BCe 6onee YAaJIHHCh OT Hero. llOCKOJibKY B peaJibHOn CHCTe

Me MHOrHX 'laCTlil..{ HeT Bhi,!I;eJieHHOrO l..{eHTpa, HaMH 3TOT npHeM He HC

llOJib30BaiCH. 

llp01~ecc cPoPMHpOBaHHH KOH,!J;eHCaTa Ha'IHHaeTCH C cPopMHpOBa

HliH nepB•>n KOOp,!I;HHai..{HOHHOn CcPepbl BOKpyr 'laCTlil..{bl nyTeM CJiyqan

HO 3a,!l;aBHeMbiX yrJIOBhiX KOOp,!I;HHaT ee COCe.D;en. 3anoJIHeHHe npOBO

,!I;liTCH ,!1;0 TeX nop, llOKa eCTb BaKaHClili Ha llOBepXHOCTH l..{eHTpaJibHOn 

'laCTlil..{bl. llepBaH KOOp,!I;HHai..{HOHHaH CcPepa MO)KeT COCTOHTb li3 4 HJIH 

5 qacTHI..t- B TO'IKax nepecet~eHHH oKp~ocTen, npoBe.D;eHHhiX H3 

l..{eHTpOB ttaCTHI..{ nepBon KOOp,!l;liHai..{HOHHOn CcPepbi pa.D;HyCOM, paBHhiM 

,!l;liaMeTpy qaCTlil..{hl, llOMei..UalOTCH 'laCTlil..{hl BTOpon CcPepbl li T.,!l;. 

C.D;eJJaH no.D;ct~eT qncna qacTHI..t, 3anoJIHHBlllHX HeKoTopyro nnomaAL 

Ha rmoci<OCTH (ocHOBHyro aqenKy). Konnqecmo qacTHI..t, noMecTHB

wnxca B OCHOBHYIO H'lenKy, li onpe,!l;eJIHJIO llJIOTHOCTb KOH,!I;eHCaTa. 

Pe3y flbTaThl onpe.D;eJieHHH cPYHKI..{lili n ( v k) npe,!I;CTaBJieHbl Ha 

pHC.2. JlHKO BH,!I;eTb, 'ITO TaK )Ke, KaK li B 
1 
l, 2/, OHa MO,!I;eJIHpyeT 

HOpMaJibEOe pacnpe.D;eneHHe 06'beMa KOH,!I;eHCaTa li MO)KeT 6biTb npe.D;

CTaBJieHa 3 BH,!I;e 

· a· 2 !l(Vk) = ~xp[---(Vk -Vr) I, 
N 

(4) 

r.D;e V r - "o6'beM" Han6onee sepoamoro KOHAeHcaTa. 3a.D;at~a Hawnx 

liCCJie,!I;OB<UIHH - onpe.D;eneHHe a li vr . HanOMHHM, 'ITO ,li,JlH MO,!I;e-

JIH/1/ a=l, Vr =1,5VU Bl2:a=1, 

• 

• 

• • 0 

oe 

• 0 

0 • 

ln~ 
0 • 

Dl •q.. 

2 • 
0 • 

o• 

• 0 

-~-.__~.... vr _____ ......__.___... ____._ y_ 
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Vr = 1,3 V O • qHCJieHHbie 3KCnepH

MeHThl npoBO,!I;HJIHCb AJIH aqeeK 

pa3.liH'IHOrO pa3Mepa li 4>opMbi. 

,Ana Kpyra pa.D;HycoM 5,171 6biJIO 

Puc.2. tl>yHKIIWf pacnpeiJeneHUR 

OfibeMa KOHOeHCQTQ n ( v k) ( lleHa oe
/leHUH 0,01 V 0). • - oannr.1e o,1JI 
116 'IQCTUII 6 KPYZIIOU OCH06HOU 

R'leiiKe, o - 0.1.11 88 'IOCTUII 6 Kpyz11oii 

OCH06HOU Jl'leiiKe, e - 0/IJI 73 'IQCTUII 

6 UJecmyzollr.HOU OCH06HOU Jl'leUKe. 



creHepHpOBaHO 6000 KomtmrypaUHH, ,li,JIH Kpyra pa,nHyCOM 5,917 -
5000. BpeMH, 3aTpa'IHBaeMoe Ha reHepaumo 1000 KOH,neHcaTOB, COCTaB
JlHeT npHMepHo 1 qac Ha 3BM EC 1055. HaH6onee sepoHTHIIe 'IHcna 
tiacTHU, 3anoJ1HHBillHX 3TH H'leHKH,- 88 H 116 cootseTcTBeHH<'· KpoMe 
TOro, 6bJJ10 npose,neHO 3000 3KCnepHMeHTOB no 3anOJ1HeHHl<' H'leHKH 
s cpopMe npaBHJlbHoro rnecTHyroJlbHHKa c HaH60nbrneii ,nHaroHaJlhiO 
10,015. B 3TOM cnytiae HaH6onee sepoHTeH KOH,neHcaT c N = 73. O'le
;JH~um, 'ITO BO BCeX 3THX CJlY'IaHX "y,ne.TJhHhiH o6neM" He MO:>ICeT 6hiTb 
I•Tif ·'AeJleH npoCTblM ,neneHHeM nJlOIQa,nH OCHOBHOH H'leHKH JJa 'IHCJlO 
:aJi()JlHHBillHX ee qacTHQ. Mbi pernHJlH npo6neMy "rpaHH'IHIIX ycno
Bl11·:; '', BHO,n;-; KoppeKQHIO npH pacqeTe y,nenbHoro o6neMa, on pe,nenHe
MYIO JlJlH npasiiJihHOH perneTKH. B cnyqae reKcaroHanhHOH nnoTHo
ynaKOBaHHoil: perneTKH B H'leiiKe B cpopMe npaBHJlbHoro rnecmyronb
HHKa c HaH6oJ!brneii ,nHaroHanbiO 6,8,10 H 12 noMeiQaiOTCH cooiseT
,·nF'HHO 37, 61, 91 H 127 qaCTHQ. JlerKO paCC'IHT3Tb, 'ITO yiJ;eJlbHhrn 
o61.eM a 3TH X cny'laHx AOJl)KeH onpe,ne.TIHThCH no cpopMyne v = SIN+ o, 
rne S - nnoma,nb rnecTeyroJlbHHKa, a o - nonpasKa, pas1- aH 0,27, 
0,213, 0,17fi u 0,15 cooTsei'cTBeHHO. TaKHM o6pa30M, .u,nH mp6oro 
'IHC.Tla MO)KHO BOCnOJlb30B3TbCH annpOKCHMaQHeH 3TOH 3aBm:HMOCTH. 
OmtcaHHhie Bhirne 3KcnepHMeHThi ,nanH cne,nyiOIQHe pe3yJlh1aTbi ,!I.JlH 
vr: vr =1,27Vo; 1,24Vo, 1,25Vo. OueHKH .IJ:JlH a nony'leH,J nyTeM 
: .)pa6onm scex .IJ:aHHbiX, npe,ncTasneHHhiX Ha pHc:2, B npel.n<)"Jlo)Ke-

,~; N =100. llO.IJ:BOAH HTOrH MO.IJ:e.TIHpOBaHHH 1 iiOJly'IHM 

Vr = (1,25 ± 0,02) V0 , a=27±5. (5) 

3. YPABHEHHJI COCTOJIHHJI 

CooTHorneHHH (3), (4) H (5) no3BOJ1HIOT pacC'IHThmaTb i~asneHHe 
B CHCTeMe npH Jll06hiX nJlOTHOCTHX. llepBbiH 'IJleH B npaBOH tJaCTH (3) 
MO)KeT 6biTb npe,ncTasJleH KaK N • ( V- v:) , r.ne v: onpe CJ;e.TIHeTCH 
H3 YCJlOBHH MaKCHMyMa no Vk npoH3Be,neHHH 

( V- Vk) N exp[ - ....'!_ ( Vk - Vr ) 
2

] , 
N 

a BTOpOH 'IJleH JlerKO Bbi'IHCJlHTb, HCnOJlb3YH aCHMnTOTHKY HHTerpana 
sepoHTHOCTeii. llepexo,nH K npHse,neHHbiM Be.TJH'IHHaM [ 1•21 ·=VI V0 
H rr=f3pv0 , f3=(k0 - T)-1 , nony'IHM 

(r-b(r))-1 +2av 2(r-r) r<r 
0 r - r 

1 '2 (r-b(r))- , r> r , V = 3/4, 
- r 0 

rr ( r) = { (6) 
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-
rAe b ( r) < •npeAenReTcR cne.ll;yiDI.l.{HM o6pa30M: 

b ( r) 'l 
1. 

2 -1 
r_$1+[2av0 (rr -1)] , 

r + r r- r 2 1 112 2 1 (7) 
--~--[(--r) +--] , r>l+[ 2av (r -1}]- . 

2 2 2av2 
0 

- 0 r 

JlerKO BH,ll;eTb, 'ITO 71'(r), 6y.ll;y'IH HenpepbiBHOH B o6naCTH l_$r <"" , 
HMeeT H3noM npH 'r: (arrlar)f3=-av0

2 npH ,_. 'r +0 ,npH r-. 'r -0 
(arr!ar)f3=+avc[; rr(rr) = 

'iT I I = vo v2a (pHc.3)' H BO MHOrHX 
qepTax coana.ll;aeT c pe3ynbTa
TaMH pac'leTOB B paMKaX KJiaC-

6 I I a CH'IeCKoro MeTo.ll;a MoHTe-Kap-
/6 I no · · . OTMeTHM xapaKTepHyro 

Sl 5 ~-~ ~-\ l oca6eHHOCTb - CHMMeTpHIO 
B TO'IKe <f>opMHpOBaHHR HaH6o
nee sepORTHOH cny'laHHOH 
nnoTHoynaKoBaHHOH CTPYKTY
pbi r = r . Pe3ynbTaTbi Hawero 

/.,. 

3 

2 

T 

1.1 .3 1.5 • 1.7 1.9 "t' 

Puc.J. Ypat:HCHUC COCTOJIHWl CUCTCMbl 

mepdblX dun<oa, 'r =1,25 + 0,02. 
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DYNAMICAL EQUATIONS IN A RVB MODEL 
OF HIGH-T c SUPERCONDUCTIVITY 

Nguyen Van Hieu, Ha Vinh Tan, Nguyen Toan Thang 

A model is studied for the high·Tc superconductivity based on the 
generalized Hubbard Hamiltonian with a two-dimensional lattice ;on· 
taining two interpenetrative sublattices. The origin of the super;on· 
ducting pairing of the mobile charge carriers is their strong on·site 
repulsion in the presence of the hopping between nearest-neighbouring . 
sites. The dyna111ical equations for all order parameters of the m )del 
were derived in the self-consistent field approximation. 

The investigation has been performed at the Institute of Theore:ical 
Physics, Hanoi, SRV. 

)l.HHaMH'IecKHe ypaBHeHIDI B O,IJ,HOH MO,D;eJIH 
BhiCO KOTeMnepaTypHOH CBepxnpOBO,D;HMOCTH 
C pe30HHpyroi..QeH BaJleHTHOH CB.R3bl0 

HryeH BaH Xbey, Xa BHH TaH, HryeH ToaH TxaHr 

fuyqaetCR MOAC1lb BbiCOKOTCMnepatypHOH CBCpXnpoBOAHMO~TH, 

OCHOBaHHaR Ha o6o6mCHHOM faMH1lbtOHHaHC Xa66ap.n;a C ABYMCfHOH 
KpHCTa111IH'ICCKOH peWCTKOH, COACp)l(all.ICH ABC npoHHKaiOll.IHC ~ .pyt 
B .n;pyra no.n;pewetKH. Hcto'IHHKOM csepxnposo.n;Rmero cnapHB2HHR 
llOA8H)I(HbiX HOCHTC1ICH JapRAa RBMCTCR CH1lbHOC OTTaJIKHBI HHC 
HOCHTCJieH, HaxO.n;Rll.IHXCR B O.n;HOM H TOM )l(e yJne, B npHCytClBHH 
nepenpblfHBaHHR MC)I(Ay 6JIH)I(aHWHMH COCC.n;HHMH Y31laMH. 8 npHiiJIH· 
)I(CHHH CaMOCOf1laCOBaHHOfO ll01IR BbiBO.n;RTCR AHHaMH'ICCKHC y JaB· 
HCHHR MR BCCX napaMetpoB nopRAKa TCOpHH. 

Pa6ora BbmonHeHa B HHcTHryre reopetH'ICCKOH <l>HJHKH, Xru IOH, 
CPB. 

I. INTRODUCTION 

In the RVB theory of high-Tc superconductivity proposed by 
Anderson 111 and developed in many subsequent works 12- 101 the 
origin of the effective attractive interaction of the charge carriers is 
their strong on-site repulsion in the presence of the hopping between 
nearest-neighbouring sites of the lattice. The system of dynamkal equa
tions for the order parameter of the superconducting pairing of holes 
and other order parameters of the high-T c superconductors with this 
RVB mechanism has been derived and studied in the case of the simplest 
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model wtth some two-dimensional lattice containing only one type 
of sites 1 2- 101 , the original Hamiltonian being that of the Hubbard 
model. 1-i owever the experimental results have shown that the lattice 
of newly discovered high-T c ceramic superconductors must contain 
two interpenetrative sublattices: sublattice of Cu ions with electrons 
in d-orbi1 als and that of 0 ions with electrons in p-orbitals. The corres
ponding ;heoretical model has been also proposed by Emery 1 111 and 
was studied by many authors 1 12- 161 . In particular, some physical 
aspects c f the model were discussed qualitatively in a recent paper 
by Imada 1 161 • It is the purpose of the present work to give a more 
complete study of this realistic RVB model of high-Tc superconduc
tivity. TJ1e starting point is some extended Hubbard Hamiltonian. 
The syst•!m of dynamical equations for the order parameter of the 
superconclucting pairing and other order parameters of the model will 
be derived. On the basis of this system of dynamical equations it is 
possible ;o study analytically the physical aspects of the model. To 
the periodic Anderson model 1 17 - 201 which is similar to that discus
sed in th«! present work the application of our reasonings is also straight
forward. For the simplicity we neglect the effect of the antiferromagne
tism of he half-filled Cu band .. Its role will be studied separately in 
a subsequent work. 

2. EFFECT VE HAMILTONIAN 

The structure of the two-dimensional square lattice of the super
conductor is represented in Fig.l. Each Cu site has 4 nearest-neighbour
ing 0 sit·~s, and each 0 site has 2 nearest-neigllbouring Cu sites. If the 
lattice constant of the Cu sublattice equals a, then that of the 0 sublat
tice is a,J2-. Denote the destruction and creation operators for the 
holes at ;he Cu and 0 sites by dia• d7a and Pja• PJa• resp., i and j 
labeling the sites, a = t, + being the spin projection. We start from the 
extended Hubbard Hantiltonian 

+ + 
H = f ~ p p + (~d. d. + 

p j ja ja d i w w 

+ + 
+ t ~ (•liaPja + Pja dia) + 

<ij> 

( d p p 
+ ud~ n. n.' + u ~ n. n. ' 

i 1 · 1• p j Jt H 

d_-t p_+ > 
nia- di:1dia' nja- ~apja' fp fd, 
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• 0 • ~ • c • 0 • ~ • 

v 0 . " . 0 • " 

0 0 0 

• ~ • ~ • 0 • 0 • 0 • 

0 0 0 0 " 
• 0 • 0 • 0 • 0 • 0 • 

0 0 0 

• 0 • 0 • 0 • • 
Fig. I. •- Cu ion, o - 0 ion. 

Here ( d and ( P denote the energies of the free holes at the s .tes of the 
Cu and 0 sublattices, resp., t is the hopping constant, Ud a1d.UP are 
the repulsion potential energies of two holes with opposite SJ•in projec
tions at the same site of the Cu and 0 lattices, resp., L denotes 

the sum over all pairs of nearest-neighbouring sites. 
< i j > 

We consider the limit of very strong on-site repulsions: 

In this case the holes at non-doubly occupied sites belong ;o narrow 
lower energy bands while those at doubly occupied sites have very 
high energies. By means of a suitable Schrieffer-Wolf transformation 

- -fS._ iS 
H = e He 

. 1 d + p 
S = 1 t L l - n. d. p. (1 - n. ) + 

<ij> Ud J-a Ja JU j-a 
(2) 

1 P + d (1 ct ) I + - n. p - n. + h.c. U J-a ja 1a 1-a 
p 

we rewrite Hamiltonian in such a convenient form that the te1ms corres
ponding to the real transitions of the holes from a lower energy band 
to a higher on~ and vice versa are those of the second order of the 
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small cons1 ants I t I /UP , I t I /U d and may be neglected. By applying the 
projection ~perator 

p = n n (: - nd nd ) (1 - n~ np, ) 
i j It J j, Jt J• 

{3) 

we can project out the high energy states containing doubly occupying 
holes and •>btained the effective Hamiltonian for the system of interac
ting lower •mergy holes {non-doubly occupying): 

He ff PH P = P I ( d 1 d + d. f f 1 p: p j 
0 

+ 
i 10 10 p1 J 

+ 
I t ~ ( d+ p. + p+ d. ) - J ~ 1 B B .k -

<ij, W JO JO 10 p <ij> <kj> Jl J 

+ 

- Jd ~ 1,Bji Bpi !P. 
<if' <i > 

.J 
p 

t 2 t 2 
-, J = -- B u d u . jk 

p d 
PJ<.dkt- Pjt dk>. 

{4) 

The four-h Jle interaction terms in above Hamiltonian { 4) are the con
tributions of the virtual transitions to the intermediate states containing 
doubly occ 1pying holes. 

3. Sl LI-CON :!STINT I· II· LD M I TIIOD 

In thi> section we apply the well-known self-consistent field me
thod of Bogolubov 

1 21
' and substitute each four-fermion interaction 

term in th'~ effective Hamiltonian { 4) by a bilinear combination of the 
fermion operators in which the coefficient of each product of two 
operators h the vacuum expectation value of the product of two remain
ing ones. B:!cause the vacuum is the ground state of the system of non
doubly occupying holes the expressions of the vacuum expectation 
value alwa:rs contain explicitly the projection operator {3). In such 
a substitut on procedure there arise six expectation values which are 
the order parameters of the model and may be chosen to be real: 
1 + j-

2- n d = < F ( di t d it ) P > = < P ( d H d i • ) P > , 

1 + + 
- np = < F (p. p. )P> = <P(p., p. )P>, 
2 Jt Jt J• Jj, 
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+ + 
h = ~ <P(d1tpjt )P> = ~ <P(du rj>)P> = 

i.fDj i.fDj 

1 + 1 + 
2 

~ .<P(pj d 1t)P> = -
2 

~ <P(p .• d .• )P> 
j.fD. t j.fD J I 

I I 

(5) 

1 + + + + 
=- ~ <P(p d - P. d. )P>. 

4 j.fD. Jt i> H It 
I 

Here D1 and D t denote the set of all neighbouring sites of the sites 
i and j. We obtain following bilinear Hamiltonian in the self-<:·msistent 
field approximation 

1 - + 
Ho = p l ( ( d - 2 n p J d - ( F) T d i a d i a 

1 + 
-- n J ~ ~ diadka+ 

2 P P j i,k.fDj 

+(£ _.!..iiJ -( '~ P~ r. -
P 2 d p F' ~ Ja Ja 

(6) 

where ( F is the Fermi energy. 
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Note that nd and n P are the mean values of the numbers of holes 
at each si1e of the sublattices Cu and 0, resp., !1. is the order para
meter of the superconducting pairing of holes. The fermion operators 
at the sites can be expanded in the form 

diu 

1 .-->--> 
-- ~ lV R· - ...,. e 1 yl\~ v-tBd da(v), 

(7) 
1 ......... 

Pja =- ~ lAR. - .... ..., e J 
yNP A-t BP Pa (A), 

-- -

( BL : 

where R i and R j are the coor
dinate vectors of the sites i and j, 
Nd and N P are the numbers of the 
elementary cells in the sublattices 
of Cu and 0, B d and B P denote 
their Brillouin zones and are 
represented in Fig.2. For some 

--> 
wave vector A of Bp not belon-
ging to B d tl!,ere always exists 
a unite vector K of !Jle !'_eciprocal 
lattice Bd such that A+ K -t B d . 
For such a pair A~ Bd and A +K-t 

"" Bfv 

--> ... ;t. 

1 
-t B we set Pa(A) = qa(A + K). 

Fig.2. Brillouin zones B (large square) 
and B d( sma I[ square). P 

Inserting the expansion (7) into 
Eq.(6), we obtain 

-+ -+ --i' ..... +--+ -+ 
H0 = P ~ I Ed( v) d ( v) d ( v) + E ( v) r ( v) r ( v) + 

~~ Bd a a r a a 

-++--+ ..... -+ +-+-+ +-+--+ 

+ E 8 (v):lu<v)sa(v) + g(v)[da(v)ra(v) + ra(v)da(v)] + (8) 

-+ +-+ +-+ +--+ +-+ -+ -+ -+ -+ 

+ o(v)[(tlt(v)r/-v)- d.(-v)rt(v)) + (r+ (-v)d 1 (v)-r~v)d.(-v))]IP, 

where 
-+ -+ -+ -+ 

... I h( v) + qa ( v) .... P a ( v) - qu< v) 
r (v) =- , s (v) = ---.,-
a y2 a y2 

(9) 
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-> 1 -
E 8 (v)~£ --n J -£ (10) 

P 2 d p F' 

• -> 

g(v) = [ t- h(JP + 2Jd)] ¢p(v), 

0 ( ~ ) = - 2 ~ ( J p + 2 J d ) ¢p ( ~) ' 

-> 
¢ , v) = 2[ cosv a + cos v a] , 

p X y 
(11) 

¢ ( v ) = 2 cos v a . 
d X, y X, y 

IGOU:BOV TRANSFORMATIONS 

In order to establish the system of dynamical equations for six 
crder parameters nd, ~, fi d• fip, h and ~ from the bilineru Hamilto
nian (8) now we diagonalize this Hamiltonian by means of tl.e Bogolu
bov transformations. For abbreviating the formulae we intr< duce two 
four-element columns 

-> -> 
r ( v) 

t 
a ( v) 

t 

-> -> 
{3 (~) 

t 
C(v)= ' r(v) = (12) 

I +( ->) + -> 
r + -v a..< -v) 

+ -> + -> 
d ( -v) f3 (-v) 

.j. .j. 

and write the Bogolubov transformations in the matrix fo11D 

(13) 

We can choose the phases of the operators in such a way that all matrix 
elements X ij (~) , ij 1 ,2,3,4 of X ( ~) are real functions of ~ . Since 
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the fermion operators ra(;;), di;;') as well as aa(~). f3a(~) satisfy 
the canonic:tl anticommutation relations, the matrix X Cv) must be 
orthogonal. Htandard calculations give following results: 

(

Y( ~) Z(~) ) 
xc:)= 

z ( ~) - y (-;,) 

__, (X11(:) X12(: )) __, (X1aC~) 
Y(v)= , Z(v) = 

X (~) X (~) X (~) 
• 21 22 23 

~I ij (~) 
xtj (~) =- ~. (J:) 

I 

xt4(~)) 

X 2i-;,) 

-+ -+ 2 -+ 2 -+ 2 .... 1/ 2 
Mi ( v) = [ M 1 ( v) + M i 2( v) + M i 3 ( v) + Mi i v)] 

M11 = o [(I:d- ~a) (Er +~a)~ o 2+ g2], 

M12 =- 28gEr, 

M = g[ (E - ~ ) ( E - ~ ) - 8 
2

- g l 
13 r a d a ' 

2 2 
M14=(Er+~a)[g -.(Er- ~a)(Ed-~a)]-(Er- ~)8 • 

M21 =- 28,~Ed, 

2 2 
M22 = 8[(Er- ~~(Ed +~{3) + 8 + g], 

2 2 
M 23 = (Ed " ~ ~ [ g - (E r - ~ ~ (E d - ~ {3)] - (E d - ~ {3) o • 

M24 = g[(l:d- ~{3) (Er- ~tJ- 82- g2], 

(14) 

(15) 

(16) 

(17) 

where ~a<~> and ~ {:i~) are the eigenvalues of the Hamiltonian (8) 
correspondi:tg to the quasiparticle& with the destruction operators 
a ( ~ ) and f3 a ( ~ ) , 

a 2 2 2 2 2 2 
2 (Er +- Ed) + 2( 8 + g ) + (Er - Ed) e 

~ =-----
a 2 

~2 
f3 
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(E: + E~) + 2(8
2 

+ g
2

) + (E;- E~) e 
2 

(18) 



(19)' 

The Hamiltonian (8) becomes 

(20) 

5. EQUATIONS FOR ORDER PARAMETERS 

From the results of preceding sections it is straight-forward to 
derive the self-consistency conditions of the theory which form the 
system of six equations for six order parameters nd, np, fid, iip, h and 
t.. Denote by fT( 0 the Fermi distribution function at temperature T 

1 
f (~) =----
T 1 + exp ~IT 

(21) 

The dynamical equations are: 

. a 2 2 2 2 
n = - ff d v I X r T (~a) + X 1J 1 - fT ( ~ {3) 1 + 

P 8 "2 B 12 tJ 
d 

2 2 
+ xllrT <~a)+ x13[ 1- rT(~a )] + r -t:Es) I 

(22) 



! 

11. 

nd 
a2 2 2 2 2 
2 rJd viX22fT(~f3) +X2i1-fT(~f3)]+ X21(T(~a)+ 

4rr '! 
' d 

2 2 2 
+ x23[1- f1'(~a)]l[¢d(vx) + ¢d(vy)] 

a2 " 2 
h = --2 fd viX22X12fT(~& + X24~4[1- (T(~f3)] + 

16 TT ]1 d 

+ X2:f.llr'I:{z) + x23xla[1- r~~a)]l ¢p(~) 

a2 2 
1'1 =- {fd viX 22X 14 r~~,)- X24X 12[1- fT(~Q)] + 

16 "2 FY ~" 
Bd 

+ x21x13f1(~)- X 2~11[1 -f.f~a)]l ¢P(:) 

6. DISCUSSIO 1/ 

(22) 

On th'~ basis of the system of dynamical equations (22) it is not 
easy to !J1ak:e obviou.s conclusions on the physical consequences of the 
model. The numerical solution of these lengthy equations must be 
studied in .t separate work. Here we draw the attention to some imme
diate physical consequences which might be deduced easily from the 
equations ( 22) in some special case. For this purpose let us assume 
a simplifying approximation by setting g ( ~) = 0. In this special case 
the expres::ions (18) and (19) for the energies of the quasiparticles 
become 

-> -> 

_. Er (v)- Ed(v) -> 2 -> 2 112 
t: ( v) = ------- + [ E ( v) + 8 ( v) 1 ~a 2 . 

(23) 
-> -> 

-+ E d ( v) - Er ( v) -+ 2 -+ 2 1/ 2 
~f3(v) =- +[E(v) + 8(v) 1 , 

where 
-+ E(-+ -+ 

E(v) = -~+ Ed(v) 

2 
(24) 
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(25) 

a 2 -> 
!l = -· fJ d v ¢ ( v) 2 u v[ 1 - C.f ~ ) - f.t ~ ) ], h = 0, 

16rr2'B P a f3 
d 

where 

-> 1 E(->) 112 
u(v)=--:-[1+ v ] 

y2 yE(~)2 + o(~)2 
(26) 

In particular, the critical temperature Tc is determined by e<;uation 

(27) 

Now we deduce some physical conclusions from ahove results. 
First we consider the expressions (23) of the energies of q11asiparticles. 
In the limit o ( ~) _, 0 we have 

(28) 
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-+ ... -+ 
Thus in the limit 8 ( v) ... 0 ~ rJ v) is always smaller than ~a { v) 

~{3(~) < ~a(~). (29) 

Therefore in Eq. (27) we can neglect for(~ a> in comparison with t ..f..~~. 
This means that the critical temperatire T c depends mainly on fue 
distribution of the quasiparticles f3. There are two alternatives: 

a) If the Fermi energy is nearer to the energy band of the Cu 
holes than that of the 0 holes (Ed+ E r> 0), then T c depends mainly 
on the distribution of the Cu holes. 

b) If !he Fermi energy is nearer to the energy band of the 0 holes 
(Ed+ Er < 0), then Tc is determined mainly by the distribution of the 
0 holes. 

From Eqs. (10) it is very easy to calculate the width of the energy 
bands of the Cu and 0 holes, in the approximation with g(~) = 8(~ )=0, 

Wd =max E i~)- min Ed(~) 

W =maxi:(~)- minEr(~). r r 

(30) 

We have 

Wd = 4nPJP, 
(31) 

wr = 8 n_dJ (',' 

Since we h 1ve usually n P « 1, n d::: 1, the energy band for the 0 holes 
is much latter than that of the Cu holes. 

In cordusion we discuss a necessary condition for the existence 
of the solution of Eq.(27). We neglect t T( ~ ) in comparison with 

c a 
fT ( ~{3) an• I write 

c 

2 2 ... 2 
1 a dv¢ (,) 

~ ~ (J P [ 1 - r ( ~ 1 
J p + 2J d 16 TT 8 d I E ( ~) I T c <,,; . (32) 

It follows tltat there exist some average values I E I and ~{3 of the ener-
... -> 

gies I E ( v) I and ~ {3( v) such that 

lEI 
Jp+2Jd =1-fTc(~f3). (33) 
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Since 

the solution of Eq. (33) exists only if the average value i ·~ I satisfies 
the necessary condition 

(34) 

This relation means that the superconducting pairing takes place only 
in the case when the Fermi energy ( F is not very far fron the mean 
value of the renormalized energies of the Cu and 0 holes: either the 
energy band of the Cu holes is nearly half-filled or the concentration 
of the 0 holes is low enough. For the quantitative inve~:tigation of 
this problem it is necessary to find approximate solutions of Eq. (32 ). 
This will be done in a subsequent work. 
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