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Kparxue cooGuyenus OHAH N3 [29) 88  JINR Rapid Communications No 3 [29]-88
YAK 539.143.5 +539.16.166 :

HOBBIE BOSMOXHOCTH UCCIIEAOBAHHUA
KOJIJIEKTHBHbIX CIIMH-CIIMHOBbBIX B3AMOJEVIC TBUN
C UCIIOJIb3BOBAHHUEM JMHAMHUYECKOI'O OXJIAXIEHUA
PAJUOKTHUBHBIX ANEP

10.®.Kucenes, B.JI.JIro6ommun, M.U.ITogropeukuit, A.H.UepHukos

TlpensioxeH HOBBIH METON HCC/EIOBAHMH KOJUIEKTHBIBIX 3JiEK-
TPOHHBIX M 3NEKTPOH-ANECPHbIX CIMH-CIMHOBBIX B3aHMOJEHCTBHIH
B TBEpAbIX IHINEKTPHKAX [PH CBEPXHH3KHX TeMIIEpaTypax, OCHOBaH-
Hbli Ha HCTIONTb30BaHMM aHH3OTPOIMM 3 —Y -U3J1yYeHHs B O OKPAaTHbIX
KM KacKaJHbIX pachajiax IIOJIIpHM30BaHHbIX Anep. [loka3aHo, YTO IO
aHH3OTPOITHH H3/1YYCHHs PaJHOAKTHUBHBIX ANEP MOXXHO H3M:EPATb CIH-
HOBYH TeMIEpaTypy HEpaTMOaKTHBHbIX ANEP HCcCIemyemory odpasia,
MOJIPH3YEMBIX C MOMOIIBI0 IMHAMHYECKOTO OXJIaxaeHus. JIna atoro,
BBHIY OYeHb BLICOKOH YyBCTBHMTENIBHOCTH METOMA, LOCTATO'HO BBECTH
BHYTpb OOpa3sua ~10 14 pamuoakTUBHBIX anep. IlonydyeHb aHamHIH-
YECKHE BBIPXECHHA [JiA YTJIOBOIO pAaclpefeleHHA y-KBaHTOB, obpa:
3YIOWMXCA B HENOuKe MOWIEAOBATENbHBIX 3— K y-pacnaiCe NojspH-
30BaHHbIX B-aKTKBHbIX ﬁncig HO)ILpOGHO PacCMOTpeH  k aCKaHbIH
nepexon 22 Na(3h) 2Z%Ne(zh) 5 ZNeh).

PaGora BrimonueHa B JlabopaTopun sApepHbix mpo6nert n Jlabo-
paTopHu BbICOKMX 3Heprui OUAH.

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

Kiselyov Yu.F. et al.

A new method is proposed for investigation of collective electron
and electron-nuclear spin-spin interactions in hard dielectrizs at very
low temperatures. The method uses anisotropy of PB-y rediation in
single and cascade decays of polarized nuclei. It is shown “hat aniso-
tropy of radioactive nuclei radiation allows one to measure the spin
temperature of nonradioactive nuclei polarized by means of dynamic
cooling. Since the method is highly sensitive, it is enough to introduce
~101* radioactive nuclei in the sample to be investigated. Analytical
expressions are obtained for the angular distribution of y-quanta pro-
duced in the series of consequent ,B—and y- deczys of Dolanzed [3 actwe
nuclei. The cascade transition 22Na(3 ) B (2 ) - I\e(O )
is considered in detail. Y

The investigation has been performed at the Laboratory >f Nuclear
Problems and Laboratory of High Energies, JINR.



1. BBEOEHHE

HNamepenne aHM3OTPOMHUH YIJIOBOro pacrhpeneiieHua f3- wid y-H3-
NyueHMii ABJseTcA Hanbonee YYBCTBUTENLHBIM METONOM HUCCNENOBAHUA
CBEPXTOHKHMX B3aMMOJEHCTBHIl CIIMHOB OpPHEHTHPOBaHHBIX finep. B 3a-
BHCHMOCTM OT THIA B3aHMONEHCTBMA IO AHU3OTPONHH H3NyUeHUA
ONpeness 0T MarHWTHbIE ¥ KBaJpYyMNoJbHblIE MOMEHTbI fifiep, BHYTpEH-
HH€ JIOKA 1bHble MarHUTHbIe noJA u ..’ 7/ .

B crA3u c pa3sBuTHEM B MocienHee BpeMA HOBOro Meroja INoJA-
pM3alMK Afep, M3BECTHOrC NOJA Ha3BaHHEM ’HHHAMHYEeCKOe OXJIAXIe-
aue”’/ %3 | npencrasifer MHTepec NpPOaHATM3UPOBaTh HOBbIE, IO CHX
Mop He MCIOJIb30BaHHblE BO3MOXHOCTH HCCIE€NOBaHUS KOJUIEKTHUBHBIX
CIIMH-CIHIIOBBIX B3aUMOJefCTBHI B KOHIeHCHUPOBAHHEIX Cpelax o aHH-
30Tponuy B- U y-H3nyuyeHuil. B cooTBeTcTBHH C MIeel MeTOOa AMHAMH-
YeCKOro JXJaxIeHWA Mobbie AQpa B cocTaBe OMaMarHUTHON MaTpHiibi
¢ NMpPHUMeChbI0 MapaMarHMTHbBIX HOHOB MOryT ObITh IpH TeMIIlepaType pe-
werku ~ 0,5 K B none Hj =~ 20 xI'c nonsApusosaHsl yTeM o6nydenns
CBY-nonem BG6nu3n uentpa naunuu OIIP. MaBectHo’ 4/, yT0 MMeHHO
C MOMOL K OMHAMHYECKOro oxnaxaewusas B auonax CgHg (OH),,
C,D,(OH) n uM nMONOGHBIX NOCTHUraeTCA B HACTOALLee BpPEMA pe-
KOpOHaA NOJIApU3auMA 'H, “D, 1%, B ornumuue or conun-a3podexra
WIH MeTCaa llxced)d)pnca/ 3/ B MeTole IAMHAMHYECKOIo OXJIaXIEeHHA
BCe AJpAa B cOCTaBe AWaMarHUTHEIX aTOMOB B OTCYTCTBHE MNApa3UTHOM
yTeYKH npuobperarnT NOJAPH3ALMNIO, COOTBETCTBYIOILYIO eUHOl cny-
HOBOI1 Te vmepa'rype/ 58/  Orciona clieyeT MHTepecHadA BO3MOMXHOCTb
¥3MepeHNA NOoJIAPM3aLM HepanqMoaKTUBHLIX AZlep (Hanpumep, DefiTpo-
HOB) MO aHHU3OTPONHMH YIJIOBOro pacinpefeleHHs NPOAYKTOB pamMo-
akTHMBHOr> pacnaza. Hike Oyzer mokasaHo, yTo o Heo6xoauMoit
IJIA TpOHeNeHMA 3KCIepUMEHTa KOHLIEHTPALUMH siep OaHHBIA MeTox
NpUMEpHO B 107p83 yyBcTBUTENnbHee Meroga AMP u He Tpebyer
KaMOpOE KK anmnapaTtypbl [0 TaK HA3bIBAEMOMY HEYCH/IEHHOMY CHr-
Hajly OT CNMHOB, HaXONAILUMXCA B Te[UIOBOM paBHOBECHMHM C peuIeT-
xoit’ 7/ . IpyruM cinemcTBMeM MNOBBILIEHHWA YYBCTBHUTEILHOCTH FBJIA-
erci BO3MOXHOCTh NpPOBeNeHHA Oonee TOHKHUX [0 CpPaBHEHMIO C WK3-
BeCTHBIM}. METOJAMH HCCIeIOBaHUI INTEeKTPOHHBIX, 3JIEKTPOH-AdEPHBIX
U AOEpHO-ANEepHbIX KOJUIEKTHBHBIX CIIMH-CIIMHOBBIX B3aHMOAENCTBHIA,
a TaK)Ke KMHeTHKH CIIHHOBOH peJIaKCalvH Anep.

2. ME"OII UBMEPEHHS CITMHOBOW TEMITEPATYPbl
MO AHU3OTPOIIUH U3IJTYYEHHUA

O6cyxmaeMbli crnoco6 ocylecTBnsAeTca chenymlmwnM obpasoM.

B nuamar4uTHy MaTpHLy, COeprkalllylo HcciieAyeMble fpa CO CIH-

HOM | (ranpumep, NpPOTOHLI, AEHTPOHLI ¥ T.A.), BBOJWTCA Iapamar-
" ~0.1n 20 3

HHTHaA MpHMeck ¢ KoHUeHTpaumedr Cg <<C; (Cg=2-10%" cm./cm”),
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HeoOXoOuMasa 1A MOJNApPH3alUMH sAAep [0 METOAY JAHHAMM IeCKOro
oxnaxaeHua. KpomMe Toro, ¢ ueibid M3MepeHUA CNMHOBOM TeMiiepa-
Typhl (HOJIAPH3AlIMH HEpagWOaKTHBHBLIX fAeP B MHILEHH) BIIOAUTCA
MPUMECh PANHOAKTHUBHBLIX MOJINOKHUBYUMX AAep J B coCTaBe Herapa-
MarHHMTHbIX MoOJIeKyJ ¢ KoHUeHTpauHel C ;<< Cg. Ilocne oxmaxpe-
HHA obpasua A0 HHU3KHX TEMIIEPATyp M BKJIIOYEHHA NIOAMArHH4UBal0-
wero nona Hy ero o6nyvator CBY-nosiem Ha yacrtoTe, COOTBETCTBYIO-
el rmySboKOMYy OXJIKIEHUI0 peae;nayapa IHIIOJIb-AHITIONbHBIX B3aHMO-
IeHCTBMIl 3NMeKTPOHHBIX crmuos’ ¥, IIpn 3TOM BCe sAAEpHbI¢: CIIHHO-
Bbl€ CHCTEMBI, BKJIIOUYas U PaIHOAKTUBHYIO MPHUMeCh, IIDHXOAA' " B KOH-
TAKT C OXJIAKIEHHBLIM IMIIOJIb-INIIONBLHBLIM pEe3epBYyapoM, BCI€ACTBHE
Yyero MpPOMCXOIUT MONAPHU3AIIMA PafMOAKTUBHBIX ALEep, KOTOpal MOXeT
ObITh 3aperMCTPUPOBaHA 10 AHU3OTpONMHHU - WM y -u3nyueHrsa. Ecian
MPH 3TOM CIIHHOBbIE TEMIIEPATYPHI BCEX fifiep OKA3bIBAIOTCA OLNHUHAKO-
BbIMH, TO 10 aHHU3OTPOIHH H3NYYEHHUS MOXKHO B KOHEUHOM HUTOre H3Me-
PHTH CIIHHOBYIO TEMIIEPATY Py HepalHOAKTUBHBIX Anep. 3aMeTH! B 3TOH
CBA3SH, YTO PABEHCTBO CIMHOBLIX ‘remnepar)lp pa3HbIX ANEp H0KA3aHO
31<cnepumemanmo/ 5 u TeopeTHYeCKH /8/" rompko NpU  JO¢TATOYHO
BbICOKHX KOHueHTpauuAx C; u Cj. Hmxke npeanonaraercs, 4YTO 3TO
CIIpaBEMJIMBO M IJIA OYEHb MAJIbIX KOHIEHTpauHi Cj, KOTrog MOMHO
npexebpeyp crnMHOBOH Auddysueit. CyllecTBEHHO, YTO OOCYMnaeMblil
croco® no3BonAeT KaK 3KCIMIEPUMEHTAIBHO IIPOBEPHUTH CIIpaBel JIMBOCTD
3TOro NpPeArnooXeHNsA, TAK H BLIACHATHL XapaKTep Mpoliecca ycraHoBne-
HHA paBHOBECHOTO CITHHOBOI'O COCTOSIHUA.

Ecnu pagHoaKTHBHOe AOPO MMeeT CIHH J , a ero MarHUTHbIA MO-
MEHT B AAEPHBLIX MarHe€TOHaxXx paBeH u, To B noje Hy Npu cimHOBOM
teMnepatype T 3aceleHHOCTH COCTOAHHH C Pa3/IMYHLIMM MMPOCKUMAMHU
ClMHA M Ha HalpaBJieHMe MarHUTHOrO MOJA ONHUChIBATCA (o pMynoi
Bonbumana/ 8

o emx/J emx/J X
= = sh( —),
mm J mx/} 1 ( 27 ) (1)
3 e sh(x(1 + =)]
m=-J J

rae
X = efi H0

T H 2myc kT (2)

e — 3apAf MPOTOHA, M, — Macca MPOTOHA, ¢ ~ CKOPOCTh CBETa B Ba-
KyyMe, k — nocroaHHaAa Bonbumana. CTeneHs NONAPU3ALINY Aliep omnpe-
nenaercA ¢yHkumen Bpuwinwo3Ha:

1 3 3
P::TI— 3 mpmm= B(X, J). ( )

m=7J



BacenesHOCTH p =~ COBNAJAOT C 3IE€MEHTAMU CIIMHOBON MATpMIBI
IUIOTHOCTH AApa /9/, KoTopad B pacCMaTpUBaeMOM cllyyae ABJIAETCA
ouaroH: IbHOH. O6cyxmaeMas aHH30TPOIHA U3JYUEHHA HENOCPENCTBEH-
HO CBA3aHA C TEM, YTO I[IpH HU3KHX CIIMHOBBIX TeMIlepaTypax BeIHYHHbI
Pmm CYIUECTBEHHO OTIMYAOTCA OT 3HAYEHHUR 2J +1)” 1, COOTBeT-
CTBYIOIL €r0 HelOJIAPU30BaHHbIM AZPaM.

3. 3-PACIIAI TIOJISPU3OBAHHOT O AIPA

[MpumMepoM BO3MOXHOI KOHKPETHOH peanusanuu obcyxmaemMoro
MeToZia ABJIAETCA U3MepeHHe CIIMHOBOH TeMIepaTypbl IPOTOHOB (WIH
OEeATpOoHOB) B MpONaHAHOJIe C IPHMEChI0 MapaMarHUTHOTO HOHa CrtV
B Takoi MaTpHiue NpaKTHYECKH HOCTHTHYTBI MOJIAPU3aLHK IIPOTOHOB
197% u peirtpoHOB *39%, uTO COOTBETCTBYET €AUHOMN CIMHOBOH TeMIie-
patype *1,3 MK B none H = 2,7 Tx. [Ipu BBenenuu B MaTpHily panuo-
aKTUBHLIX fAep BO3HMKAE€T aHHU3OTPOIMA [B-H3JNyYeHHs, 3aBHCAIIAA
TOJILKO OT CIIMHOBOH TeMIlepaTyphl 3THX Anep. B aiyvae pa3pellieHns
B-nepex:0n0B aHN3OTPONUA CBfA3aHAa MCKIIIOUYUTEIILHO ¢ HeCOXpaHeHHeM
YeTHOCTA B Ipoueccax, OOYCIHOBJIEHHBIX ¢1abbiM B3aUMOIEHCTBH-
em /10, .V  TIpu atom yrinosoe pacrpenenenne [-2J€KTPOHOB HMeeT
CTPYKTY'pPy

N _
66 1+ aPCOS@, (4)

rae § — yroij Mexuay HalpaBJIeHHEM BbUIETa 3JIeKTPOHA (MM [TO3HUTPO-
HAa) M EanpaBJIeHHeM BHeLIHero MarHUTHOro rnois, P — creness nmond-
pyU3auMil pPagHOaKTHBHBIX fAlep, KoTopasa olpenenderca dop-
myioi (3).
B ciayuae 4MCTBIX raMOB-TEJUIEDOBCKHX I1€pEeXON0B MapaMeTp
a erKo, BI}I‘IHCJ'!HeTcH teoperHyecki. Emle B knaccuueckoi pabore JIn
u flura’ 1% 6nuro mokasaHo, YTO eCIM CIIMHBI HAYAJBHOTO J M KOHeY-
HOro J ° COCTOAHMIA CBA3aHbI COOTHOlleHneM J°'= J -1, 10
Sl
a=— —— 5
= (5)
rjge <v > — CKODOCTb 3JI€KTPOHOB, yCpeAHeHHaa no B-crniexTpy. Ecin
e J'=J+1,T0
<v> J

a=—1. —, 6

« T+1 (6)
Ipu J°=J# 0 BO3MOXHBI KaK ramMOB-TeJlJIePOBCKHE, TaKk U depmMues-
ckue f3-mepexofnl, U napaMerp aCMMMeTPHH ¢ 3aBHCHT OT HX OTHOCH-
TEJILHOTO BKJaga. B 3Toil cUTyaluu BeMYMHY a MOXHO ONpeneHTh

3KCNepIHMEHTAIbHO, H3yuaa -pacnaf Aopa ¢ U3BECTHOH MONIsApH3alinei.
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PaccmoTpum npumep, B KOTOpOM B KayecTBe paayvo: KTUBHOH
TIpUMECH HCNOJIb3yeTCA HU30TOI Pls’ BXoaAmMA B Monekyny PHg
U crnocobGHbEI B MnKpoxommecmax pacTBOPAThCA B NPONaHIHOIIE.
ITepvon mnomypacnaga sAppa 32 P,5; cocranaer 14,5 pgueir, cro cnuH
J=1lcnue koHewHoro Ampa 5% 16 PaBeH HyJo, SHeprusa paspelueH-
HOTO raMoB-Te/ulepoBcKoro B-nepexoma 1,7 MaB 7 12/, B stom cryuae
<v>/c=0,835 u cornacHo (5) BenuumHa a=-0,835. Ecrm T =-1,3 MK,
Hy= 2,7T, 10 x =-0,19, u B coorBercTBUK C popmysioit (3) monsapu-
sauuna agep docdopa P =B (-0,19, 1) = -0,125. 3Hak ’MuHyC"’ cBA3aH
C OTPHLATE/LHBIM 3HAKOM MAarHUTHOTO MOMEHTa Anep docdbopa (u =
=-0,252 12/) . Takum o6pa3om,

AN . . |
a0 1+0,1.co860. (7

CnepoBareitHO, TpH peBepce 3HaKa MOJIAPH3ALMH pas3HHLE B cyeTe
6yner nocrurats 20%. Ilpn paaHoaK THBHOCTH NpHMecH 12 Mu XPOKIOpH
MHIIEHb OyneT Hanyuath ~ 4-10° yacTvLl B ceKyHAy. KpemHueBbIi
JeTeKTOp AUaMeTpoM 3 cM, pacloJIOKEHHbIH Ha paccTogHMH 15 cm 01
obpasua, 3a omHy ceKkyHay Oyaer perucTpupoBars ~ 103 co6bITHiA.
Jlerko nasnee COCYHTATh, YTO JAJIAl H3MEPEHHA Koad)dmunema 0,1 B dop-
myne (7) c touyHocTeio 2% Tpebyerca ~0,3: 108 orcuetoB u, creno-
BaTeJbHO, HabOPp CTAaTHCTUKH 3aBepuiuTca uepes 300 c, npu 3 oM B Hc-
ClenyeMylo MHIUeHb HOCTaTOYHO BBeCTM Bcero auuib 5.10 '! pammo-
aKTHBHBIX MOJIEKYII.

4. y PACNIALL NOJIIPU3OBAHHOIO SAIPA

AnaniornuHbili MOAXOM BO3MOXEH H C y -M3NyyaTensmr (ponio
XKHUBYLIMMH HW30MepPaMH), KOTOpble yA0o6HO NpHMeHsTL 3 Cnyuse
o0b6pasuoB Gompwiodt TonumHel Hampumep, ecnii BoaGyxieHioe app2
HMeeT CiMH J, a y KOHeunoro sapa civH J = 0, 70 HOpPMH DOBaHBO®
yIIOoBO€ pacnpefelieHye y-KBaHTOB OTHOCHTENMbHO HanpaBJIERNA Mal-
HUTHOro noJjs 6yner uMeTs BHA, /9,

J
W(o)=2g—*‘— 2 oM@ (00" v@, (097, 8)
n m=-14J

rae di:.) 7(0) a)d)ymcupm BurHepa (3neMeHTbl MaTpHlbl }.OHEYHLIX
BpallleHHu#), P m— 3aCeNeHHOCTH CIHHOBBIX COCTOAHMIA, Ci3A3a8HHbIE
CO CIHHOBOM TemmepatypoH cooTHouwennem (1). Ananormynan ¢op-
MyZ1Ia MOXeT ObITh HanMcana M TpH J°# 0 AJIA 4HCTBIX 3JIEKTpPHuECKX
WIM MAarHHTHBIX y -TIePeXO/IOB OINpefeeHHOH MyJbTHIIONbIIOCTH L :



J L Jm 2 () (L) @2 Ly 2
W=l s 3 @ )@ ey +@ @y 1. (9)
&n m=—J p=—L J'm—pLp mmoopl u—1

3necs C -- ko3 duunent Knebiua — Nopaowua.

5. KAnCKAIIHbIE B-y -IMIEPEXOIbI

Tpe 'uifi BO3MOXHBIA I[yTh H3MEpPEHHA CIHHOBOH TeMIIEpaTypbl
3aKJII0YacTCA B HCCIENOBaHMM YIJIOBOM aHHM3OTPOITHM  y-KBaHTOB
B KacKanHbIX f3-y -nepexonax. B kayecTBe pagHOaKTHBHON NPHUMECH
cnenyer B3ATb NOJITOKHUBYLIMEe f[-aKTHBHbIE ALpPA C OTJIMYHBIM OT
HyJIA Mal'HHUTHBIM MOMeHTOM (crHH J # 0). OTH AOpa MONAPH3YIOTCA
B COOTBE€ 'CTBMM CO CIIHHOBOW TemmnepaTtypo# obpasua. [Iycts B pe3yiin-
TaTe [-piicnafa paccMaTpHBaeMbIX fAilep 00pa3ylTCA MPOMEXYTOYHbIE
IOouyepHHE Apa C OTJMUHBIM OT HYJA CIHHOM J’ , KOTOpbLIE, B CBOIG
ouepelns, UCMBITHIBAOT ObICTphId y -pacnan. Kax Mbl yBHOum Hike,
€CNIM 3J1eICTPOHY M aHTHHEHTPHHO IepelaeTCA OMNpelesleHHbI cyMMmap-
HbIM yrJaoBOH MOMEHT L, a MX HMNyJbCcbl He pErMCTpHpYOTCA (T.e.
TpOM3BOL MTCA COOTBETCTBYIOILee yCpeOHEeHHe), MOJAPU3ALMNA nouep-
Hero AApa cpasy ke mociie -pacfaga OZHO3HAYHO CBA3aHA C IOJIAPH-
3auMeil HuajlbHOrO OOJITOXMBYILUEro fAApa M TeéM CaMbIM C MCXOIHOM
CNIMHOBO# TemmepatrypoH. IlpoMexyTouHble Apa JOJDKHBI ObLITh
HaCTOJIbK) KOPOTKOXXHMBYILLUMMHM, 4YTOOBI HX CIIHHOBOE COCTOAHHE 3a
BpeMsA >K13HM He yCreBajlO 3aMeTHO M3MeHAThcA. PeasbHO 3TO O3Ha-
YyaeT, YTO BpeMS >XH3HM INPOMEXYTOYHOIO AIpa AOMKHO ObITh OYeHb
Malio [0 CpaBHEHWI0 ¢ OGpaTHON 4AaCTOTOI CBEPXTOHKOIO paciueruie-
HHSA aTOM iBIX YPOBHe#H (r << 108+ 107® c).

B 31X ycnoBHMAX YrioBOe pacnpefesieHHe y-KBaHTOB OTHOCH-
TeJIbHO H:NpABJIIEHHA MarHUTHOrO NoNfA HeceT MHGPOPMALMIO O eNHHOM
CIIMHOBOHA TeMIepaType HayaJlbHbIX PpAJHOAaKTUBHBIX fAep MpHMeECH
H Hccrely eMbIX HepaZHOaKTHBHBIX Allep.

Pacci1oTpHM IMPOU3BONLHBIN pacnang

2 L p") , x @™

IpH yCIOBHH, 4TO COBOKYMHOCTb yacTHu X, HMIIYJbChl KOTOPbIX
He (QUKCYDPYIOTCA, YHOCHT ONpefeNeHHbli CyMMapHbIii MOMEHT KOJIH-
yecTBa anmwkeHna L. Ilockonsky B paccMaTpuBaeMOM cjiyyae HeT
HHMKaKHX BbUI&JIeHHbIX HalpaBlieHHMHl KpoMe TeX, KOTODble CBA3aHbI
C MoJIApH3anHed 4acTUUbl a, NOJNApPHM3aUMOHHbIe NapaMeTpbl YacTHLbI
b, o6pasioweiica B pe3ynsTaTe pacrana, OMNPeaesIAITCA HCKIIIYH-
TeIbHO BeKTOPHBIM CJIOKEHHMEM MOMEHTOB. UHBIMHM c/i0OBaMH, COBO-
KyIHOCTh vacTHu X MOXMHO 3aMeHHUTh (GHKTHBHOM ’vactHueit” co
ciuHoM 1., moryarada, yto op6GuTranbHblilt MomeHT cucremsbl (b + X) pa-
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BE€H HYIO. B takoin CUTyalHHd 3J1€eMEeHThI CITMHOBOM MaTpHIbI [1JTOTHO-
CTH YyacTHLLI b CBA3aHBI C 3JIEMEeHTAMH CIIHHOBOH MaTpHIIbI INTOTHOCTH
YaCTHIbl 2 NPOCTBIM COOTHOLUEHHEM

(3% ; CJ m+pt Jﬁﬂl (J)
mi J’ mL raLly Pmogmegd
L [ #  m+p

(10)

rae C — xoadppuuneHTnr Knebima — I"'opooHa.

Jlerko BUIeTh, YTO €CNU CNUHOBasA MaTpHLA NJIOTHOCTH HaYaIbHOM
YacTHILI a4 AMArOHaIbHA, TO CIIMHOBAS MATPHLA [MJIOTHOCTH KOHEYHOH
yacTHULbI b OymeT Tak)ke QUArOHAJILHOM, IpUYeM

(3% é Jmip 2 (9) ‘
mm w#:_L J'mLp, ' pm+# m+,1' (11)

U3 ¢opmynsl (11) ¥ U3BECTHOTO B TEOPHH CJIOXKEHHHA MO VIEHTOB

2 2] + 1
aBeHcTtBa 2 (C, ) = ——
P g Jmlp 2J7 + 1

YyacTHLA HE MOJIApYM30BaHa (pfng_ -3 1y7! npy {m+pj< J9), To

YaCTHLIA b pO>KIAETCA TaKKe Heﬁbg%HSOBaHHOﬁZ plD= (237 + 1y 18

¢Popmyna (10) xopouio H3BECTHa B TEOPHH )EH-?)acnazza O DHEHTU-
pOBaHHBIX silep — OHa ONpenesifeT yCpeoHeHHbIe N0 BCEM HaNpaBIeHU-
AM BbUIETa y -KBAaHTOB NONAPH3aLHOHHbIEe NTapaMeTPpbl KOHEYHO!I 0 AIpa,
obpa3symolueroca B pe3ysibTaTe I1epexofoB OoNpenesleHHON MYJIbHIIONb-
woctu L1314’ B srom cnyuae nom X moHummaerca y-kBadr. Ho
B COOTBETCTBHHU CO CKa3aHHBLIM Bbiuie, COOTHouweHHa (10) u (11) otHo-
cATCA U K f-pacnany anpa (a Takxe U K-zaxBaty) NpH yCIOBdAH , UTO
JIeNITOHAM MepefaeTcs OonpeneneHHbll yrnosod MoMeHT L, a HanpaBJe-
HHe UX BbUIETA He perucTpupyerc. B 4acTHOCTH, NpU paspelueHHOM
f-nepexone 'amoBa —Tennepa yrinoBoi MOMEHT CUCTEMBI 37I€KTPOH —
AHTUHEUTPUHO (WM MO3UTPOH — HEUTpUHO) paseH eaunnie’'’ | B cu-
TyauuH, Korma |J - J°| = 1, paspeiueHHbrii nepexon Namosa—1'ennepa
ABJIAETCA OCHOBHBIM (OCTATIbHbIE CHJIBHO MMOAABJEHbl) U MMOJAU3ALNA
Anpa, obpasyouierocss B pesyasTare S -pacnajna, ¢ Xopoluel TOUHOCThIO
onuceiBaerca popmysiamu (10), (11) ¢ L =1.

Be3Bpaujanach K MeTOLy M3MepeHHs CIIHMHOBOHM TemMmepar:/pbl Iy-
TeM UCCIIeIOBAaHHA KacKaaHbIX 3-y -epexo/ioB, PACCMOTPUM CIlyYai,
KOra CIKH NMPOMeXY TOYHOT0 KOPOTKOXKUBYLUEro Agpa, o6pasy outero-
ca npu (-pacrajne NojaApHU3OBAHHBIX Afep NpUMecH, HMEIILUX CHH J |
NpUHUMaeT 3HauyeHHa J = J - lunu J'= J + L. [Ipennonoxmun: nanee,
YTO MPOMEXYTOYHOE AAPO B pe3yiibTaTe y -pacnaja MepexonlT B CO-
CTOAHWE C HyNneBbIM cnuHoM. Torpa ¢ yyerom (8) u (11) HOpmMEpo-
BaHHOe HA €IHWHHIY YIJIOBO€ pacnpefejieHHe y -KBaHTOB OTHOCATENbHO

Jm+u
BbITE€KaeT, YTO €CJIHM pacriagamnumasacs
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HaIpaBN€HHA MAarHdHUTHOTO I10J1A (OCH KBaHTOBaHHH) 6yJ.IET HUMeTb BHU]

J’

27+ 1 SR G G023 2
W(g) == S )
-2 {m§1<pmm+p_m_m>[(dmlle» - @2 0% 4 -
3n @3 2

+2‘700 (d0126) b
rae

(@R8] Jm+p 2 (J)

mm (CJ’ml Pospmip?

#::0,11 M M [

J . . "
a BeJIMWIHBI p,f] +)# m+; CBA3aHbI CO CIMHOBOM TEMIepaTypo# COOTHO-
wenuem (1).
Mpi J =3, IJ’= 2 umeem

1 (2 (2

-l
W) = 5 { 5 (Pgg *+ Py

_ 2) sin26 1+ cosze) +
(@ L,y (4eostd - 3eos?h + 1) + (13)
g P TPy
+ 30 cos B sin},
00
IpHYeM

d_ @ 1 3 1 (3
Pop™Pgy Y 3P Y 5P 1L

(8_2 (8 8 (3 1 (3
P117"3 P22 *15P 11 T HPoo

@_.2,® ;3,3 .2 (3 14
Poo - 5Py "5 P TPy (14)
® _1(3 8 (3 ,2 (3

—1-1_ 5 Poo 15 o1 T T Py

@ _1 @ 1@ (3

Pos” 15P-1-1 " 3P-pp T Pog-3’
rue

%x
(3 __© R - +
on = sh(=), m=0,%1,%2, £3 (15)
sa(—e—'x)
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Ecom J =2, I'=1

’

3 1, (D n 2 (n . 2
@) . {2(p11+ p_l_l)(1+ cos B) + Pog SI o1, (16)
(v_» 1 @, 1 »
Pl Pog 2 Py 6 Foo
1 2 1
B PN &) BN € 9] = (2 17
p{}o 5 p11 + 3 pOO + B p_l,_‘1 ) ( )
(1 L 1 (2 (2)
= — +o— + s
P_121" % oo 2P 11 P11
rae
m
—2)(
B e
(& _ 7 sh(Xy, m=0, 41,42 (18)
mm 5
sh{— X)
4

Tlpu J = 1, J’= 2 yrnosoe pacripejiejleHre )y-KBaHTOB ONMCh'hatics
¢opmynont (13) co 3HauUeHHAMHU

(2_ 3 (1
227 FP

m:3¢n+i<q
11 10 11 10 00

®_1 (1. 2 (D

b 14
Poo 10" 11 107-1~1 5 Poo (=
@ _3(m 3 (D
Po1-1 10  -1-1 10p00 ’
2 _ 3 (1
—2-2 5 11"
rge
mzx
(1 _ _& . *
Pom 3 Sh(2 ). (20)
sh(—x
(2 )
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6. TPUMEPHBIA PACUET AJISt KACKAIHOTO NEPEXOMA
22Na3t) o 2%Ne2™) o 2ZNe(0h

PannoakTHBHOE AOpO ?2Na umeer nepuoj nonaypacnaaa 2,6 roga,
cnnu-qemocn 3* M MarHMTHLII MOMEHT B AOEpHBIX MarHeTOHax
p=+1 ”5 12/ B pe3yibTaTe TraMoOB-TEJLIIEPOBCKOro f -nepexona
¢ MaKCMaJIbHOH 3Hepruei rno3utrpoHoB 550 k3B (uwnm K-3axsara) 06-
pasyer(a MpOMexyTouHOe AAPo <2Ne co cruHoM J ‘= 2. Ero mepuon
nonypa:nana cocrabnser 3,7-10712 ¢, T.e. BpeMA ¥M3HH OYEHB MaTO
[0 CpalHEeHHI0 ¢ XapaKTepHbIM MEpHOIOM A CBEPXTOHKOrO paclue-

IUVIeHHA aTOMHBIX ypoBHeil. flmpo 2Ne(2') uanyuaer y -kmautni
¢ aueprueii 1280 k3B n nepexonut B cTabunbhbii n30Ton *2Ne c Hye-

BoiM ciuHoM’ 12 | Cxema mnepexoloB NpencTaBlieHa Ha pHCYHKe.
B paccmarpuBaemont cH- .
Tyaluud YrJ0Boe pacrpeznese- ::.ESEY
HHe 1y -KBaHTOB C OJHeprHei «Na
1280 k»)B oTHOCHTeNbHO Ha- p.EC
NpaB/eHHA MArHUTHOTO TNOJA 2 17K58 ECA5%
MoxeT ObIThb BbMHCIEHO MO  37ps . _E0L%ECY,

¢opmystam  (13) ~ (15) Hesa- . ~

+
BHCHMO OT TOro, KaKOMy Ka- 0 w P 006%
HIy COOTBETCTBYET I[1€PeXox oNe

23Na(3")-2Ne (2') £2e (0V),
B -pacnaiy Ha MO3HUTPOH U Hei-
tpuno unu K-zaxeary. IIpu 3tom, B cooTBeTcTBHM C (2),

Hy
= 06—, (21)

raoe Har psAX€HHOCTh MAarHHUTHOr'o IOJIA 3aJaeTcA B TecdllaX, ClIHHOB&A
TeMnepinTypa B MHIIJIHKe/bBHHAX. npOCTbIe BbBIUYHCIIEHAA OaT

. 1 4 2
W(x, 6 = 747“1(") -1 (%)cos’d ~ ta(x)cos 01, (22)
roe
5 Sh(_’é_) 2 3
tl(x) iy ———f{chx + ch(? x) + ?ch(-;‘—) + -;—], (23)
sh(%—x)
sh()
5 B 1 X v 2
f2(x) = 5 -——7——[Chx + —3—ch(—3—) - ?Ch(?x) + 1], (24)
sh(-e-x)
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X
5 Sh('ﬁ_) 2 4 X 6
(8 = 5 *— [2eh(50) - zeh(g) - &1

sh(%— x)

(25)

Ecnu x << 1(cnaboe MarHMTHOE MOJie, BBICOKas CIIMHOBaA Temrnepa-
Typa), T0 fy(x) = 1, f,(x) = f5(x) = 0 ¥ yrioBoe pacrpelejleHue
y-KBaHTOB, KaK ¥ CIefOBaIIO OXKHJaTh, U30TponHo. IIpn x >> lumeer
MECTO pe3kad aHH3O0TPOIHUA:

5
w =
©) 16

(1 - cos 49). (26)

m

[NoouepkHeM, uT0 yrioBoe pacnpeneneHde (22) c xoaphuuyeHramy,
onpeneneHHbBIMU cornacHo (23)-(25), aBToMaTHUECKH YIOBJI€TBOpHET
YCIIOBHIO HOPMHPOBKHU

1
47 { W(x, 6)d(cosf) = 1. (27)
0
PaccmoTpHuM BenHUNHY

£00) = W(x, 0)/W(x = 0) = £(x) — £,(x) = f,(x).

Jlerxo BupeTs, 4yTO

sh()
2 2 8 X 1
sh(zx)

CornacHo (22) wumeem W(x, n/2)/W(x=0)-= f,(x). OT 10o11eHue
MHTEHCHBHOCTEN H3nyyeHHda non yriaoM 0 =0 U 6§ = 7/2 NfHUHHMaer
BUI

2 X
10.ch(=x) » 8ch(=) + 3
e 9) = r4(X) 2 i : (29)
f(x) 3 2 X )
1 5chx+50h(§— X) + 3ch(—3—)+ 1

W(x, —2—)

OyHKUMH [ (X) , f5(x) , [x(x) H f,(x) npoTabynrpoBaHsl.
B.npuBeneHHOW Tabnulle BeIMuHHA Xy, ONpeneseHa B COOTI3€TCTBHHU
¢ dopmynoii (21); B nocnegHUX OBYX CTOAOLAX AaHbl MOJIF pH3ALIMH
TPOTOHOB M REHTPOHOB MpH TeX e 3HaueHHAX CINHHOBOW remmepa-
Typbl M MarHUTHOTO I10NA, BbIYKCJIEHHbIe MO ¢opmyne (3) ¢ Xp =
= HpXn{HNa» Xp=HBpENa By, - Ilpp H = 27kle, T- 1,3 MK
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Tabauya

x(zﬁ\lal) f®-1  1,0%) t(x) 1,x P, Py
1,81-1072 585.-1078 3,57.107'% 472-1077 1,000 29-107%427-107%
6,28-10°% 1,88-107% 1,26-1077 5,64 107% 09996 0,1 2,05-10 "2
0,127 766-107% 2,09-10® 229.107%0,9985 02 4,14.1072
0,194 1,78-107% 1,13-107° 533-107209964 0,3 6,32-107%
0,265 3,32-1073 3,96-107° 994:107%0993 04 8,64-107 %
0,344 554.1073 1,11-107% 1,65-10720989 0,5 0,112
0,434 8,74.107% 2,78-107% 2,60-107%0982 06 0,141
0,543 135-107% 6,70-100* 4,00:10°2%0972 0,7 0,175
0,688 2,11'10-2 1,67.1073 6,22-10720957 08 0,221
0,922 3,59-107% 5,08-107° 0,105 0926 09 €291
1,15 524-107% 1,13-1072 0,150 0,891 095 0,356
1,31 6,50-10"2 1,81.107% 0,184 0862 097 0401
1,66 925-1072% 4,04-107% 0,253 0,799 099 0,489
1,88 0,109 599-107° 0,292 0,757 0995 0,540
2,38 0,144 0,121 0,360 0,663 09990 0,641

(x =1,:3) HOpMUpOBaHHOE YIJIOBOE paclpernesieHye y -KBaHTOB HMeer
BHI

W_ 3 00,49 - 0,0705 . cos® - 0,0125 - cos?d }. (301

8w
B 3tux xe ycnosuax us (28) cmemyer f,(1,33) = 0,86, T.e. addekr
cocTaBJiAeT NpuMepHo 14%.

B :axnioueHre aBTOpPBI BhIpaxawT Gnarogaprocrs A.[l.UemaxkoBy
32 MOMOILLb B COCTABJIEHUH TaOIHIIBL.
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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 JCD running coupling @ can depend on the gauge parameter a. In
this paper the results of renormalization-group (RG) analysis of several
MOM schemes with this dependence are presented. It is shown that for
som: cases gauge dependence can essentially influence the ultraviolet
beheviour of @ and, particularly, destroy the asymptotic freedom
property. Possible “physical” implications of these phenomena are
discussed.

The investigation has been performed at the Laboratory of Theo-
retic 1l Physics, JINR.

KanubpoBouHasa 3aBUCHMOCTD yibTpadHOIeToBOro
nos 2neHnsa B KX ]|

O.B. lupkos, O.B.Tapacos

ak H3BecTHO, ABYXNeTieBoi kO3I(pdHUuMeHT GeTa-pyHxumH -
dex uBHoro 3apaga KXI ag MoxeT comepxaTb 3aBMCMMOCTb OT
kanr 6poBoyHoro mnapamerpa. B paGorte BBIMONHEH peHOpPMIpyIMOBOWH
aHan 13 Heckonbkux MOM-cxeM, B KOTOphIX TaKas 3aBUCHMOCTb HMeeT
mecto. [lokasaHo, 4To B pAlle cnyyaeB KaIHOPOBOYHAA 3aBHCHMOCTD
Cyll¢ CTBEHHO BHMAET Ha ynbTpaHOIETOBOE NOBEIEHHE d ¢ U, B YaCTHO-
CTH, MOXET MNPHBOOMTL K HapyUIEHHI0O acHMIITOTHYeCKOH CBOOGOIbI.
OGcyXaeHbl BOIMOXKHDIE CNIEACTBHA 3TOro GeHOMEeHa WiA (PHIHUECKAX
BEJIH IHH.

'aborta BbinonHeHa B Jlabopatopun TeopeTHueckoit dpusuxu OUAH.

1. INTROD CTION

Expuriments 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 quark masses. This especially concerns the 2-loop corrections.
The results of 2-loop calculations depend on the renormalisation
scheme a: well as on the choice of gauge. The scheme and gauge depen-
dence of “-loop QCD approximation has been considered in papers’ 1~5’
It was found’ " that in MOM schemes 2-loop contribution to the
beta funcrion of the QCD effective coupling a5 (ag being equal to
24 m does depend on the gauge parameter a. Due to this, the ultra-
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violet asymptotic (UVA) behaviour of a, must be defined by ‘he RG
analysis of the system of two differential equations

a Y 2
da(l) _ gz 3 TE) = - = 0
ar = B(a, 2), _dE = ab(a, a), f =1n F (1)

9.9
s

with boundary conditions: a(0) =a, a(0) = a (where the subsc ipt
in a ; is omitted). Here it is essential that the group generator B cepends
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 MOM sche-
mes which are more often used in calculation of observed processes.
It is shown that the UVA behaviour can essentially depend on the
gauge parameter initial value a(0) = a. In three of our schemes fir nega-
tive ajthe @ UV A is governed by a fixed point in the phase plare (a,a),
see fig. 1. The coordinates of this point depend upon a renormalization
scheme and flavour number f - see the Table. In all five schemes in some
part of the phase plane for a > a, (2) > 0 solutions for a () exist only
in the finite interval of logarithmic argument ¢ <f#* asatf - f¢* :he run-
ning a has a pole (the trouble of "’zero-change” tyﬁe). 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 &

2. FORMALISM

We limit ourselves to the case when the gauge is fixed in a covariant
way by the term = - (a“ A )2/23 in the Lagrangian. Hence a = 0 cor-
responds to transverse (Landau) gauge and a=1 to the 1liagonal
(Feynman) one. Here, the RG solutions for Green functions and
matrix elements can be expressed though the effective (i.e. 1unning)
coupling a and gauge @, which can be found from system (1).

The generators 8 and b in perturbation theory can be e:pressed
in the form
Bla, a) - —p & B (a)2l__

’ 1 44 2 ( a2 e

. 2 (2)
b(a,a)=b(a)-2 + b (a)(2-) + ...
L 2 4n
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To find 2-loop terms for MOM schemes it is possible to start with
B, and b, for MS and make recalculation using relations between
renormahzed 2,a in a given MOM scheme and those in MS scheme

a=a__+ Q(a_)a2__/4n+ cee

MS MS MS (3)
a=a_(1+Kta_)a_—_ 47 +...).

MS MS~  MS . _
Then, wanted B, and b, are expressed through B;{ and b MS with

the help of @ and K which can be found from 1-loop calculatlons. The
correspondiny relations are

_ oMS 2 _MS. . 13-3a 2
ﬁl-Bl _11"§"f’ b1~b1 (a)_—z——-?f,
M 3Q(a
B,(a) =B, - b, (2)a —()—, 4)
da
. MS dK(a) db,(a)
bz(at)_b2 (a)+b1(a)[-Q(a)+a 7a ( ,F8 22 1.
Here’ %
MS 38
ﬁ2 = 102--3—1‘
1—99a—18a 61
b = -, 5
( ) s . | (5)
K-_-37_3,_ 3,2, 10,

In contradistinction to K that is universal, as it is related only to 1-loop
gluon propagator renormalization, the coefficient @ depends on the
choice of a particular MOM scheme’ 246/

2
Q -.169 ,  9a 3a 10, . =T _ ,-u2,0
D 12 "Te g T v e ‘Arm(“ k50
223 3a2 10
Iy Q@ =-="4+3a+ - —f for a-= 0, ~p2-4?
2 9 'Avm
2
III) =-%+__9_a -3_32+R_5____._8_a_—_§_ ___1£f, “(6)
12 2 8 9
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2 3 2
9 3a” a° | pR3-27a+6a” , 12+8R

(V) Q=2+ pa-S5+5 12 5
for a = Il.‘AAzg—#z’ 1% i)
%) Q=%-%3- - Rf’lsg_*i_%’r for = (-2 -~ -u?)
Here (6)
R - - {1_@93 - 2.3439072. ..

01— X+x

and subscripts A, 7, q for vertices I" correspond to the gluon Faddeev-
Popov ghost and quark fields.

3. RLSULTS

We present a brief review of our numerical analysis demonstratling
a wide scope of diverse type of UVA behaviour possible in different
MOM schemes. First, three of our schemes ohey the fixed point in the
left quadrant, je. for some a =a_, a=a2a, < (, wkere both the gene-
rators B and b are equal to zero. The coordinates o, and a, in these
schemes for several values of flavour number are given in the Table.

Tabl.
Scheme f Ao a,

1 3 1.36760 -4.7632
4 1.357617 -4.68386

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

1 3 0.26327 —7.2283
4 0.27860 —7.0077

5 0.29556 —6.7757

6 0.31413 —6.5296
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The behaviour of integral curves for the scheme III are qualitatively
shown in the eft half of Fig.1. For scheme I the left singular point is
a stable knot. In its vicinity a(f) =a_+ Aexp(-pf) , p> 0. However,
in the schemes I and III this point turns out to be a focus around which

a(l) =a_+ Aexp(-pl) - sin[of + r].

It must e noted that from the analysis of the behaviour of the
curves an(a) , ab(a) defined by the relations B(ag,2) =0, b(ab, a) =0
and our estimate of the magnitude of 3-loop correction to g 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 schemes have a stable singular point at a = a*= (39-4f)/9,
to which tend solutions from a part of the right quadrant. Solutions
from the other part have a quite different UVA behaviour (& -0, g » 0
or, in scheme V, to finite value) of ’ghost-trouble’’ type. The scheme
IV has only these singularities. In the scheme V the type of the UVA
behaviour of z(f) is essentially dependent on quark number f as well
as on quadraat of phase plane: at a <0 there exists a singular point
for £> 5 and 'n a> 0 quadrant — second singular point for f > 4 values.
At the same time for f =3 there exists a region a> ay> 0 in which
our system (1) obeys the solution only for finite values of logarithmic
arguments € < .. At =0, the effective coupling a (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 the dotted line in the upper right part of Fig.1.

fixed point

scherie 111 3 x 1025 scheme V
Q -— 1_2;:,’ :" ’
auil9
f=3
<l
"2k 2 a
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In Fig.2 we show the a (£) dependence for several cases witha <0
for scheme III. For all our calculations we started from the effective

coupling boundary value «(0)=0.19.
In Fig.3 we give the a(f) dependnece for scheme V for several

positive a values.
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Note here that for the cases when the AF property is not destroyed,

there exists a simple relation between the scale parameters AMOM and
AM_S:
Ayou® = \ —em tQ(a)/2p } (7

which was obtained in paper /% where the gauge parameter a was
considered ¢s a fixed one. With due account that it *’runs’’ it is necessary
to modify this relation by substituting instead of a its limiting UVA
value

Ayom(3) » Ayopa™) (8)

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

It is ‘worth mentioning that more accurate analysis needs the
inclusion of heavy quark masses that can be performed on the basis
of the corrssponding RG formalism’?/. It is essential that in this ge-
neralization the gauge dependence can be important on the one-loop
level.

Note idded m })roof When our calculations have been completed
we receivec paper in which part of results for the case I are obtained.
In this cornection we must mention that qualitatively the effect of
existing stable point and destroying the AF property in left quadrant
for the schiemes I, II was discovered by V.V.Vladimirov and one of
us (O.T.) in 1982,

4. PHYSICAL DISCUSSION

The rasults obtained can be considered as paradoxical, as ’QCD
practitione s’ usually treat the effective coupling ¢ as an observable
object: it is “measured’’ by experiment; the physical content of asym-
ptotic freelom phenomena is expressed with the help of a behaviour,
the UV exirapolation of a (as well as a, and a4 of electroweak theory)
forms the basis of numerical estimations in the GUT speculations (lep-
toquark misses 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 observed quan-
tities (transition matrix elements ) as a whole must be gaige 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 calculations).
However, theoretical results referred to the concrete renormalization
scheme, include effects of the RG summation of infinite sequences
of the leading and subleading logarithms in all orders of perturbation
theory, Bisides, in the RG calculations we start with approximate ex-
pression obtained by truncating the expansion in noncovariant object.
Due to this, the property of gauge invariance, like the s:heme inde-
pendence, can be easily violated. Its restoration needs a spec1a_ pro-
cedure.

From the practical point of view, it is safe]y enough {o use more
popular values a= 0 and a=1 because, as follows from our analysis,
in the strip 0 < a <a* the effective coupling with sufficient ¢.ccuracy can
be considered as independent of a. Nevertheless, in som: situations,
for example, in infrared QCD analysis (confinement probl:m), il may
happen to be more preferable to use gauge parameter,va]m out of the
safety region. Thus for the Arbuzov gauge (a =-3) it is necessary
to be careful in conjungtion of the results of infrared analysis 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.Racyushkin for
the discussions of the results. We are also indebted to Prcf. R.Raczka
for stimulating conversation with one of us (D.Sh.) which jave impetus
for completing this investigation.

REFERENCES

1, Espriu D., Tarrach R. — Phys.Rev., 1982, v.D25, p.1073.

2. Celmaster W., Gonsalves R.J. — Phys.Rev., 1979, v D20, p.1420
3. Braaten E., Leveille J.P. — Phys.Rev., 1981, v.D24,p.13€9.

4, Pascual P., Tarrach R. — Nucl.Phys., 1980, v.B174, p.12¢.

5. Egoryan E.Sh,, Tarasov O.V. — Theor. and Math.Fys., 1978 v.41.

p.863.

Dhar A., Gupta V., — Phys.Lett., 1981, v.101B, p.432.

Shirkov D.V. ~- Yad.Fiz., 1981, v.34, p.300;

Shirkoy D.V, — Theor. and Math, Fiz., 1981, v.49, p.291;

Kazakov D.I.,, Shirkov D.V. In: Proc. XXIII Int.Corf.H.E.Phys..
Leipzig, 1985, v.2, p.89.

8. Arbuzov B.A. et al. — Zeit.Phys.C, 1986, v.30, p.287;

= o

(]
I3y




Arbuzcv B.A. IHEP, preprint No. 87-28, Serpukhov, 1987, see also
Particles and Nuclei, v.19, pp.5-50 (in Russian).

9. Raczka P.A., Raczka R. ISAS preprint, 27/88/EP, Trieste, 1988.

Received on April 6, 1988.
26



Kparxue coobwenus OHAH N°3[29) 88  JINR Rapid Communications No.3 [29] 83
YAK 539.143

0 PACXOIMMOCTHY 3HAYEHUN 3HEPT'UI CBA3U JENUTPOHA,
HN3MEPEHHBIX C [TOMOUBIO IO YU KATI'C

A.W.UBanoB*, I1.BoutoB, B.M.I'opoxankuH,
B.H.[TokpoBckuii, U.®.YueBaTkun *

Iockombky 3HEpreTHuecKas ILUKaJa NoNnynpoBOAHHKOBbIX CIIEK IPO-
METPOB OCHOBBIBAETCA Ha KPHUCTAUT-IHGPAKLMOHHBIX OaHHbIX, OOHa-
PYXeHHaA HEOaBHO 3aMeTHaA Pa3HHLUA B 3HAYEHHAX 3HEPTHH CHAIM
neitpoHa Sn(2H), uamepenHoi Ha [IMI- u KIAIC-cnexTpometpax,
MOXeT OKa3aTbCA BeCbMa BaXHOH. DbUIH MOBTOpeHbI HIMEDPCHHA
y-lyded H3 peaKUHH IH(n, y) ¥ NOLTBepXIEHbI MpPEeXHHE pE3 Yilb-
TaThl, nonyveutble ¢ nomoupio IMA-cnexTpomerpoB. B To e Bpemsa
HaliM faHHBle MO y-Ty¥aM W3 peaKkuMH 39C1(n, y), KOTOpbl¢ Ha-
XOOATCA Takdke B 00nacTH 2 MaB, noMHOCTBIO COrNacynTCA ¢ AaHH >IMH
KIOI'C. Urak, oTMedeHHOe BbIILE PacXOX[eHHe OCTACTCA B CHIIE M HYX-
HaeTcs B Oa/bHEALLEeM HCCIIedOBaHHH.

PaGora BbinosHeHa B JlaGopatopuu spepHbix npoGnem OF AH.

About Discrepancy in Values of Deuteron Binding Energy
Measured with Semiconductor Detectors and
Crystal-Diffraction Gamma-Spectrometer

A.Llvanov et al.

The recently discovered marked discrepancy in value of deuteron
binding energy Sn(2 H),  as measured with Ge(Li) and CD spectryme-
ters, may be of primary importance as the energetic scale of spectrome-
ters, is based on crystal-diffraction spectrometer data. The measureinent
of y-rays in the 'H(n,y) reaction was repeated and earlier results
on Sn(* H) with Ge(Li) spectrometers were confirmed. At the iame
time the Ge(Li) data on y -rays located in the same 2 MeV region rom
3E’Cl(n, y) reaction obtained in this work are in complete agreeinent
with CD data. So the above-mentioned discrepancy holds and reeds
further investigations.

The investigation has been performed at the Laboratory of Nuclear
Problems, JINR.

BBENEHHUE

B HacToOflllee Bpems WIMPOKO MCMONBb3YIOTCA nABa Habc pa’l:2/
HOpMaJieil 3HeprvH 1A IpalyMpPOBKH CIIEKTPOMETPOB C IOI/IPOBOI-
HUKOBbIMH pneTexkTopamn (IM[1[). 3tu HaGopb! pacnpoCT[:aHAITCA

*BHUHM um. Menoeneega, Jlenunepad
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no 3ueprmv 3500 x3B,n AnA ux nocTpoenns OLUIM MCNONBIOBaHbI 3Ha-
YeHHsA 3HepPruil raMma-repexofoB HeCKOJIbKHX paIHOHYKIIHAOB, H3Me-
. PeHHbIe ¢ NOMOLIBI KPHCTAILI-AH(PaKIMOHHOrO raMMa-ClieKTpomeTpa
(KAI'C) HecMoTps Ha HEKOTOpHIE pa3jifuuA B MeTOAHKe MOCTPOEHHA
3THX HaGoOpPOB B padoTax ' 1**/ | Mexny momyyenHeIMH maHHEIME Ha6JTI0-
naeTca Xopollee coriacue (cm. puc.3B’l/),

C moMOUIpI0 METONOB MpPElM3HOHHOM CNEeKTPOCKOMMM (CM., Ha-
npuMep,’ 3/ ) ynaercs DOCTHYE CTATHCTHYECKOM TOUHOCTH OTpEeSeHUA
9HEpruM iAcciiefyeMbIX NepexXofioB NOPANKA HeCKOJIbKHUX 3B, uTo cpaB-
HHMO C IIOrPElHOCTAMH, 00yCIOBJIEHHBIMH HETOYHOCTAMM B 3HEPruu
HopMaJeii. Hanuune Xopollo yCTaHOBJIEHHON 3HepreTHyeckoM ILIKalbl
NO3BONACT UCIONb30BaTh U3MepeHna c IIIIJ] misa onpepenennsa TaKHX
GbyHAaMedTaANBHBIX KOHCTaHT, KaK Macca leKTpoHa (cM.’%’) wim
pa3HOCTH Macc IO KOA HEHTPOHA U aTOMa BOAOpOAa.

B nocienHeM ciiyuae M3MepHeTCA IHEpTHsA MOKOA raMMa-lTyveii B
peakuuH 3axBaTa TEIUIOBBIX HEHTPOHOB Bozopoaa ! H(n,y) .CornacHo
HauboJee TOYHBIM uamepeHHaM caenaHHbiM Ha [MI1]1-crieKTpoMeTpax,
3HEPruA ¢BA3H OEHTPOHA Sn( H) cocraBnser (B 3B)

2224 567 (12)/58/ — 1978r.
222: 564 (17)/8/ — 1980r.

222575 (9)’7 — 1982r.
2224 563 (10Y® — 1982r.
222: 574 (9)’% — 1983r.

Bce uaMepeHUA BBINOJHEHbI B 1IKajle, ONpenenAeMOr IJIaBHOM clek-
Tpocxom yecKoi HOPMAIBIO /107

E(y411,8 '%%Hg) - 411,8044(11). 1)

3HayeHHA B CKOOKax — CTaHAApTHblIe OTKIJIOHEHHA C Y4YeTOM CHCTe-
MaTHYeCKOH TMOTPeNIHOCTH B liKale sHeprumii (1), xoTopas B obna-
ctu 2 MaB cocraBaser oxono 6 3B (2,63 ppm).

Kak BuaHo, NpuBeneHHble OaHHbIE 06 Sn( H) paxe 3a BhueToM
cHCTeMaT {YecKo# MOrpelIHOCTH He NMPOTHBOpeyaT Apyr apyry. OmHako
HellaBHO I1oABHWiIach pabora’/!l/ | B xoropoit Bemmumza Sn(®H) wusme-
pena Ha KJII'C ¢ Oonbluoi TOUHOCTHIO U NpUBENEeHo 3HadeHne

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

KOTOpOEe 3aMEeTHO IIPEeBLILIAeT pe3yNlbTaThl, MOJy4YeHHble C IOMOILBI
I, Kpome Toro, Ha KIIT'C usmMepens! y-Tyun oT peakuuu 3°Cl(n, ),
TaKe pacnojoskeHHble B obnacru 2 MaB.

B 3TOH CBA3H Jybl HONBITAJIUCh 3aHOBO M3MEPHTb y-JIyUM B peak-
waax H(, y) u %°Cl(n, y) ¢ nomowpio I ¢ TeM, 4To6bI ycTa-
HOBHTH BO3MOJHBI HCTOYHHK PaCXOXKAeHM.
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ITOCTAHOBKA J3KCIEPUMEHTA U PE3YJIBTATBHI

Cxema 3kxcClepuMeHTa NokaszaHa Ha puc.l. McTouHuk HeATpPOHORB
(®52Ct, 5-10P neiiTpon/c) pacnonaraica B TOpie WATMHIpA, HAMOJIHEH-
HOro ABaXKAbl AMCTIWUIMPOBAHHON BOIOH, CIY>KHBIIEHA 3aMeNauTeNeM
HelTpoHOB. JlerexTop y-myueii (Ge o6bremom 100 cm® u paspemennem
2,1 k3B Ha y-muauu 1,3 MaB 60Co) noMemanca BHYTpH (BMHIIOBOIrO
KOJUIMMATOpA M 3alMINAJICA OT MPAMOTO TOoNajaHMA M3y ieHmii 292Ct
CBUHIOBBIM (pHALTPOM TOMUMHOHN 10 cM.

=

Ge

DN =—

Ocm

|
[
|

Puc.l. Teomerpus 3KCHEPUMEHTO8 NO UBMEPEHUIO SHeEp2Ull - /-ayyeil
npu 3axeare weiitponod H u 85c1 . Ge ~ y-derexrop;x, 3 — Ka-

AuBpogoyNble y-UcToYHUKU; 1 — ucToyHux Heiitponos, '92Cf;
2 — 3amedautend Helrponos, Ho O; 3 — obpazey-muwiens; 4 — xoa
AUMarop, Pbo.

B xayectBe MuILEHeH HCMNOJIb30BAINCh LUMJIMHADHYE: KMl 6ok
nmapaduHa, aub6o rpaHyndpoBanHbii NaCl mnpupomHOro 1130TOMHOTO
cocraBa (3501 ~ 15,5%) , noMelIaBIINICA B TOHKOCTEHHbH NOIU3TH:
JIEHOBBIN LMNUHAP auamerpoM 60 MM u TonmumHol 30 MM. [Tockosbky
IUTA [PELM3HOHHOTO ONPENeNIEHHA 3HePrUd Cy1EeCTBEHHO,YTO6b! reoMeT-
pHYeCcKHe YCIOBUA HUCCIIELYEMOro H3JyYeHHs H KATHOPOBOYHBIX UCTOY-
HHUKOB OBUIH ONHM3KH, MOCHEAHHE PAaBHOMEDHO pachpeqwIsANUCch MO
TOpLAM MHLIEHH,

Hcnonp30oBaHHBIA B 3KCHEpPHMEHTE CIIEKTPOMETPHYe KM TpaKT
BKmoyan B ceba ycwiutens ORTEC-572, 13-paspamubiii ALIT C-400
dupmer "Schlumberger” u anammsatop B crampapre KAMAK/ 12/
HennHeiiHOCTh cieKTpOMeTpa HccilefoBaHa ¢ TOMOLIBI0 Hallopa panHo-
HYKJIHOOB 68 Co, 60 Co, 65Zn, 88y 144 0e 14 48 V cornacuo npouenype,
onucauuoii B/3/ .
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Puc.2. Yuactox annaparyproeo cnexrIpa, ROAYY€HHO20 NpU 3axedre
Tenaoubix neitponos 1y {Tyam. = 84).

lna lH(n ,Y )-peakunn GObUTO NpoBeneHo 8 U3MepeHHI CrieKTpa
y -nyueit ¢ perepamu 44Ce u 48 V, Tummunmrit annapaTypHsiii CIIEKTp
noka3aH H1 puc.2. B pesynbsTaTe 06paboTKH NoJIyueHO 3HaueHHe (C yue-
TOM 3HepriiH OTHauu Axpa)

Sn(2H) = 2 224 564 (10) »B. (3)

OTO 3Hay€HHE COTJIaCyeTcA ¢ NpenuIecTBYKIIHMH H3MepeHHAMH Ha
I 1 no-npexxHeMy He COTJIACYeTCA ¢ BeNWUMHOM (2), MaMepeHHOf
Ha KJI'C.

3ame MM, YTO B HccllenyeMom nHKe (2224 x3B) comepxurca
He3HauMTeJibHaA poiAa  (okoiio 5%), oOycioBneHHaA H3INydYeHHeM,
BO3HHKAWILMM B 3aMeJIMTelie M AOCTHralowum gerekropa. HMckaxe-
HHA, BHOCIHMBbIe 3THM (aKTOpOM, ¢1ab0 CKA3bIBAlOTCA HAa ONpeleneHnH
3HEprHH B CWIY MAJIOH MHTEHCHBHOCTH yKa3aHHOH KommnoHeHTsI. Kpo-
Me TOro, CleHKa 3HAaYeHHMA 3TOM KOMIIOHEHTbI NMPHBOAUT K BeIHYHMHe,
npeBbinaKine#t (3) npumepHo Ha 20 3B, xOoTA TOUHOCTH OnpeneneHna
37lech HeBeNTMKa H3-3a MaJIoil craTHCTHKH. TakuM oOpa3omM, 3Ta KOMIo-
HEHTa ciaBkrana Obl NIOJIyueHHOE 3HAaYeHHe B CTOPOHY 00JIbIIMX 3HEPTHit,
T.e. K AyuyliiemMy coriacuio ¢ (2).

na peaxumnu 8501 n,y) mpoBeneHo 10 n3MepeHHI ¢ BHYTPEHHH-
MH pertepaMu - Y M 143Ce. Tumrmbt YUYacTOK annapaTypHOro crek-
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Puc.3. YuacTox annaparypHoz0 cnexTpa, MOAYYeHHOZO0 MpU 3aXe1Te
rennoguix Heiiponos  38C1 (T, = 8u).
"abauya
Pa6ora’ 13/ Pa6ota 14/ Hacr. paboT:
E, 3B AE, 3B E, 3B AE, 3B E, 3B AE;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
1951 140,46 1,37 1951 146 3 1951 144 6
1959 356,16 8,45 1959 355 3 1959 352 1

Tpa npuBeneH Ha puc.3. Pe3ynbTarbi HAIIMX H3MePeHHit, a Taioxe/ 13,14/
npuBefieHbl B TaGmuue. OTMeTHM, YTO BCe MaHHble He IOM)aBJIeHbI
Ha 9HEpruio OTAaYM AApa, a NpHUBedeHHbie OWHOKH He BIJIIOYAIOT
norpeiHocted y 411,8 xaB. Kak BHOHO M3 TaONuubI, Halll pPe3yib-
TaThl B Mpeleiax MOTpPeuIHOCTeH COIacyloTcA ¢ Haubonee TOUHBIMH
HaMepEHHﬂMH/ 13/ Otmerum Taxxe, yTO C y4eTOM 3Hepruy OTaauu
AQpa CyMMa 3Hepruil KacKaZHBIX repexonoB 786 xaB (= 9 3B)
u 1164 xaB (~203B) coBnamaer ¢ sHeprueii kpoccosep-nepexona
1951 k3B (~ 57 3B) B mpenenax norpewxocTell U3MepeHu.
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HEICOTOPBIE BbIBOJIbI

TaxuM oOpasoM, pe3yibTaThbl H3MepEeHMIH  y-JIyueill U3 peaKUHH
Cl(n,y) wa IIIIA u KOI'C xopouo cOraacymTcA Mexny cobof,
B TO BfeMA KaK OaHHbIE N0 3HEepTHUH CBA3H JEeHTpOHa 3aMeTHO pacxo-
OATCA. JOCKOJIBKY 3HEprHH H3MeEpPAeMbIX 7Y-lyyeil TOBOIBHO Onu3kH
Ipyr K Ipyry, HeBOJIBHO BO3HHKAaeT BONPOC O BO3MOXHOI CHCTEMa-
THYecKCH morpemHocTH B pa6oTe’11/ | nocesmieHHON H3MepeHHIO
Sn (2H) ¢ nomoiusio KII'C.

ABroprI Bolpaxkator OnarogapHocTs A.9.HoBroposoBy 3a nomolib
B MpPUrc TOBJIEHAH PaJUMOAaKTHBHBIX HCTOYHHKOB, a Takxxe mnpodeccopy
K.A.I'poMOBYy 3a OCTOAHHBIA HHTEpPEC K JAHHOH paboTe.
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HCCIIEJOBAHUE XAPAKTEPHCTHUK
KHUHEMATHUYECKOI'O CEITAPATOPA BACHUJIUCA

A.H.Aunnpees, [1.0.BorpaHos, B.A.I'opumkoB, A.B.EpemuH,
A.Il.Kabauenko, O.A.OpnoBa, I''M.Tep-AxomneaH, B.1.Yenurmi

HccnenoBaHbl OCHOBHbIE MapaMeTphbl JEKTPOCTATHYECKOTO Cenapa-
TOpa MpOAYKTOB peakumit moyHoro cnuaHua BACWIHUCA. IlonydeHa
3ppeKTHBHOCTD Cemapaumy Anep OTHAYH JJIA peakumii ¢ HoHamHu Ne, P
H Ar 4%, 14% u 20% COOTBETCTBEHHO. Koaq)gmuueﬂrbl OUHCTH:M OT
paccesHHbIX HOHOB Ar, P 1 Ne cocrasnsor 1010, 1011 u 1012. Koagr
(HUMEHT OYMCTKH OT MEpPBHYHOIO mMyYKa COCTaBseT 1015z 1017,
C uemmpio ompemeneHuaA BO3MOXHOCTH CHHTe32 HOBBIX JMIEMEHTO3 BbI-
NOJHEHbI MPefBapUTENbHbIE 3KCIEPHMEHTDI.

PaGora sbinosmena B Jlaboparopun sanepHbix peakuwi OUSU.

Investigation of VASSILISSA
Kinematic Separator Characteristics

Andreev A.N. et al.

The main parameters of the electrostatic separator for com plete-
fusion reaction products VASSILISSA were investigated. An efficiency
of 4%, 14% and 20% was obtained for reactions with Ne, P and A - ions,
respectively. The separation factors for scattered Ar, P and Ne ions were
obtained to be equal to 1010, 1011 and 1012 The separation factor
for primary beam ions is equal to 10510 1 . 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 Nuclear
Reactions, JINR.

1. BBEAEHHE

Ina cuHTEe3a M H3yuYeHHA CBOICTB HOBbIX M30TOINOB rpaHcdhep-
MHEBBIX 3JIEMEHTOB, YOAIEHHBIX OT JINHUH  -CTaOWILHOCTH, ¥ CCIeBOBa-
HHA MEXaHH3MOB B3aHMOJEHCTBHUA CIOXHBIX ANEp M Ap. B .10C/IefHee
BpeMf Bce llIHpe TNPUMEHSAIOTCA KHHeMaTHuYeckue cerapaTcpel. K ux
YHCIY OTHOCATCA 3KCMEepUMEHTaIbHble YCTAHOBKH, B KOTOPHIX pa3le-
JieHHe B TPOCTPAHCTBE TPAEKTOPHH ABHXKEHHUA MCKOMBIX HYKINIOB
X (OHOBBLIX NPOAYKTOB MPOHUCXOAUT NOA BIHMAHHUEM 3JI€K pHYeC KUX
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" MaI‘HPITl-bIX nosteit. Cpeny yCTPOICTB OTMETHM  (QHIIBTP CKOpOCTEM
SHIp/ 1%/ , KOTOpbIit obecrneunBaeT OOCTATOYHO BBICOKYIO 3P (PeKTHB-
HOCTb PerrCTpalMHd MPOAYKTOB peaKIMi Ha Iy4yKaX TAXKejbIX HMOHOB
(5 +20%), manoe BpeMs TpPaHCMOPTa MPOAYKTOB peakuuii OoT Mulue-
HH K JerekropaM (10 ° ¢), OYHCTKY OT pacCeAHHBIX HOHOB My4YKa
H (OHOBbX MPOAYKTOB, NpHEM/IEMYI0 IUIA [OCTAaHOBKH 3KCHepH-
MEHTOB.

B JlaDoparopuu sA#epHbIX peakuuil ObLIa MOCTaB/ieHa 3adaya
COo30aHMA Km{emamqecxoro cemapaTopa Ha IyuKe THXeJIbIX HOHOB
¢ macco#t 4> 2073/, U pa60rb1/ 4/ » B KOTOpO# OIMHCaHbl 3KCIIepUMeH-
Tbl O CHUHTE3Y 110 3JIeMeHTa, BHIOHO, YTO celaparop, NpemHa3HauyeH-
HBIH [UIA CHHTEe3a HOBBIX HY KJIAOB, AOMKEeH ObITh pacCYMTaH Ha perucT-
palivio nMponyKTOB, KOTOpHIe oﬁpaavlorca B peaKIHAX C MOMNepeyHbIM
ceuenyeM cnusHUA okono 1073% cm2. B ycranoBke BACUJIUCA cena-
pauMA Mpoily KTOB peaKLHH MOJHOr0 CIMAHMA (AOep oTAayH) OT Iy4yKa
M NMpoAyKIOB peakLMil lepefay M AejeHUA NPOU3BOAUTCA axpoMaTH-
YeCKOH CHMMETPHUYHON CUCTEMOH M3 TpexX 3J1eKTPOCTATHYeCKHX MOUIO-
neil, UMEKUIMX IUIOCKOMapaiensHble IIaCTHHBI. TpHIUler kBaapy-
MONbHBIX JIAH3, PACMOJIOXKEHHbIH nepen 3To cHcTeMoit, cobHpaeT Agpa
OTJaud, BbJIeTeBlUHe W3 MHUILUEHH B HAIpaBlleHHW Myuka B Mpenenax
TenecHoro yrna 1,2-1072 cp. CdokycMpoBaHHble KOMMAayHA-AApPA
npakTHyectd 6e3 MNoTeph MNPOXOIAT uyepe3 anepTypy 3jeKTPOCTaTH-
yeckux Auiloned. Bropoil Tpumner kBaapyNOJBHbIX JIMH3, Pacrono-
JKEHHBbIA MOCJIe CHCTeMBbl HUIONei, CNY>KUT ANA (POKYyCHPOBKH Myuka
Aifep OTHAY.1 Ha CHCTeMY PerucTpaunui.

B ycranoBKe wucronbayerca BpalllaiolllaaCcA MHLIeHb, YacToTa
M ¢asa BpIiLEHUA KOTOPOH CHHXPOHHUIUPYIOTCH C YacTOTOH M dasoi
MyuyKa TAXKCNBIX MOHOB LMKNOTpoHa Y-400. 3t0 no3sonfAer npoBOAUThL
3KCIepUMeliThl, B KOTOPbIX MHIIeHb 00J1yyaerca My4KoM HOHOB apro-
Ha ¢ MHTEH:MBHoCcTbio 10 1013 ¢™! B Teuenne wiuTensHoOro BPeMeHH.

Perucipupyioiass cucrema’ ®/ ycTaHOBKM COCTOMT U3 ABYX (CTapT
H CTON) B))EMANPONETHbIX AETEKTOPOB M MONYMPOBOAHHKOBOrO MNO-
BepXHOCTHC-OapbepHoro nmerexropa (III11), B KOTODBbIf HMIIAHTHDY-
I0TCA ALpa NTHAYH.

O5eKT)IOHHAA CHUCTeMa perucTpalyy HaKaruiusBaeT B naMATH IBM
IaHHbIe O BpeMeHH IpoJieTa ALEp OTAAYH, UX 3HepruH, 3Heprux a-pacra-
Ia U OCKOJ KOB JeleHHA, BDEMEHH MOCTYIUIEHUA CHUTHAIOB C AeTEeKTO-
pOB, MHTep1Banax BPeMEHU MEXIAY CHUTHanaMH OT slep OTJaud H CUrHa-
JIOB OT MX (-pACIiafa HUJIM CIIOHTaHHOro aeneHuA. MMmeloumeca nporpam-
MBI 006pabo rkH MO3BOJIAT (GOPMHPOBATh CIIEKTPHLI CKOPOCTEH U 3Hep-
THU Afep OTAAYH, a-CEeKTpbl, ZBYMepHbIe CleKTphl ’'BpeMA mponera —
3Heprua’’. ITH MporpaMmbl MO3BOJIAKIT TaKkKe HaXOAUTh BpeMEHHble
KOPPEJIALM 1 U BbIABJISATh LHENOYKH pacnagoB AAep, olipeaesdsa nepHoabl
nojiypacnaza NPOAYKTOB peaKlMil, 1 HAeHTHPHIUPOBaATh HY KIIHMbI
1O reHeTHY€ CKOM CBAI3M B L[€MTOYKAX a -pacragoB.
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2. 3OOEKTHUBHOCTD CENNAPAIIHH

Ilog »3¢dexTUBHOCTRIO cenmapal Mbl IOHMMaeM OTHOIIeHHe
wicna AAep OTAauM, NOoNaBIIMX B (POKaNbHYI MJIOCKOCTL YCTaHOBKH,
K TMOJHOMY YMCNy Afep OTHayM, oOpa3’0oBaBIUIMXCA B PeaKUHH ( TAXe-
JIbIMHM HMOHAMH M BbUIETEBUIMX M3 MHlleHHM. YcraHoBka BACFUIMCA
croco6GHa OTcenapupoBaTh AApPa OTAAUH, BbLIeTEBIUHe U3 MHIUIEE U B Ha-
NpaBfieHHH IyuYKa [O4 yrjoM He Gombuie 52 Mpanx u MMemlide pas-
6poc o 3Heprun AE/Eu 1o voHHOMY 3apAny Aq/q He 6onbuie t 10%.
B 3aBHCMMOCTH OT Macchl 60mMGapaupyloiero HOHa M THMA P 3aKLHMH
4HCAO AAep OTAayH, HMEWNIMX YTioBhble, 3HepreTHYeCKHue MU IOHHbIe
3apAnOBble pacrpenesieHUs, MOoNajaliiie B COOTBETCTBYIOLMeE ayarna-
30HbI TNPOMYCKaHWUA YCTAHOBKHM, pa3nuuHbl. B Hacrosiueit pabote
rpuBefeHbl aaHHble 06 3dbdexTHBHOCTH cemapalyy NMPOAYKTOl peak-
mait tuna (HI, xn) npH Hcnonp3oBaHMH 6OMOapAHPYIOIIMX HOHOB
or Ne no Ar u muuleHeit c A > 150.

OxcnepuMeHTanbHO 3¢G¢eKTHBHOCTh cenapalud Oonpef¢snanach
cnenyloumM o6pa3somM: B NEPBOM OIbITeé a-aKTUBHBIE AApAa OTAAYUM
Boi6MBasMch B Al COOpHHMK, PacrOJIOKEHHDIH 38 MULIEHBIO B HEITOCpen-
CTBeHHOH OnHM30CTH OT Hee, 3areM cOOpHMK nepensuranca k I,
pacrnonoXXeHHOMY B MHUIEHHOH Kamepe, KOTOpHIA perucrpuposa
a-pacnaj NMpoAYyKTOB fAepHBIX peakKuwii. Bo BTOpoM omnkiTe a-aKTHB-
Hble Apa OTAAYM TNPOXOAWIH vyepe3 cenapaTop Ha (GOKAIBHY}) ILI1OC-
Kocth H BOMBanmce B III[l, mMmelommil auaMeTrp YyBCTBHU1e€bHOMN
nosepxHoctH 75 MM. B 060MX cnyuaAx M3MepANHCh a -CIEKTPhLI M On-
peneAiInCch MepHoas! Mojaypacnana npoayKToB peakudH. Ina npuMepa
Ha puc.l npHUBeneH CHEKTP CENapMpOBAHHBIX NPOAYKTOB peaKLMH

N ' 20, Mg T ' ' '
654‘ 255,
10241 7'160
960 l
o4 25Rq  2M6p,
8,70 899 9,07
320 ]
0 .JA.A___
300 364 428 492 N

Puc. 1. Chemp a-uacruu, ucnycxaemslx 80pamu oToGNU, 0O BYIOWUMUA 8 peax-
yuu 22Ne + '
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{
22 Ne+ 17 Au, ummnantupoBanubix B IIIIJ]. QddexTHBHOCT cenapa-

UMK AdeD OTHAYH MOJIy4Yastach M3 OTHOLIEHUA a -cyeTa Anep, HMIUIaHTH-
poBatHbX B [II1]], pacnionoeHHOM B (b0 KalbHOH IUIOCKOCTH CEnaparo-
pa K a-cuety anep, BOUTHIX B Al cO0pHHK, YCTaHOBJIEHHBIH 38 MHILEHBIO,
nocie HOPMHPOBKM Ha YHCJIO MNpOLUEALINX CKBO3b MHUILEHb THKe-
JIBIX HOHOB H yYeTa 3(pPeKTHUBHOCTH perucTpaiimy q-4actull. Peaynbra-
Thl 3KCIIPHMEHTOB NpUBeeHE! B Tabule.

Tabauya
Pearxaina TonmuHa AddexruBHocTy KoabduumeHT
MHILEHH perucTpauuu OYHCTKH
12
182520 4 5n) ¥ 20P0 9 20 Mr/cm® (4 :1)% 10
1703 1p 4) ¥y 0,26 mr/eM® (14 3)% 1011
16400404 4 5) 199 2%0 0,28 mr/cmM2 (20 £ 3)% 10

HonyuenHbie 3HaueHMA 3(QpGPeKTHBHOCTH ceMNapalli IPOAYKTOB
peakuMii NOHOTO CIMAHMA (cM. TabiMuy) ABJAIOTCA NOCTATOUHO
BboICOKMMH. [IpAMoe cpaBHeHHe ¢ OaHHbBIMM 1A SHIP /8/  cBume-
TENIbCTBY 8T O TOM, 4YTO IPH HCIIOJB30BAaHHH HOHOB Ar 3¢ ¢deKTHBHOCTD
cenapato’a BACHJIMCA B 2,5+3,0 pasa Bbimie. Ha Gomee nmerkxux
6om6apz apyroumx HoHax cenapatop SHIP ne ucnionssyerca. C npyroii
CTOPOHBI, H3MepeHHble 3HaueHuA 3¢ deKTHBHOCTH cenapalvi B 3-4 pa3a
HU)KE PaCYeTHbIX OLIEHOK, MOJIyUeHHbIX B NMPEANOIOXEHNN OeCKOHEeuHOo
TOHKOH MHUILIEHH, Napa/LIefbHOro Ny4YyKa Ha BXoje B CUCTEMY 3JeKTpO-
craTMyecknx nAumnoned u 20% wWHMpHHBI 3apsAIOBOro paclpeneleHus
NpoAyKTOB peakumil. 3To N03BOJIAET HANEATHCA, YTO TIPH AabHeH e
ONTHMH3:LIMM peXHMa paboThl cemapaTopa yHACTCA HECKONbKOQ MOBbI-
CHUTh 3HaYeHNA 3P PeKTHBHOCTH, OCOGEHHO 1A JIETKUX HOHOB.

3. OLUCTKA OT MOHOB IMYYKA U ®OHOBLIX NMPOOYKTOB

Cencpauma sAzxep OTHAaYM OT MNyuYkKa 6oMOapAMpPYIOILIMX HOHOB
NpoOBOANICA aXpOMATHYECKON CUCTEMOI1, COCTOALEH U3 TpeX 3MeKTPOo-
cTaTUyeCk:UX aumnojeil. MakcuMaibHasa NUCIIEPCUA 0 BeawuuHe E/q mo-
CTMraeTcs B IUIOCKOCTH CHMMETPHH CHCTeMbl, MpOXOAALled yeped
BTOpOil punons. IIpOCTpaHCTBEHHOE pa3nelieHHe NPOAYKTOB peaKuui
NONHOro CIHAHWUA U 60MOapAHPYIOIIMX HOHOB AOCTHTAaeTCA yxe Ha
BBIXOZ€ 113 NEPBOro HHMIOJA, rle yron OTKIOHEHHA Afep OTHaud Co-
craBaaer 0= +8° Ilpu npoxoxnmeHMM fAnxep OTAauM Yepe3 BTOPOH
(6=-16°) u Tperuit (6 =+8°) mumonu JOCTHI'aeTCA OOIMOJIHH-
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Puc.3. a — cnexip a-uactuy, 3dpe2ucTpUpPOGAHHbIX & peaKyuu 238y , "‘oAr,
6 — cnexip KOpPeaUpoOSaHKbIX UMNBYALCO8 OT a -pacndoos. 34auncom
obeedena oJaacte, 8 KOTOpOU OOANHA HAOANWOATHCA @ —a-KOpPeAsyun
018  yenouKu  a-pacnada Marepurckozo aopa 110 u Ooueprezo AOpa
108 3nementu.
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TeJIlbHad OBYXCTYIEHYaTasd OYMCTKa OT paCCeAHHbIX YaCTHI[ MNyYKa
M OT MPOAYKTOB peakuuil riayOoOKOHeyNpyrHx mnepemady M [ 2J1€HHs,
3NEeKTPpHYECKasaA JXeCTKOCTb KOTODBIX OTJIMYAETCH OT 3JEeKTPLUeCcKoi
’)KeCTKOCTH NIPOAYKTOB peaKLHii MOJIHOTO CITMAHHUA.

OxcrepUMeHTaIbHO KOI(P@PHUHMEHTE QUHCTKH OMNpPEREeNAIICh H3
IBYMEpHLIX . CIEKTPOB ’BpeMA mpoJieta — 3Heprua’” (cM. puc.2a,6),
H3MepraeMbIX B QOKaIBbHON IUIOCKOCTH Cenaparopa M MO3BOJAIOLIMX
rpy60 upeHTHdHUUIKMPOBATL MPOAYKTHI peakiuii no Macce. U3 pucyHKoB
BUIHO, YTO OCHOBHBIM (PaKTOPOM, OrpaHHYMBAIOLIMM IO.IyYeHHe
fonlee BLICOKMX 3HayeHHH KO3((PHULHMEHTOB OUMCTKH, ABJIAET A INpH-
CyTCTBHe HHM3KO3IHepreTMyeCKMX 4acTHIl ¢ Maccoif, 6iu3Koli 1< Macce
6oMbapaupyloumx HOHOB. TaK KakK B HAUIMX 3JKCNEepHMeH1aX i
CO3[aHMA KOHTPacCTHOrO Iy4YKa WCIOJIb3YEeTCA ero mnpeldBapyrenbHoe
nuadparMHUpoOBaHHE, TO MOXHO Mpeanoararts, 4To (GoHOBhie HH3KO-
3HepreTHYHble HMOHbI O0Opa3yIOTCA MpH pacCeAHUH MMEePBHYHOr( IyYKa
Ha kpasax guadparm. [TomyyeHHble 3HaYeHHA K03(IHUHEHTOB OYHCTKH
OT vacTvll, NOo#oOHBIX MyukKy M MMewluux 3Hepruio E> 1 MaB npuse-
OeHbl B Tabnuue. H3aMmepeHHBIA 3KCNEpUMEHTANBHO KO3 HULIHeHT
OYMCTKH OT YacCTHL, MMEIOIMX 3Hepruilo Gosiee MOJOBHHLI JHEPrHH
nepsBuyHoro Myuka, cocrabBnser 1015+ 1017,

AHanmu3 q-CHeKTpPOB, MOJIYUeHHBIX B 3KclepuMeHTe mnp4 obny-
4eHHH MHLIEHH U3 CBHHUA MMyYKOM HOHOB aproHa (Epag.= 225 M3B),
Oan 3HadyeHue Ko3bdHLUMEeHTa OUYHCTKH 3-10% ana NpOAYKTCB peak-
UM MHOr OHYKJIOHHOM nepenaun Po, At , Rn.

C uenslo onpefeneHusi BO3MOXHOCTH MPOBENeHHA IKCIEPr MEHTOB
N0 CHHTE3y HOBBIX 3JIeMeHTOB ObUIH BBINOJIHEHbl NpenBapy "ejbHble
3KCIEPHUMEHTRI, B KOTOPBIX ITy4KOM HOHOB Dpr ¢ sHeprueni 225 MaB
obnyuanacs Muwens 238U TonumHoit 0,5 Mr/cm 2 Ha puc.3 npuBeneH
CHeKTP a-YaCTHll, 3aperucTpMpOBaHHbIX B (POKAIBHOH IINCKOCTH
ycraHoBk BACHIIMCA nerexTopom, ouameTrp KOTOPOrO CO>TaBNAJ
75 mMm. Ha 3TOM ’ke pUCyHKe MOKa3aHbl pe3yJIbTaThl aHalIH3¢, BhIAB-
NAKILEr0 MPUCYTCTBHE B CHEKTpe a-a-KOPPEIALHA BO BpevieHHOM
oxHe 0,5 +30 mc. BuagHo, uyTo yxe B Taxoi mnpocreiiueil rnocraHoBke
OIMbITA MOXHO PACCYMTHIBATh Ha OOHapy’KeHHe peKHX cOOhITHE: Koppe-
JMPOBaHHOro a -pacnana agep 110  anemeHTa. .

B npouecce 06nyueHuss ypaHoBOit MHLIEHH MoTokoM 10 U homos
40Ar e 6bUIO 3aPErMCTPHMPOBAHO HH OJHOTO KOPPEIHpPO:3aHHOTO
cOOBITHA THMA a-a WIX a—f npU 3HEePrMM q-yacTi B >6GnacTu
10 +12 M3B u ObUIO 3aperucTpUpoBaHO BCEro OOHO cOOrITHE B 26macT
:-meprm“i7 BbIllIe %)MaB npu obsyyeHMH 3TOH MHIIEHH NOTOKOM
3,4:10 ' uoHOoB Ar . 3TO COOTBETCTBYeT MNpeneny oGpa;coaamm
H30TONOB 110 snemeHTa B maHHOM 3kcrepumeHTe 3-1073" cm? u
2-10 CM  C JeTeKTMpOBaHHEM IO KaHaly CIIOHTAHHOTO  1eJIeHHA
H a -pacrnaja COOTBETCTBEHHO.
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4. 2 AKJIOYEHUE

[lo 1yueHHble 3KCHNEpHMeEHTalbHble HOaHHbIE 00 3(dEeKTHBHOCTH
cemapall 14 Ajep oTAaud M K03 (PHUIMEHTaX OUYUCTKH oT GombGapaupyto-
IMX MOHOB H (JOHOBBIX MMPOAYKTOB MO3BOJAT JIaHUPOBaTh NIpOBefe-
HHEe D3K:MEPUMEHTOB MO CHHTE3y H H3YYEHHI) CBOHWCTB q-paclaja
HOBBIX HYKJIMJOB C MONepeuHbIM ceyeHHeM oO0pa3oBaHHA MeHblIe
10735 ¢u?, IlpocThie pacueThi MOKAa3bIBAIOT, YTO HCIMOJIb30OBaHHE Bpe-
MEHHBIX KOppeIAnMi THHa AApo OTAAYH — a-—a I[TO3BOJHUT AOCTHYD
YyBCTBHIENBHOCTH ¢ < 2-107% cm 2 B 3KCNepHMEHTax Mo CHHTe3y
a -pagucaKTHBHBIX Anep 110 3MIeMeHTa B peaKuyn 238y , 408

AB-opsl GnaromapHnsl akagemuky I'.H.®nepoBy 3a nocTosHHOe
BHMMaHlle U rnoMmolup B pabGore, E.H.BopoukoBy, I1.I'.BoHaapeHKo,
A.W.MBanenxo, K.JI.TymaHoBy 3a oGecnieuenne GecrepeboitHoi paboThl
Y37IOB M arperaToB 3KCIE€PUMEHTAIbHON yCTaHOBKH.
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YAK 541.11.0123

YPABHEHUME COCTOAHMWA CHUCTEMbl TBEPIBIX IOUCKOB
B OKPECTHOCTH ®A30BOIoO IIEPEXOIA
XHUOKOCTb — TBEPIOE TEJIO

H.H.3pakcs*, B.K.®epaunn

IIpUBOAATCA COOTHOLUEHHA [OJIA pacueTa CTATUCTHYECKOH Cy vIMBI
H ypaBHEHME COCTOSHHMS [ CHCTEM TBEPOBIX YacTHL, HOJIydeHbie
C MCNONIb30BaHHeM QYHKIMH paclpenesicHUs CITyYaiHbIX IDIOTHOY}IAKO-
BaHHBIX KOHQHrypaumii. IIpoBEHeHO HCCTENOBaHME 3TOH (yH CuHH
merofoM MoHTe-Kapno mia cucreMsl TBepabIx AMCKOB. Ompepe. 1eHbl
KoopIuHath! $a30Boro mepexozna, KOTOPbI# B JaHHOM TOJXOME — Tepe-
xon 1-ro popa.

Pa6ora Brimomiena B JlabopaTopuu Teopetrnueckoi dusuxu O11AH.

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 sy'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 Laboratoiy of
Theoretical Physics, JINR.

1. OCHOBHbIE HIEM U COOTHOMEHHA

B pa6orax /1,2/ NpH HCCIIENOBaHNM CBONCTB MOJIENLHBIX CHCTEM
TOYHBIN pacyeT CTaTUCTHYECKOIl CyMMBI IPOBOAMIICA JINIA cllel MaJIbHOIo
aHcaMbia cocroaHnil. Taxoil moaxon HDaeT BO3MOXHOCTbL I JCJIeNoBa-
TEJILHOTO YyueTa HECBH3aHHBIX obsacreil ¢a30BOro mpo:ITpPaHCTBa
M OLIEHKH YMCJIa COCTOAHMIA B KaXKAOi M3 3TUX obyacTell B 3aBUCUMOCTH
oT obbema V, 3anrmaemoro cucremoii N-yactvu, CylUiecTBO MeTona
HauboJiee HArJADHO NMPOABIAETCA B FeOMETPHYECKOH HHTepIpeTaluH.

Ha pmec.l cxemaruyeckH IMpefAcTaBjieHa CTpykTypa ¢a3oBoro
MPOCTPAHCTBA CHUCTEMBI TBEPABIX YacTHU. COCTOAHUA XapaKTrepH3YIoT-

*BHHHIIKnegrexum Kueacxozo HI1I0 "Macma”, Kues
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Puc.l. Crpyy:Typa a3oeo2o npocTpancTea cuctemsi Teepobix vacTuy. Bepuunw
8.10XEHHbIX Opye 8 Opyea TPey2oabHUKo8 (a), KoHycoa (6) cooT8eTcT8yIT HAOT
HOYNaKO8aHIIBIM COCTOSHUAM — KOHOEHCATaM Vk , k= 0,1, ...

CcA TONMBKO OOHUM MaKpOCKONUYECKMM MapamMeTpom — ~’o6beMom’ .
310 COCTONIHHA ¢ paBHbIM 0ObeMOM, paBHOynaJieHHble OT ueHTpa 0.
BepuiuHbI MHOrOMepHBIX KOHLIOB MPEACTAaBAAT TaKUe KOHMUTYpaLuH,
KOTOpbIe H2 JONYyCKAT CMELIeHUA YacTHUL B KOOPOMHATHOM MPOCTPaH-
crBe De3 mepectpoiiky Bceit koHUrypauud. Taxue cOCTOAHUA MOKHO
OTHECTH K KJlacCy Cy4YaiiHO MUIOTHOyMakKoBaHHbIX 73/, Mbl 6ygeM Ha-
3bIBaTh UX KOHOEHCATOM (06Bem Vi ). [lnA TBepAbIX' AUCKOB C Aua-
MeTpoM, [aBHbIM 1, HauMeHsWIMM o0OBeMOM o6rmajaer KoHOeHcaT
¢ rekcaloralbHOH IUIOTHON YNaKOBKO, Ve =VY% = N-V3/2 (uenrpsi
OWCKOB p:é3MeLIaloTCA B y3JlaX MapaienorpaMMoB, MOCTPOEHHbBIX
U3 paBHOCTOPOHHHUX TpPEyroJbHUKOB C IUIOLIAObIO SA=\/'§_/4 , W npu
N-oo miolU{aZy AHCKOB MaJi0 OTIWYAIOTCA OT IUIOLIAAH Mapasseno-
rpamma /11/274).

Pacyer ctatUcTHUeCcKOU CyMMbl CBOOUTCA K ONpeNeeHHIo BEPOAT-
HOCTH 06pa30BaHNA KOHOeHcaTa (KOMOGHHHpOBaHHbI paKTOp) M YKHCIa
COCTOAHMI, OOCTYNHBIX CHUCTeMe B 3TUX YCJIOBHAX IIPU yBelHYEHHUH
obvema or V, no V (reomerpuyeckuit pakrop). Ha puc.1 ato 3awtpu-
XOBaHHple OOjacTH. Baxxo OTMeTHTh, uTO BHYTpM obnactu coxpa-
HAETCA OTHOCHUTE/NbHOE DACIIONIOXKEeHWe 4YaCTHL, XapaKTepHoe IUIA ee
BEPUIMHbI ‘— KOHIEHCaTa, XOTA CyLUeCTByeT BO3MOXHOCThL Iepexona
M3 OJHOrO "'Una KoH$Urypauui B Ipyroi mpu JOCTATOYHO Gonbwux V.
Bknag B C1aTHCTHUYECKYIO CYMMY B 3TOM cjly4ae onpefesaercA Mpou3-
BeeHHeM p, -(V—Vk )N, roe p, — BepoATHOCTb 06pA30OBaHUA KOH-
nmeHcata gaiHoro Ttuna. Ilomaras pacnpepneneHue KoHgeHcata B (pa3o-
BOM I1POCT[ ‘aHCTBE HeNnpepbIBHOH HyHKIHEH Q(Vk) » MOJIYUHM

. v
B, =Q(Vk) / rvon(vk) av, . (1)
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IIpn c>kaTMM cHCTEMBbI TBepIbIX YAaCTHI[ YMEHbLIAeTCA ADCTYIIHAA
obnacte Ha3oBOro MNpPOCTpaHCTBa AJIA BCEX THUNOB KOH(¥ rypaimii,
3aTeM HAaUMHAKIOT BHIKJIIOYAThCA OTAENbHble THNBI KoHurypauuii. [Ipu
npenenbHO GOJBLUIMX IUIOTHOCTAX OCHOBHYIO POJIb MrpaloT Ko Hpurypa-
K, OnMsKkKMe X TUIOTHOM reKcaroHasjbHON peiierke. ONpeAciAIOLNM
KpHUTepHeM THIMa KOH(PUrypaluud B JAHHOM pPacCMOTPEHHH ABJIAETCH
MaKpOCKONUYecKasn BeluunHa V, — o6beM KoHIeHcara.

JnA craTucTHuyec Ko CYMMbI TOraa NONyYHM

v
avy =L [ (v- voYa,) v, /r Q(v,) av, (2)
NI v
0 0
PaC!{eT JaBJIeHHUsI B CUCTEMe NMpoBOONTCAH no ciaeaymwiuemMy CooT-
HOUIEHHIO: ’

N (Vv v yav /) v-v )N Q (Vv )av
B =N [, (V-5 )" a o, /1, (V- D av,
(3)
Q (V)

\'
[ Q (Vk) av,
Yo
(Dymcupm Q(V, ) TouHO onpellesieHa 1A MOMENBHBIX CHCTCM /=37
B cnyvyae TBepabix zmcxoa TaKOH pacuer He NpPeACTaBlIAETCA BO3MOX-
HBIM, [O3TOMY [JIA OLIEeHKH Q(V ) HaMHKH wcronas30Ball MeTon
Monre-Kapno.

2. METOO MOHTE-KAPJIO, MTPUMEHATENBHO K [IOCTPOEHUIO
CITIYYAHHO TIJIOTHOYNAKOBAHHON KOHOUT'Y PALIHH

Ilnsg nocTtpoeHHsT KOHIEHCaTa TBeEpAbIX AHUCKOB TMperaraercs
npoueaypa, cXoaHasd C MeTOAMKOH (opMHpOBaHHA CIydYalHC IJIOTHO-
ynaxkoBaHHO# KoHuMrypauuu /5/. UYactuupl n06aBAAKTCA ¥ rpymnme
TaK, YTO6bI Ka)aaA B UTOre KacaiaCh OJHOBpPEMEHHO MHHMM /M IBYX
4acCTHLl Ha MOBEPXHOCTH rpymmnbl. POCT KOHOeHCaTa MPOUCXOANIT MOCIe-
OOBaTeNbHBIMM CIIOAMH KOOPAUHAIMOHHBIMH Cdepamu. [IprcoenmHe-
HHMe YacTMUBl K rpymrne n 3aKaHYHMBAeTCA, €CJIH CABHMI BHY1PH COOT-
BeTCcTBywLLero (n+1) -cinoAa HeBo3moxeH. Ilocnenyrume oM, no-
MIONHAA KOHJEHCAT MO TaKOMY. MPHHIMITY, 3aHUMAIOT AWUCKM C HapyX-
HOW CTOpDOHBI.

Monyyarwumeca kOHGUTYypallMd XapaKTepH3YIOTCA TeM CBOICTBOM,
yto 06aA M3 uYacTML HMeeT  4-5 cocepeil, nppmera}omux B JIOTHYIO
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K Heil. [Ipn mo6GaBnenny cnos U3 n vacTHi o6pa3yeTcs oT n o 2n Ba-
KaHCHH MR yacTul ciepyomero caod. OHHU 3aNONHAINCh CIIyYaliHbIM
obpazom. EcTecTBeHHO, YTO 3aMojIHEHHEe OJHOI BAaKaHCHH 3ayacTyio
NPUBOJIUI O K TOMY, YTO B COCEHHIOK C Hel y)e Helb3d ObUIO IO~
MECTHTD t ACTHILY 3TOTO XKe CJIOoA.

B /% ITPH IOCTPOEHHUH CITYYaiHO [JIOTHOYITaKOBaHHON KOHGUrypa-
UMM TBEpPObIX IIAPOB IpEAJiaraeTcd, HapaliMBasg CHCTEMY, NOMellaTh
yacTuuy E yray0isieHHe Ha MOBEPXHOCTH, Onikaiilliee K LEHTPY CHCTe-
MBI, 3aTelM Bce Goliee yRanAfachk OT Hero. [IockosKy B peansHOi cucTe-
Mée MHOTIX YaCTHIl HET BBILEJIEHHOr0 LIEHTPa, HAMHU 3TOT IpHUEM He UC-
MOJIb30BA. I1CA.

IIponiecc dopMupoBaHHA KOHIEHCATa HAukMHaeTcA ¢ GopMHUpOBa-
HUfA MEePBOH KOOPAMHALMOHHON cepbl BOKPYT YaCTHULBI TyTEM Cl1yuyai-
HO 3aJaBileMbIX YIJIOBBIX KOODAVHAT ee cocepeii. 3arojgHeHue NpoBo-
IUTCA A0 TeX MHop, NOKA eCTh BAKAHCHH HAa MOBEPXHOCTH LEHTPAILHOMN
yactuubl. IlepBan koopauHauMoHHaA cdepa MOKET COCTOATh U3 4 Wi
5 wactvu. B Toukax IepeceyeHHA OKPYKHOCTEH, NMPOBeAEHHBIX H3
LIEHTPOB YaCTHULl N1ePBOH KOOPAMHALMOHHOM c(dephl paguycoM, paBHbIM
IMaMeTpy YacTHLIbI, TIOMEIAI0TCA YaCTHIIbI BTOPOH cepshl U T.A.

Cnenan nozcyer yucia YacTHUL, 3aMIOJIHUBLINX HEKOTOPYIO IJIOIAlh
Ha IUIOCKOCTH (OCHOBHYK fAueiiky). KonuuectBo yactui, nmomecTus-
IIUXCA B OCHOBHYIO AYeHKY, ¥ ONpenenano IUIOTHOCTh KOHZIEHcara.

Pe3aynbTarel onpeneneHna (QyHKUUH Q(Vk) npencraBJIeHbl Ha
puc.2. Jlerko BuIeTh, YTO Tak e, Kak u B ‘1, 2/ oma mopenupyer
HOpMaJlbEO€ pacnpeneiieHle ob6beMa KOHAEHCAaTa U MOJXKET ObITh Npen-
CTaBJIEHa 3 BUIe

Q(V,) = mpl-— (Y, -V, (4)

rae V, — “obsem” HanOoJlee BepOATHOro KOHIEHcaTa. 3ajayua Hallux
HUCCJIEJOBI\HUIA — onpenefleHde a U Vr . HanmoMHum, uto mnsa mogne-
/1 a=1, Vr =1,5V0" B/% q=1 ,
v, =13 V0 . Uucnennnle skcnepu-
MEHTHl [POBOAWINCE IJIA AY€eK
pa3niuyHOro pasmMepa U opMBbI.
ce Hna xkpyra paauycom 5,171 6bu1o

Py in®

2 - Puc.2. Oynxyus  pacnpedenenus
) obvemMa KoHOeHcara Q(Vk) (yena de-
o aenun 0,01 Vo). ® — OaHHble 0aA

om 116 wuacruy & xpyzaoli OCHO8HOIL
1 Ayelixe, 0 — 0aa 88 yacruy e xpyzaoii
® o ® OCHOGHOIl Auyeiike, ® — 0an 73 wactuy
- LY 6 WlecTuY201bHOI OCHOBHOI AYeliKe.




cre”epupoBaHo 6000 xondurypauuii, gna kpyra paguycom 5,917 —
5000. Bpems, saTpaunBaeMoe Ha renepauuio 1000 KoHOEHCATOB, COCTAaB-
naer npumepHo 1 yac Ha O9BM EC 1055. Haubonee BepoaTHEIe yucia
YACTHII, 3aII0JHUBIINX 3TH Aveliky,— 88 u 116 cooTBeTcTBeHH(. Kpome
Toro, 6nuto npoBeneHo 3000 3KcrepUMEHTOB IO 3arOJIHEHUK: AYEHKH
B ¢opMe NpaBHIBHOrO LIECTUYrOJIBHUKA C HAaUOOJbIUEH OuaroHasIbIo
10,015. B atom cnyuae Haubosee BeposaTeH kKoHgeHcaT ¢ N =73. Oue-
DMEHO, YTO BO BCEX 3THUX CJIyYadAX ~'yIeabHbIA 00BbeM’ He MoieT OhiTh
ONT 3eNeH [POCTbIM [eJleHHeM IUIOLIAIy OCHOBHOH fAYEHKH 11a 4HUCIIO
SaliOJIHMBIIKMX ee yacTUl. MBI pewinnu npobiieMy ’'TpaHUYHEIX YCIo-
BUli”, BBOA< KOPPEKILHIO NIPU pacyeTe yOeNbHOro ob6veMa, onpepesnse-
MYI0O AJIA [DAaBHIBHOHM peilleTKH. B ciyuae rekcaroHainbHOHW IIJIOTHO-
YIaKOBaHHOM YELIEeTKH B AuYeiike B (opme NMPaBWIBHOIO L1eCTUYTOJNb-
HUKAa ¢ Kaubosibllell muaroHansio 6,8,10 ¥ 12 momemawrca cOOTBeT-
«TBeHHO 37, 61, 91 u 127 vacrtuu. Jlerko paccuuTaTh, YTO Y OeIbHBIA
00reM B 2TUX CIIYYAAX IOJKEH ONpenensaTses 1o gopmysie v:=S/Ni+ 5,
rae S — mowadb IECTHUYTroJdbHHKA, a § — mnomnpaBKa, paBraa 0,27,
0,213, 0,176 u 0,15 coorB€rcTBeHHO. TakuUM o6pasom, mwna aW60ro
YpCla MOYHO BOCHOJIB30BATECA AMNMpOKCHUMAanueid 3TOH 3aBHCHMOCTH.
OrmicaHHble Bblllle 3KCIEePUMEHThI Jany Cleaylliie pe3ysab1aTbl AndA
V..V, :1,27V0; 1,24V0, 1,25V0. OueHkH 1A a MOJIYYEH I MyTeM
23pabGTKU BCceX NaHHLIX, MpeNCTaBJIeHHbIX Ha pHci2, B Npe]lGIoxe-
4 N =100, [Togromsa uTorn MomeJIupoBaHUA, [IOJIYYUM

Vo=(125%0,02) V; , a=27%5. (5)

3. YPABHEHHS COCTOSIHUA

Cootnoutenus (3), (4) ¥ (5) NO3BONAIT PacCUNTHIBATD ;laBJIeHUE
B CHCTeMe IpH 1106bIX MIoTHOCTAX. [lepBblil wien B NpaBoit yacT (3)
MO>KeT ObITh NpecTaBNeH Kak N.(V-V‘:') , Toe V‘:‘ olpe 1e5gerca
U3 yCIIOBHA MaKCUMyMa oV, pOU3BeNleH!A

(V-y, )N exp[ - “:T(v“ -V,

a BTOpOIl YeH JIErKO BBIYMCIINTD, HCIIONb3YA ACUMIITOTHKY WHTerpania
BepoAaTHOCTelH. IlepexolA K MpPUBENEHHBIM BeJIUUMHAM (12]l._vy/ \A
u 7=Bpvy, B=(k,~T)! , nonyuum

(r—b(r))_1+2aV02(r—r‘) A S A

n(r) = (6)

(r=b(r))"1, >, v'(f:3/4,
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rae b(r) onpegendAerca cleayowiuM obpasom:
» -1
1, r_g].+[2aV02(rr -1)]
b(r)= rar -t s 1 /2 (7
L ((——)"+ ] ,r>1+[2aV02(r -]
2 had r
0

Jlerko BuneTh, 4TO #(r), OyAyuH HenpepbIBHOMK B 06macTH 1<r <o ,
MMeeT M3/I0M NpH r_ : (avr/ar)B:-«::vé2 npy r>n +0 ,npu r-np - 0
(aﬂ/ar) ..+aV2 a(r. )

a =V VZa (puc%) H BO MHOTHX
qeprax coBnajaeTr ¢ pe3yJbTa-
TaMH pacyeToB B paMKax KJiac-

61 cuueckoro mertona MoHTte-Kap-
4 /

! no 8’. OTMernm xapaxTepHyio

5| SE-f+ L 0CQBGEHHOCTE — CHMMETPHIO

B TOoYKe (POpMHPOBaHHA HaHOO-
Jlee  BEpPOATHOH  ciyyaHHOM

)
]
i
L1 ! MJIOTHOYNAKOBAHHON CTPYKTY-
: pel r=r . PeaynpTaTe! Hawero
3| ( NMoJiXo/ia, OIIMCAHHOrO BbIlLE,
! CBHIETENbCTBYIOT O TOM, 4YTO
: B CHCTeMe TBepAbIX [HCKOB
2 [ uMeeT mecTo (a3oBbIi Mepe-
! xon nepBoro pona. (B mone-
1 T ) nu '1.2/ — proporo).

W 13 157 17 ,.‘9 " Hcnosnwayn nocTpoeHHe

MaxkcBensia, MOXHO TOYHO Ofl-

Puc.3. Ypachenue cocroanua cucremsl pelennTh KOOpIHMHAThI mnepe-
reepobix Quckos, r. =1,25+0,02. xoda (cm. puc.3).
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DYNAMICAL EQUATIONS IN A RVB MODEL
OF HIGH-T, SUPERCONDUCTIVITY

Nguyen Van Hieu, Ha Vinh Tan, Nguyen Toan Thang

A model is studied for the high-T, 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 dynamical 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.

JuHaMuyecKkre ypaBHEHHA B OJHOH MOJeNH
BBICO KOTEMITEpaTypPHOH CBEpXIPOBOAMMOCTH
C pe3oHHUpYIoLLEeHd BaeHTHOH CBA3bIO

Hryen Ban Xbey, Xa Bun Tan, Hryen Toan Txanr

H3yvaetrca Monenp BBICOKOTEMNEPaTYpHOH CBEPXNMPOBOLHMOCTH,
OCHOBaHHaA Ha OGOGILEHHOM aMHIbTOHHaHE Xab6apma ¢ aByMerHoO#H
KPHCTA/NIMYECKOH pELLEeTKOM, colepXalleidl OBe MNpPOHHMKalOLHe [ PyT
B Apyra noapewieTkH. MCTONHHKOM CBepXMPOBOMALLEro CHapHBaHHA
NMOOBHXHBIX HOCHTENed 3apAna ABIAEICA CMIbHOC OTTAIKHB:HHe
HOCHTENeH, HaXOOALMXCA B OQHOM H TOM e y3/€, B NMPHUCYTC1BHH
nepenpbirMBaHuA MeXay CwKaiLHMH COCeIHHMH y3naMu. B npuiinu-
XEHHH CaMOCOI/IaCOBaHHOTO MONA BbIBOJATCA OMHAMHYECKHE Y IaB-
HEHHA [U1S BCEX MapaMeTpOB NMOPANLKA TEOPHH.

PaGota BbinosnHeHa B HMHCTHTYTe Teoperwdeckoi ¢u3uku, Xallof,
CPB.

1. INTRODUCTION

In the RVB theory of high-T, superconductivity proposed by
Anderson” V' and developed in many subsequent works /27107 the
origin of the effective attractive interaction of the charge cirriers is
their strong on-site repulsion in the presence of the hopping between
nearest-neighbouring sites of the lattice. The system of dynami;al equa-
tions for the order parameter of the superconducting pairing of holes
and other order parameters of the high-T o superconductors with this
RVB mechanism has been derived and studied in the case of the simplest
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model with some two-dimensional lattice containing only one type
of sites’ 219/ | the original Hamiltonian being that of the Hubbard
model. Fowever the experimental results have shown that the lattice
of newly discovered high-T , ceramic superconductors must contain
two interpenetrative sublattices: sublattice of Cu ions with electrons
in d-orbitals and that of 0 ions with electrons in p-orbitals. The corres-
ponding “heoretical model has been also proposed by Emery 711/ and
was studied by many authors” 12716/ 1p particular, some physical
aspects ¢f the model were discussed qualitatively in a recent paper
by Imada’ /. 1t is the purpose of the present work to give a more
complete study of this realistic RVB model of high-T, superconduc-
tivity. The starting point is some extended Hubbard Hamiltonian.
The system of dynamical equations for the order parameter of the
superconducting 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” 172/ which is similar to that discus-
sed in the present work the application of our reasonings is also straight-
forward. For the simplicity we neglect the effect of the antiferromagne-
tism of tae 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.1. Each Cu site has 4 nearest-neighbour-
ing O sit:s, and each O site has 2 nearest-neighbouring Cu sites. If the
lattice constant of the Cu sublattice equals a, then that of the O sublat-
tice is a,/2. Denote the destruction and creation operators for the
holes at the Cu and O sites by d;, d:a and pj,, p“;a, resp., i and j
labeling the sites,o =+, . being the spin projection. We start from the
extended Hubbard Hamiltonian

+
H=- ' pjapj

p

+
+e 2d, d, +
i o ay ioio

+ +
+t 2 (d5Piq + Pjg dig ) +

<ij>
- d
+U3n 0" + U En?n.p, (1)
d; i i Py o
d + p +
- = > €.,
Nio = %5 % Mo = PoPio” p7 “a
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Figl ®— Cuion, o - Qion.

Here ¢, and € denote the energies of the free holes at the s.tes of the
Cu and O sublattices, resp., t is the hopping constant, U, aid.U, are
the repulsion potential energies of two holes with opposite spin projec-
tions at the same site of the Cu and O lattices, resp., X denotes

<ij>
the sum over all pairs of nearest-neighbouring sites.
We consider the limit of very strong on-site repulsions:

Up’Ud >>|t|v |fp|9 |fd!'

In this case the holes at non-doubly occupied sifes belong :o0 narrow
lower energy bands while those at doubly occupied sites have very
high energies. By means of a suitable Schrieffer-Wolf transformation

H-¢ He's

d

. 1 + p
§ =it £ {— D ,digPie (1= )+ (2)

<ij> Ug
P oot g d

+—in. . (1 -n_ )i+ he.
Up j—o"jo ico i—o

we rewrite Hamiltonian in such a convenient form that the texms corres-
ponding to the real transitions of the holes from a lower energy band
to a higher one and vice versa are those of the second order of the
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small constants {t| /U D | t]/U4 and may be neglected. By applying the
projection operator

. d d p P
P =TI - ~
L= nfnd) (L= o] o) (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 :nergy holes (non-doubly occupying):

o + +
H,4 = PHP = P i‘d% diodio + €p.2 PigPig *

;t‘(drp )_JLEBB
<ij> ic¥jo _]o 10 < <kj\'J ik

(4)
-3, zZB By IP

<1J\.<1 >

t
cda = 57 By 7 P i - Py G

The four-hole interaction terms in above Hamiltonian (4) are the con-
tributions of the virtual transitions to the intermediate states containing
doubly occ apying holes.

3. SFLE-CONGISTENT +1I'LD METHOD

In this section we apply the well-known self-consistent field me-
thod of Bogolubov "21" and substitute each four-fermion interaction
term in the effective Hamiltonian (4) by a bilinear combination of the
fermion operators in which the coefficient of each product of two
operators is. the vacuum expectation value of the product of two remain-
ing ones., Bacause the vacuum is the ground state of the system of non-
doubly occupying holes the expressions of the vacuum expectation
value alwa/s 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 + > '

+ d:<F(d' d”)P,~»=<P(d. d“)PX
1 _ -
-2—np—<F(P“PJ )P><<P(p“p“)P>’
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+
Sha= 2 <F’(d 2 P> = 3 <P (4 )P >
ik€ D, LkeD,

1 ~ +
—=n = 3 <P(p p,)P>= 3 <P(p, py,)P>,
2P 1.L€ D, it j,te D, 17

+ +
h= 3 <P(d,p,)P>= I <P(q, f,)P> =

i€D, i€D,
j ]

1 + 1 +

== 2 <P(p_d. )P>== 3 <P(p,d 6 )P> (5)
jr in j i
2 jep; * 2 jep, A ‘
1
Az?iezn <P(d”p“ - Hp P> =
]

1 + + + o+
=— X <P - d P>,

T oo, Pt TR AT

Here D; and D; denote the set of all neighbouring sites of the sites
i and j. We obtain following bilinear Hamiltonian in the self-c:onsistent
field approximation

P L3 N
= ((d—-—n Jd-cF)zi"dia

2 p io -

Log s 5 aj,d

- —2—np P i,k€Dj ic kot
1 =~ 2 +
+ ((p— ?nde —(534 p]o jo -
(6)

1 +
- =—n DI +

2 dei j.gGDi ijng
+[t-—h(Jp+ 2Jd)] E (dlg ]U+pjod10)—
- 2A(F, + 2y) % [(p” Pj; diy) +

<ij>
+ (d“pjr -4y, Py, e,

where ¢ is the Fermi energy.




Note that n; and n ; are the mean values of the numbers of holes
at each sile of the sublattices Cu and O, resp., A is the order para-
meter of the superconducting pairing of holes. The fermion operators
at the sites can be expanded in the form

(M

where R; and R j are the coor-
dinate vectors of the sites i and j,
N, and N, are the numbers of the
elementary cells in the sublattices
of Cu and O, B, and Bp denote
their Brillouin zones and are
represented in Fig.2. For some
wave vector A of B, not belon-
ging to B, there always exists
a unite vector K of the reciprocal
lattice B 4 such that A+K ¢ B d-
For such a pair Mé By and A +R €
€B weset P, (X) =q,(} + k).

Inserting the expansmn (7) into

Fig2, Brillouin zones B (large square) -
and B afsma'l square), Eq.(6), we obtain

Hy =P 3 [E;(»)d ()d (v) + E, () () (0) +
vélld

v E ()28, (0) + gL, () + L (), ()] + (8)

+ B (1 (=1) = (=) (W) + (1, (54,6 -16)a GNP,

where
E Gy - 2o B oy B0 7 50 (9)

V2 ? NE
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1.
By(0) = eg =50, Tg = 0, 0,06,(0% + 4,607 - ¢
1 -
By(v) - ey =g gy = e (10)
@ 2 1=~ 1 >.2
ul_(V) =€y - —2—nde ——-2-ndeqbp(V) - €
B = (=0T, + 201 ¢,(+),
B(0) =-2AT, +213) 4, (),
o) ;Z): 2[{cosv a+cosy_al,
P . Y (11)

(v )=2cosy a.
®a X,y %,y

< U OGOLUBOV TRANSFORMATIONS

In order to establish the system of dynamical equations for six
crder parameters ng, n,, i, ﬁp, h and A from the bilineax Hamilto-
rian (8) now we diagonalize this Hamiltonian by means of tt e Bogolu-
bov transformations. For abbreviating the formulae we introduce two
four-element columns

/t, () a (V)
o[, A X ¢!

Co-{ | . |.Te=f (12)
ENCMY a (=)
e B )

and write the Bogolubov transformations in the matrix form
C(») = X(GHT (). (13)

We can choose the phases of the operators in such a way that all matrix
elements X, j(B), ij 1,2,3,4 of X(»)are real functions of » . Since
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the fermion operators rU(J) , dg( ) as well as aa(_:;), BU(I/’) satisfy
the canonicil anticommutation relations, the matrix X(7) must be
orthogonal. {5tandard calculations give following results:

Y(O)  Z(Y)

X(v) =
Z(v) -Y()
. / . N (14)
5 Xw) Xygv) - Xia(v)  Xyg(v)
Y(v)= , L(v)=
.X21(;) X2£;) X23(_1:) le{;)
L M)
X (0) = ——— (15)
1 (v)
M G = M ()% M )% M ()% oM o) (16)
M, =8 [(E, - &) (B, +£) 5%+ 8",
M,, =- 285E,,
M- 8lE, - £) (B - &) -8~ g,
My = B, + €)% (B, - £)([E, - D - (B, - £)87 (17)

M2l=— 283E,,
M22 = 8[(Er - ‘fﬂ)(Ed +£ﬁ) + 0 2+ 82],

2 2
M23=(Ed" fﬂ)[g _(El’_fé(Ed-fB)]_(Ed—fB)a'
' 2 2

M,, =8l - EB)(E, - fﬁ} -8 -g1,
where ¢ a(;) and ¢ ﬁ(;) are the eigenvalues of the Hamiltonian (8)
correspondiag to the quasiparticles with the destruction operators
aa(i;) and2 By,

e (B rED+a(s®+ &)+ (B -ED O
a 2

o EBE+ED+208%+g%) +(BE-EDH0
‘g - 2

(18)
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32 g2
“+

E,+Ep? (B, -Eyp*

1/2

=01+ 4¢ Yl . 19y

The Hamiltonian (8) becomes

Hy=P 3 16N ag(Na, () + ELNBTNRG) +

V€Bd

> + = - (20)
+E (v)s (v)s,(W)IP.

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 n,, np, fig, iip, h and
A . Denote by f T( ¢) the Fermi distribution function at temperature T

1

(&) = ———. (1)
1+ expé/T

The dynamical equations are:

n =
P 8a

i A IXE 1 (gg) + X[ 1~ 11(£p)] s
d

R xfer(ga) PR - ((E)] + ()]

a7 Bffd Vtxzﬂ(fﬁ)+ a4l 1 - fy(£g)T +
d

* x21 (& + X223[1 e Sk
A2

n, = ffdvix
817 By

121.(613)+ x? AR (fﬁ)] +

» 2
,1T(Q+X13l1—f (£ + 4B ) ¢, () (22)

1]



ny

2
= Efdd UKy Ty () + Xof 1~ (£ + Xy 0 (£)+

2 2 2
Xpal1 = OIS, (v ) + by(vy ) ]

a2
h - 16 I Vixzz 12f0(€Q + Xy Xy 11 — (LR +
o By
+ X Xt E) + XpgX gl 1 - 1)1 ¢, (1) (22)
22
A= 62 ffd v{Xz2 14f,1(§ﬁ)—X24X12[1 fT(fﬁ)]+

d

+ Xy Xyl &) ~ X o [1 -1 ¢>p(;)

6. DISCUSSION

On the basis of the system of dynamical equations (22) it is not
easy to make obvious conclusions on the physical consequences of the
model. The numerical solution of these lengthy equations must be
studied in i 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 &(v)=0. In this special case
the exprestiions (18) and (19) for the energies of the quasiparticles
become

v B () - Bg) o 1

£, (v) = — E—— [E()C+ 5(0) ]
(23)
E v}- E 1%
FOR ——(—)—2——(-1 JEGHT+ 80PV
where . .
R E,(v) + Ey(v)
E(V) = _‘——‘é“———. (24)
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The dynamical equations are:

2
n, = Sa—zéfdzuiuzf,r(fa) + VAL = 1 (E)) + 1B
7 By

2

“d:ig ﬂdzu{uzf.r(fﬁ)+V2[1‘f'r(§1)]}
4r By

- 2 - 2

n, = 8'12 gdd%IQSp(v)\ ‘uzf'r(fa) + VAL - f'l(fﬁ)]”'r‘Es”

- g2 2 2 2 - (25)
R o [ VI8,(r) + 8 ) Tt gp) + vi1 - e
d
a 2 -
A =1-(;2g: v 6, (v) 2uvll L&) - f%fﬁ)l’ h =0,
where
u(r) = — [1 B VE
VEG)? +800)°
(26)

v(») = - (1 - Eg) V2

VZ o UEG)E+ 8()?
In particular, the critical temperature T, is determined by ecuation

Lt RO

= A 1-f —f 1.

o+, 1678, |EG) (&) = I (4 @7

Now we deduce some physical conclusions from above results.

First we consigler the expressions (23) of the energies of quasiparticles.
In the limit 6(») - 0 we have

£+ B (), €40+ By() B, + Bg(»)> 0
- -+ > -» > -» (28)
£, -B,(»), £)+-E (W) E () +Eyv)<0.
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Thus in the limit 5(»)-> 0 65(3) is always smaller than .fa(:)
Eg(0) < ¢, (). (29)

Therefore in Eq.(27) we can neglect f(£,) incomparison with f (& g
This means that the critical temperatire T, depends mainly on the
distribution of the quasiparticles 8. 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 (E 4+ E,> 0),then T, depends mainly
on the distribution of the Cu holes.

b) If the Fermi energy is nearer to the energy band of the O holes
(Eq+ E, < 0), then T, is determined mainly by the distribution of the
0 holes.

From Eqgs. (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§(2)=0,

Wd = max E d(:;) -~ min Ed(;)

. (30)
Wr = max b (v) - min E (v).
We have
W, = 4anp,

(31)
wr = 8n_dJu'

Since we have usually n, << 1, n4= 1, the energy band for the 0 holes
is much larger than that of the Cu holes.

In corclusion we discuss a necessary condition for the existence
of the solution of Eq.(27). We neglect fr(£,) in comparison with
fr (fﬁ) and write ¢

c

>

2
‘ 2 dvé ()2
1 a v p
_—_ . —_r 1t -t . 32
I, +20,  16x° gfi IE(D)| Tc(fﬁ)] (32)

It follows that there gxist some average values }_E—] and 'fﬂ of the ener-
gies |E(v)| and fﬁ(v) such that

18] ’
—_— st . 33
Ty 7 (¢g) (33)
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Since

0<f, (£x)< 1

r (£
the solution of Eq. (33) exists only if the average value | | satisfies
the necessary condition

l |<Jp+2Jd. (34)
This relation means that the superconducting pairing takes place only
in the case when the Fermi energy €p is not very far frori the mean
value of the renormalized energies of the Cu and O holes: either the
energy band of the Cu holes is nearly half-filled or the concentration
of the O holes is low enough. For the quantitative investigation of
this problem it is necessary to find approximate solutions of Eq. (32).
This will be done in a subsequent work.

REFERENCES

—

Anderson P.W, — Science, 1987, 235, p.1196.
2. Anderson P.W., Baskaran G., Zou Z., Hsu T. — Phys.Rev.Lett.,
1987, 56, p.2790;
Baskaran G., Zou Z., Anderson P.W. — Solid State Comm., 1987,
63, p.973;
Zou Z., Abderson P.W. —Phys.Rev., 1987, B37, p.627.
Cyrot M. — Solid State Comm., 1987, 63, p.1015.
Kuramoto, Watanabe T. — Solid State Comm., 1987, 63. p.821.
Fukuyama H., Yosida K. — Jap. Journ.App .Phys., 1987, 26, 5.1L371.
Kivelson S.A., Rokhsar D.S., Sethna J.P. —Phys.Rev., 19&7. B35.
p.8865;
Kivelson S.A. — Phys.Rev., 1987, B36, p.7237.
7. Ruckenstein A.E., Hirschfeld P.J. — J.Appel.Phys.Rev.. 1987,
B36, p.857.
8. Gross C., Joynt R., Rice T.M. — Z.Phys.B. — Conde:nsed Matter
1986, 65, p.161.
9. Nguyen Van Hieu, Nguyen Ai Viet . — In: JINR Rapid Comm.,
No.2(28)-88, Dubna, 1988, p.48.
10. Ukrainsky 1L.I. Preprint ITF, Kiev, 1987.
11. Emery V.J. — Phys.Rev.Lett., 1987, 58, p.2794.
12. Hirsch J.E. — Phys.Rev.Lett., 1987, 59, p.228.
13. Ohkawa F.J. — J.Phys.Soc.Japan, 1987, 56, p.2623.

DO W

59



14.

15.
16.
17.
18.

19.
20.

21.

60

Callaway J., Kanhere D.G., Misra P.K. — Phys.Rev,, 1987, B36,
p.7141.

Parmenter R.H. — Phys.Rev.Lett., 1987, p.59, p.923.

Imada M. — J.Phys.Soc.Japan, 1987, 56, p.3793.

Yamada K., Yosida K. — Prog.Theor.Phys., 1986, 76, p.621.
Fujimo:i A., Takayama-Muromachi E., Uchida Y. — Solid State
Commun., 1987, 63, p.857.

Hanzawa K., Yosida K. — J.Phys.Soc.Japan, 1987, 56, p.3440.
Robasz ciewicz S., Micnas R., Ranninger J. — Phys.Rev., 1987,
B36, p. 180.

Bogolubov N.N. Selected Works, Kiev, Naukova Dumka, 1969.

Received on April 4, 1988.



