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Kpan<ue coo6U4eHUJ1 OHJlH N"2 [28)-88 
YAK 539. 17 

JJNR Rapid Cumnllllllcation No.2]28]- 88 

Jl0JUIPI13AU11R KYMYJIRT11BHbiX JlPOTOHOB 
B PEAKU1111 p + 1~ .. p c(158°) + x 
IlPI1 3HEPrl111 JlEPBHqHblX JlPOTOHOB OT 17 AO 62 r3B 

11.M.BenRea*, H.B.Bnacoa, O.Il.raapm.uyK, JI.C.3omm, 
B.<I>.JlepeceAOB, A.B.IllanhrrHH 

l1JMepeHa norr.llpHJaiJ,IHI KYMYJI.IIrHBHhiX IIJX>TOHOB, BhmeraiC !UHX 
00,[1, yrnoM 158° JI.C. npH BJaHMO,ll,eficrBHH nepBH'IHhlX npor•>HOB 
c JHepmeii or 17 AO 62 fJB c .RApaMH yrnepoAa. l1JMepeHH.II Bh non
HeHhi B HHrepBane HMJIYJibCOB KYMYJI.IITMBHhiX nporoHoB or 51) AO 
840 MJB/c. Ycpe,ll,HeHHa.ll no HMnyJlbcy BeJIH'!Ima non.RpHJaUIH He 
npeBhiiiJaer 10%, JaBHCHMOCTb or JHepmH nepBH'IllbiX nporOHOB Bhl· 
pa:lKeHa cna6o. 

Pa6ora BLinonHeHa B Jla6oparopHH BhiCOKHx :mepmii OHHH. 

Cumulative Proton Polarization in p + 12C .. p c ( 158 °) + :: . 
Reaction for Incident Protons in 17 to 62 Ge V Energy Re(;ion 

l.M .Belyaev et al. 

Cumulative proton polarization is measured under I 59 I.s. mgle 
for interactions of incident protons with carbon nuclei in the energy 
region from 17 to 62 GeV. Measurements are made for cumulative pro
ton pulses from 510 to 840 MeV/c. Averaged over pulse polarizat:on is 
not more than 10%, dependence on incident proton energy is 'veak. 

The investigation has been performed at the l.aboratory of High 
Energies, JINR. 

B HacTomuee apeMH npoaoAHTCH cHcTeMaTHtiecKoe uccneAoBaHHe 
npoQeCCOB B3aHMO,ll,elfcTBHR 3JieMeHTapHbiX tiaCTHU C HApaMH, KOTOpbie 
He MOryT 6biTb CBe,ll,eHbi K B3aHMOAeHCTBHIO C KBa3HCB060,IJ,llhiMH HY· 
KJIOHaMH H,ll,pa H HOCYT HHcpOpMaQHIO 0 fl,ll,epHOH MarepHH Kal: KOJIJieK
THBHOH MHOrOHYKJIOHHOif CHCTeMe C KBapKOBhiMH CTeneHHIIIH CB06o
Ahi. 0AHO H3 3KCnepHMeHTaJihHhiX HanpaaneHHH CBH3aHO C lBytieHHeM 
KYMYJIRTHBHLIX 3cpcpeKTOB B HHKJII03HBHhiX peaKQHHX 

a+ A .. b + x. (1) 

* HHcruryr reoperu'leCKou u JKcnepuMeHTaitbHOU fPU3UKU, MocKBG 
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HecMoTp.a Ha To, tJTo MHon1e 3aKoHoMepHOCTH HHKJIJ03HBHhiX npouec

coa c po:K~eHHeM KYMYJIHTHBHhiX MPOHOB H3yqeHhi no~po6Ho, ux 

TeopeTuqe~KaR HHTepnpeTaQHH OCTaeTCH Heonpe~eJieHHOH. 0Ma H3 

TPY~HOCTE n o6ycnosneHa TeM, IJTO HHKJIJ03HBHhiH KaHan HBJIHeTc.a 

HHTerpaJihHbiM KaHaJIOM, B KOTOpoM MOryT cyMMHpOBaThCH BKJlMbi 

pa3JIH~hn MeXaHH3MOB o6pa3oBaHHH KYMYJIHTHBHhiX qacTHQ. An.a 
ycneWHOr ::> peWeHHH 3MaqH Heo6xo~HMO KOMnJieKCHOe H3yqeHHe 

3HepreTHq:JCKHX, KOppemiQHOHHhiX H CnHHOBhiX 3aBHCHMOCTeH. 

l-f3yq~HHe CnHHOBhiX 3cpcpeKTOB ~aeT noJie3HYJO HHcpOpMaQHJO 

npu oueuKe KOHKypeHTocnoco6HOCTH pa3JIH~hiX TeopeTuqecKHx 

no~XO~OB 0MaKO noCTaHOBKa 3KCnepHMeHTOB no H3yqeHHJO nOJIHpH-

3aQHOHHbl It 3cpcpeKTOB H HX HHTepnpeTaQHH OTHOCHTCH K pa3p~y 

Hau6onee ~JIO)I(HbiX. 

Oepaoe coo6meHHe o Ha6JIJO~eHHH non.apH3aUHH KYMYJIHTHBHhiX 

npoToHoa no.asunoch a 1967 r/ 11 • B ~aJihHenweM H3MepeHue non.a

pH3aQHH I:yMyJIHTHBHhiX 6apHOHOB BbinOJIHHJIOCh MHOrHMH 3KCnepH

MeHTaJihHloiMH rpynnaMH npH pa3JIH~hiX 3Hepru.ax H pa3JIH~OM 

cocTase nepsH~hix nyqKoB ' 2·3,4,5,6/, Cso~Ka ~aHHhiX no pe-

3YJihTaTaM H3MepeHHR nonRpH3aUHH KYMYJIHTHBHhiX npoTOHOB noKa-

3aHa Ha }:HC.l. 06pamaeT BHHMaHHe 60JihWOH pa36poc H3MepeHHbiX 

3HaqeHHH BeJIH~bl nOJIHpH3aUHH, KOTOpbiH 3aTpy~HHeT nonyqeHHe 

o~Ho3Hatnioro 3aKJIJOqeHHH o senuquHe 3cpcpeKTa H ero noae~eHHH. 

O~HaKo, JlOCKOJihKY no'ITH see 3KcnepuMeHThi BhinOJIHeHbi npu He

noBTopHJOlUHXCR ycJIOBHRX, HeJih3H C~eJiaTh H KaTeropHqeCKOro 

3aRBJieHHJ: 0 npOTHBOpe'IHBOCTH ~aHHhiX, yqHTbiBaR CJIO)I(HYJO 3aBH

CHMOCTb tOJI.RpH3aQHOHHbiX 3cpcpeKT08 OT ~HHaMHqeCKHX nepeMeHHbiX. 

OTMeTqM, IJTO npH ,3HeprHHX Bb!We 7,5 r3B H3MepeHHH nomrpH3aQHH 

KYMYJIRTI1BHhiX npoToHoB ne npoao~noc& H IJTO a nocneMee BpeMH 

nOJiyqeHhl HOBbie ~OKa3aTeJibCTBa 0 3HaquTeJibHOCTH CIIHHOBbiX 3cpcpeK

TOB npH Bl>ICOKHX 3HeprHRX '? '. 

Ooni>ITKH nony'leHHA KOJIHqecTBeHHhiX oueHoK aenuquHhl nOJIH

pH3aQHH 11 KJMYJIHTHBH&Ix npoueccax HeMHoroqucneHHhl. B o6Jiacru 

'j, f-·1J8/C 

soo ;so 600 5so 100 'So 
p .,.-- -r-----r-

0,8 [ t 

:f I ~ I 

o.z~ 1 ~ _l ___ !jL_ -·rr+-------
o ~--,-.f' 'j 

-0,2 • 

120 140 160 1110 200 220 240 260 
T.M38 
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Puc.J. lloJIJipU3a14UJI KYMYIIJI1U6HbiX 

npoTOH06 6 UHK/I/03U6HbiX peaKijUJIX 

Ha 11ope yz11epoaa: 

•- p(640 M3B)+C+ Pc(130°) +x/ 2/; 
6 -p( 1 r'3B) +C+p (146°) +x/4/. 

c ' 
o -1r- (3 r'3B/c) +C + pc(162°) +x/3/; 

• -1T- (3 r'3B/c) +C • Pc ( 146°) +x/5/; 

x- p(7,5 r'3B/c) +C + Pc(146°)+x/5/; 

v -r(4,5 r'3B/c)+C•pc(95°)+x/6/ 



npoMe)KyTO'IHblX :meprHH (1 r3B) 6biJIH CJleJJaHhl ou;eHKH B€JlHtJHHbl 

DOJJ.RpH3au;HH KyMyJJ.RTHBHbiX npOTOHOB Ha OCHOBe MO,lJ,eJIH n p.RMOro 

Bbi6HBaHH.R HYKJJOHOB lSI, pacqeTbl He )J.anH KOJJHqecTBeHHOro corna

CH.R c pe3yJJ&TaTaMH H3MepeHHH 1 4•91 . B o6nacTH BhiCOKHx :mepruu 

OTMeTHM MO)J,eJJb, npe)J.JJO)KeHHYJO B pa6oTe 
1 

10 ', KOTopa.R npe)J.OOJJa

raeT e)J,HHbiH MeXaHH3M B03HHKHOBeHH.R DOJJHpH3au;HH B :>ICeCTKHX 

npou;eccax c 6on&IIIHM nonepe'IHhiM HMnynhcoM H B KYMYJJRTHBHOM 

po)K)J.eHHH a)J.poHOB. llpe)J.CKa3aHH.R MO)J,eJJH HaXO)J..RT DO,lJ,TBe(')K)J.eHHe 

B yrnoaou 3aBHCHMOCTH non.apH3aLJ;HH KYMYJJ.RTHBHhiX A c -qacTuu; 

C MaKCHMYMOM OKOJJO 90° (n.c.)/11/. 

llpH IVJaHHpOBaHHH 3KCOepHMeHTa )J.JJH H3MepeHH.R DOJ1.R]>H3al.I;HH 

KYMYJJ.RTHBHhiX npoToHOB Bhioop npe.D.noqTHTeJJbHoro yrna H3!1tepeHH.R 

Ha OCHOBaHHH HMeiOiu;HXC.R ,lJ,aHHbiX C,lJ,eJJaTb TPY.D.HO. B OTJJ.fque OT 

npe)J.CKa3aHHH MO)J,eJJH I 10 I 3KCnepHMeHTanbHhie ,lJ,aHHbie 12• 3• 41 )],a

lOT yKa3aHHe Ha pOCT BeJJHqHHbl DOJJ.RpH3aLJ;HH ( JlO ypoBH.R 10 7 20%) 

c yaenuqeHHeM yrna BhiXO.D.a npoTOHOB CBbiUie 90 o. YquThllla.R 3Ha

quTeJJbHYIO yrnoay10 3aBHCHMOCTb Bhixo.D.a KYMYJJHTHBHhiX npoToHOB, 

3TO MO)KHO 6biJIO 6bi HHTepnpeTHpOBaTb KaK yeenuqeHHe C poCTOM 

yrna BKJJa)J,a TeX KaHanOB peaKLJ;HH ( 1) , B KOTOpbiX pOJJb Cf!HHa cy

Iu;eCTBeHHa. 

B .D.aHHOH pa6oTe Mhi npe.D.cTaanHeM pe3yJJ&TaThi H3HepeHH.R 

DOJJ.RpH3aLJ;HH npOTOHOB DO)J, yrnoM 158'' B peaKLJ;HH 

P ~ 12c ... P c + x (2) 

npH 3HeprHH nepBH'IHbiX npoTOHOB OT 17 ,llO 62 r3B. 3KCmipHMeHT 

6bm BhinOJJHeH Ha ycKopHTene Y-70 11!l>B3 (Cepnyxoa). 

OllHCAHHE3KCllEPHMEHTA 

113MepeHH.R BbinOJJHeHbl C DOMOlllhiO DOJJHpHMeTpa, B l<OTOpoM 

B Kaqecrae TpeKOBblX )J,eTeKTOpoB HCDOJ1b30BanHCb .D.peucpOBbl e KaMe

phi. CxeMa 3KcnepHMeHTa noKa3aHa Ha pHc.2. BHyTpeHHHH nytoK npo

TOHOB ycKOpHTeJJ.R Y-70 HaBO)J.HJlC.R Ha MHWeHb npH HapaCTaHJlH 3Hep

rHH nyqKa OT 17 )J.O 62 r3B. Yrnepo)J.Ha.R MHWeHb HMeJJa [•a3Mepbl 

4x4 MM C IVJOTHOCTbiO B HanpaaJJeHHH BbiJieTa KyMyJJ.RTHBHbm DpoTO· 

HOB He 6onee 0,4 r/CM 2. 11MDYJ1bC BTOpHqHbiX qaCTHLJ; onpe;J;eJJ.RJJC.R 

Puc.2. CxeMa JKcnepuMeHTa. M - yZile

podHaJf MuweHb, MC - MOHuropHble 

C'leJ'fiUKU, S 1 7 3 - C/.4UHTUiliiRI4UOHHble 

C'leT'IUKU, JQ(J 76 - tJpeutjOBble KaMe

pbl, A - yMepodHblu aHflllU3arop, AM 
- QHflllU3UPYIOIJ4UU MQZHUT. SA- C'leT

IIUK aHTUCOBnaOeHUU, 'SH - zodOCKO

nu'leCKUe C'leT'IUKU. p M 
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HC 

Puc.3. BpeMRnpolleTHbiU cneKTP pezucr
pupyeMbiX 'IOCTUij. 

no yrny OTKnOHeHHH B MarHHTHOM 
none ua ocuoae H3MepeHHH uanpaa
neuHa H KOOp,II;HH8T TpeK~ ,D;peH
!f>oBLIMH KaMepaMH ,[(1( 1 + 3, pac
nono:>KeHHbiMH 38 aHMH3HpyiO~HM 
MarHHTOM. Pa3,n;eneuHe llaCTHU no 
Macce (", P, d) ocy~ecTananocL 
no apeMeHH nponeTa (pHc.3) . Co6-
cTaeuuo nonHpHMeTp COCTOHn H3 
TpeX 6noKOB MMbiX ,n;peu!f>OBbiX 
KaMep ,[(1( 1,2,3 (126x126 MM ) 
C o6~HM IIHCnOM nnOCKOCTeH 12 
( 8y H 4x) , cqeTqHKa 83 , onpe,n;e
nHIO~ero pa3MepLI (30x40 MM) 
pa6o11eu o6nacTH nyiiKa auanH3H
pyeMLrx npoTOHOB, aHMH38TOpa 
(yrnepo,n;HOH nnacTHHbl Ton~HOH 
35 MM) H Tpex 6nOKOB ,n;peH!f>OBbiX 

KaMep J~l( 4,5,6 (256x256 MM ) C ,IJ;BYMH X- H y-MOCKOCTHMH B Ka:>K
,IJ;OM. 3a KaMepaMH ,[(1( 4 +6 pacnonaranHCL rO,IJ;OCKOOHIIeCKHe ClleTIIH
KH SH 11 ClleTIIHK auTHcoana,n;euHH: SA, BKniOIIeHHbie a cxeMy 3anycKa 
3neKTpCHHKH nonapHMeTpa. PerHcTpHpyiO~ 3neKTpoHHKa, ocuoay 
KOTOpoii COCTaBJlHnH BpeMHUH!f>poBbie npeo6pa30BaTenH I 12/, 6Lma 
BLmonu~ua a CTau.n;apTe KAMAK H CBH3aua c 3BM CM-4. CKopocn 
Ha6opa ,IJ;aHHbiX npH 50% MepTBOM BpeMeHH COCTaBnHna -50 C06bi
THH/C. 

,[(n 'I reoMeTpHqecKoro auanH3a co6LITHH 6Lma npHHHTa npaaaa 
CHCTeMa KOOp,II;HH8T C HanpaaneHHeM Z B,IJ;OnL OCH nonHpHMeTpa. 
0TKnOH ~HHe qaCTHU B 8HMH3HpyiO~eM MamHTe npOHCXO,IJ;MO B Bep
THKMLH OH MOCKOCTH Y Z. Yron TJ yMe:>K,IJ;y OCLIO y nonHpHMeTpa H ua
npaaneHHeM HOpMMH K MOCKOCTH peaKUHH (2) COCTaBnHn 8,7 °. 
Yron TJ ~ Bpa~eHHH BeKTopa nonHpH38UHH B MOCKOCTH Y Z onpe,n;e
nHnCH 1-cMnynLCOM npOTOHa H BMHIIHHOH HHTerpana MarHHTHOrO no
na H PfBHHnCH B cpe,n;ueM 38 °. no p8.3HOCTH TJ It TJ y onpe,n;enanocL 
,IJ;eHCTBHfMLHOe 3HalleHHe BeKTOpa nonHpH38UHH p (no HOpMMH 
K DnOC1COCTH peaKUHH (2)) Ha OCHOBe H3MepeHHH ero Y-npoeKUHH. 

Op-t: off-line o6pa6oTKe ,n;auHLIX aoccTauaanHBanHCL TpaeKTopHH 
qacTHU HO H nocne pacceHBaTena, onpe,n;enanHCL nonapnLIH (J H 8.3H
MYTMLI- biH ¢ yrnLI pacceHHHH H Z-KOOp,D;HHaTa TOIIKH BTOpHIIHOrO 
pacceau:-t:a, coana,n;euHe KOTopou c nono:>KeuHeM MHweuH auanH3aTopa 
HcnonL3oaanocL a Kaqecme o,n;uoro H3 KpHTepHea oT6opa none3HbiX 
co6LrrHil. Pa6o11HH HHTepaan no nonapuoMy yrny 6Lm orpauHIIeu 
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Puc.4. Pacnpeoe/leHUe pecucrpupye
Mblx co6&1TUU no nollRpHoMy yz11y 0. 
flpu 0 <5° npeo6JlaiJaeT MHOZOKpaT
HOe KYIIOH06CKOe pacCeJIHUe, peZUCT· 
pa14UJ1 co6&1TUu npu 0 ~ 3° nooaa/le
Ha C'leT'IUKOM OHTUCOBnaOeHUU. 06-
/IQCTb pa6o11ux yz11oB nollRpuMeTpa 
3QWTpUX06QHQ. 

caepxy pa3MepaMH KaMephi .D;K 6 
npH om ax =13 °. Pacce.fiHHe Ha Ma
nhie yrnhi, r.n:e MHoroKpaTHoe KY
noHOBCKoe pacce.A:HHe npeo6na
.n:aeT HaA .fiAepHhiM (pHc.4), no
.n:aan.A:nocb C nOMOIIU>IO cqeTIIHKa 
aHTHcoana.n:eHHH SA . HmKH.fl.fl 
rpaHHQa C yqeTOM HeOtlXOAHMO· 
CTH HCKniOqeHH.fl o6naCTH "nony
TeHH" cqeTIIHKa SA, o6ycnoaneH
HOH 3MHTTaHCOM nyqKa aHanH-
3HpyeMhiX npOTOHOB, 6bina Bbi6-

dNp 
d8 

e. 

paHa paBHOH 0 min = 7 °. Co6hiTH.fl, cooTBeTCTBYIOUUfe I acce.A:HHIO 
B HanpaaneHHH, 6nH3KOM K YZ-nnoCKOCTH, KOTOpbie HMeJJT MMhiH 
BeC npH onpe.n:eneHHH BenHIIHHhi neBo-npaBOH aCHMMeTpHH, HCKniOqa
nHCb HMO:JKeHHeM Ha a3HMyTanhHhiH yron ycnOBH.fl (0 ° ±45 °) ~ ¢ S 

::::: ( 180 ° ±45 °) . A3HMyTanbHa.A: acHMMeTpHH onpe.n:en.A:nacb n< • ycpe.n:He
HHIO cos¢ B AHana30He Omin <O<Omax cornacHo coo1HOIIIeHHIO 

N 
(a/N) I cos¢, 

i= 1 
(3) 

r.n:e a-KOHCTaHTa, onpe.n:en.A:eMa.A: Bhi6opoM rpaHHQ pa6oqeH: o6nacTH ¢. 
0AHHM H3 HCTOqHHKOB nO:JKHOH aCHMMeTpHH .fiBn.fiiOTCJ': HeToqso

CTH B reoMeTpHqeCKOH npHB.fi3Ke AeTeKTOpOB. ,lJ;n.fl yToqseJU.fl OTHOCH· 
TenbHOrO nono:JKeHH.fl BXOAHOrO (,lJ;K 1,2,3) H BhiXOAHOro ([(K 4,5,6) 
6nOKOB KaMep 6bin HCnOnh30BaH KpHTepHH "CIIIHBKH" np.A:MhiX 
TpeKOB B QeHTpanbHOH nnOCKOCTH pacceHBaTen.fl npH C,6pa60TKe 
C06biTHH C BhiBeAeHHhiM H3 nyqKa pacceHBaTeneM. llpH 3TOM AOCTH· 
ranach ToqsocTb cornacoaaHH.fl reoMeTpHqecKHx oceH: KaMe p .D;K 1 +6 
no Koop.n:HHaTe X, paBHa.A: ax s:. 0,2 MM, H no nonHpHoMy yr ny 0, paa
Ha.A: 80s 0,2 Mpa.n:. (pHc.5). YKa3aHHoii ToqHocm KoppeKQHii Koop.n:H
HaT H yrnOB COOTBeTCTByeT nO:JKHa.fl aCHMMeTpH.fl 8A p_:s0,59k ,lJ;pyrHM 
HCTOqsHKOM no:JKHOH aCHMMeTpHH HBn.fleTCH HeOAHOpOAHOC":b 3Q>cpeK
THBHOCTH BOCCTaHOBneHH.fl TpeKOB no nnomaAH AeTeKTOpoB, KOTOpa.A: 
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oJ.,,% 
1 

~ 
_, -0,5 

-1 

aS,Mpa.a. 

Puc.5. 3a6UCUMOCTb U3MepReMOU 
QCUMMeTpUU pacceRHUR OT TO'IHOCTU 
COZIIQC060HUR OpeUfPo6biX KaMep no 
yz11y e '-npoeKJ4UU noARpHozo yz11a 
(J HQ MOCKOCTb X Z. 

npH 60JibWHX cpOHOBblX 3arpy3-
Kax KaMep Mo:>KeT 6LITb cymecT

aennou. 3··oT 3cpcpeKT Tpy.nuo na.ne:>KHo m~euHTb na ocuoaanHH npe.naa
pHTeJILHor) HCCJie,ll;OBaHHH 3cpcpeKTHBHOCTH OT,ll;eJibHblX KaHaJIOB, 
nOCKOJibKJ' npH ,ll;JIHTeJibHblX 3KCn03HUH.fiX 3cpcpeKTHBHOCTb B YCJIOBH· 
HX 60JiblliliX pa,ll;HauHOHHbiX Harpy30K MO:>KeT MeHHTbCH. ,lVIH KOHTpo
JIH JIO:>KHOil aCHMMeTpHH TaKoro po.na pa6otme cepHH H3MepeHHH C pe
rHCTpaQHeJt npoTonoa qepe.nosaJIHCb c KOHTpoJibHbiMH cepHHMH c pe
rHcTpaQHeJi rr+ -Me3oHoB. Cpe.nnHH aeJIH'IHHa acHMMeTpHH pacceHHHH ua 
6eccnHHOBbiX 'IRCTHuax (nHouax) cocTaaHJia A"= (-1,5 ±2,0) %. 
CooTBeTCT 'JYIOll.laH nonpaaKa ytmTbiBanacb npH BbiliHCJieHHH acHM
MeTpHH pa,~ceHHHR KYMYJIHTHBHbiX npoTonoa. 

L(JIR nepeKpbiTHR HHTepBaiia no HMnynLcy KYMYJJRTHBHbiX npoTo
noa oT 500 .no 800 M3B/c H3MepeHHR npoao.nHJIHCb np11 .nayx 3Ha'leHH
Rx noJIR B ananH3HpyromeM MaruHTe. CooTBeTCTBYIOll.lHe HMfiYJibCHbie 
cneKTpbi noKR3aHbi na p11c.6. 

nonR :>H3auHR KYMYJIHTHBHbiX npoTonoa onpe.nenRJiacb no cpop
Myne 

P = Ap((Jnln•(Jmax)/Ac(T,fJmln•(Jmu: ). 

3.necb Ac:T, Omin•{}max)- (l'N) 1 ~ 1 Ac(TI,OI) - cpe,ll;HeB3Be

400 

10 

----, 
I I 
I I 
I I 

600 

I 
I 
I 
1_-

I 

(-2 
I 
I 
I 
I 
--1 

I 

dN 
dq 

I 
1_-, 

'--, 
I 

'--, 
I ,_-. 

'--

800 1000 
q,M3B/c 

weHHoe no seen coaoKynuocTH 
co6LITHA 3Ha'leHHe aHaJJH3HpyiO-
meu cnoco6noCTH yrnepo.na 
(T 1-KHHeTH'IecKaH 3HeprHR 
npoTona B ueuTpe yrnepo,ll;Horo 
aHaJIH3RTOpa). llpH Bbl'IHCJieHHH 
A c(T 1 , 0 1 ) Mbl HCnOJib30BaJIH 
annfflKCHMRUHH A c H3 pa6o
Tbi t:Y , TO'IHOCTb KOTOpoH ,ll;JIR 
uawero .nHanR3ona () ouenHBa
eTCR a ± 2,5% npH T 2! 200 M3B. 

Puc.6. HMnyllbCHbiU cneKrp pezucr
pupyeMbiX 'UICTUJ4 npu OBYX 3HQ'IeHU· 
RX no/IR 6 aHOIIU3Upy101J4eM MOZHUTe 
( 1 - 0,222 T11, 2- 0,266 T11). 



Tionuoe 'llfCJIO none3Hh!X co6hiTHH AJIH HHTepaanoB 1 7 . .s; E 0 ~; 62 r3B 
H 125 .s; T .s; 300 M3B nocne oT6opa no seeM npHJio)l(eHHhiM KprnepHRM 
cocTaaHJio N = 130000 

PE3YnbT ATbl 

flpH o6pa6oTKe AaHHhiX HafipaHHaR CTaTHCTHKa fihiJia pacnpe.z:t:ene
Ha no 6 HMnyJihCHhiM HHTepaanaM KYMYJIRTHBHbiX npoToHoll H 3 HH
TepaanaM no 3HeprHH E 0 nepaHtJHhiX npoTonos co cpe.z:t:HHM 31: aqeuneM 
24,5; 39,5 H 54,5 r3Bo 113MepeHHaR BeJIHlJHHa aCHMMeTpHH paCCeRHHR 
KYMYJIRTHBHbiX npoToHoB a peaKI.lHH p + 12C • p c + x npu yr.1e Bhixo
.z:t:a 158° noKa3aua ua puco7o HeT cymecTseuuoro pa3JIHlJHR a HenHqHHe 
H B HMnyJihCHOH 3aBHCHMOCTH aCHMMeTpHH npH pa3JIHlJHOH 3HeprHH 
nepBHtJHhiX npOTOHOB o 

10 + 17;.32 

+t~ 0 

-10 

0 

-10 

Ap~lo 

10 

0 

-10 

500 

47'"62 

+ 
+ 

600 700 800 

q,M3B/c 

Puc. 7. Acu.MMerpuR pacceRHUR Ky

MYIIRTU6HblX npoTOH06 6 Tpex UH

Tep6a/IOX 3Hepzuu nepeu'lHblX npo

ToHoe Eo 0 

3aBHCHMOCTb noJIRpH:illUHH OT 
HMnynhca npH ycpe,lUleHHH no 
nonuoMy HHTepaany :meprHH nep
BHlJHbiX IlpOTOHOB npHB~AeHa Ha 
pHc.8. BenHtJHHa nonRpH31lUHH a 
npeJ~enax HccnetJ;oaauuor•> RHTep
aana HMnynhCOB ue np•mhilllaeT 
10'7, npH cpe.z:t:HeM 3Ha'leiHH p = 
- +0,033 ±0,021. 

3uepreTHlJeCKaR 3aBI:iCHMOCTb 
P oT :meprHH Eo npe.z:t:c:Taaneua 
Ha pHc.9. 3aBHCHMOCTb OT 3Hep
rHH nepBHlJHhiX npoTOHOB B HHTep-

p 

0.2 

0,1 

0 

-0,1 

550 650 750 =t,M3B/c 
~~---L--L-~--~-L~ 

150 200 250 300 
l,M3B 

Puc.8. 3a6LICUMOCTb nOIIRpU.IQijUU OT 

uMnYIIbCa KYMYIIRTU6HblX 

(npu ycpeonenuu no Eo 
62 FJB). 

1POTOH06 

or 17 oo 
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p 

0,2 

0,1 ~. t 
0 

-0,1 

0,2 
'-----' 

0 

++~ 

20 40 60 
E0,r3B 

Puc.9. 3a8UCUMOCTb nOIIRpU3QijUU Ky
MYIIRTU8Hb!X npoTOH08 OT 3HepZUU 

nepeUIIHblX nporoHoe E
0

• 

0- HQUlU OOHHble, p + C + Pc ( 158°, 
510-840 M3B/c) + x; 
X- p (1,94 r3B) + C + Pc (145°, 
510-700 M3B/c) + x; 
d- p (7,5 r3B) + C + Pc (145°, 
530-650 M3B/c) + x. 

BaJie OT 1 7 )J;O 62 r3B Bblpro~<eHa cna6o H He BbiXO)J;HT 3a npe.o;enbl KO· 
pH.o;opa OIUH60K. Ha 3TOM )l(e pHCYHKe nOKR3aHO ycpe.o;HeHHOe no HM
nyn&cy 31-:a'lleHHe aenH'IIHHbi nonRfH3aQHH npH (nonHon) 3HeprHH E 0= 
= 1,94 r3.3 141 H Eo= 7,5 r3B /& .o;nR 3TOH )l(e peaKQHH npH yrne Bbl· 
xo.o;a np01'0HOB 145 °. MO)I(HO OTMeTHTb OTnH'IIHe nonRpH3RQHH OT HynR 
BO BCeX Tpex 3KCnepHMeHTaX, XOTR OTKnOHeHHe OT HyneBOH BenH'IIHH~I 
Haxo.o;HTcH Ha yposHe o.o;Horo-.o;syx CTaH.o;apTHbiX oTKnoHeHHn. BnH3· 
KOe K H:Y nJO 3Ha'lleHHe senH'IIHHbi nonRpH3aQHH MO)I(HO HCTQnKOBRTb 
KaK O)l;HH H3 apryMeHTOB B non&3y npeo6na.o;aromen pOnH MeXaHH3MOB 
o6pa30BaiiHR KyMynRTHBHbiX npOTOHOB cneKTaTOpHOrO THna HnH 
qepe3 pO:>~<)l;eHHe H pacna.o; BbiCOKOB036y)I()J;eHHbiX 6apHOHHbiX KnaCTepoB · 
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Kptnxue coo6UieHUJI OHJlH N°2 [ 28] -88 
Y,llK 531. 72+513. 83 

JINR Rap1<i Commwucation .Vo.:: !28j-S8 

0 B03MO)I(HOCTI1 3KCOEPI1MEHT AJihHOrO 
11CCJIE)l0BAHI1.H TOOOJIOrl1qECKI1X CEqEHHA 
BE3 11Cll0Jlh30BAHI1.H <1>11JlhMOBbiX )lETEKTOPOB 

* 11.)l.MaHA)KaBH,ll;3e , A.H.CucaKHH 

06cy:lK.D:aeTCH UOCTaHOBKa '111CTO JJleKTj)OHHOrO JKCnepHJ.teHTa 
no HJy'leHHJO ronorrornqecKHx ceqeHHif an B ofirracTH n >> ii. J loKa
JaHo, qro KarropHMeTpH'IeCKHe H3MepeHHH, or6wpaiD!liHe cofi,ITHH, 
Koma JHeprHH po:lK.D:eHHbiX qacTHu; orpaHH'IeHbi csepxy, no3BCJIHIOT 
nposepHTb npep;cKa3aHHe MYJibTHnepH<PepwqecKoii Mop;errH c .lbiCo
KOH TO'II10CTbJO B ofirracTH n > ii . 

Pa6ora BbmorrHeHa B Jla6oparopHH reoperH'IeCKOH <l>HJHKH OvUH1. 

About a Possibility of Experimental Investigation 
of Topological Cross Sections without Using Film 
Detectors 

I.D.Mandzhavidze, A.N .Sissakian 

Testing of the topological cross sections an in n >> ii region is dis
cussed for the purely electronic experiment. It is shown that calo -imet
rical measurements, which allow one to select events with ene1gy of 
produced particles, limited from above, allow the prediction of tht mul
tiperipheral model to be checked with a high accuracy in the n > ii 
region. 

The investigation has been performed at the Laboratory of Theore
tical Physics, JINR. 

1. )lJIH aAPOH-a,!l;pOHHbiX B3aHMO,I:(eHCTBHH npu BbiCOJCHX 3Hep
rHHX Hau6onee xapaKrepHoe HBJieHue - MHO)KeCTBeHHoe JO)K)J;eHue 
qaCTlfU. 0):(HaKO C 3anyCKOM YCKOpHTeJieH HOBoro llOKOJieHH.fl HHTe
pec (a nepayro O'lepeAb 3KcnepnMeHTaropoa) K TaKHM npoueccaM 
3aMeTHO ynan, 'ITO HMeeT O'leBH,I:(HOe o6'bHCHeHHe. 

TaK, B o6nacru MHO)KeCTBeHHOCTeii n ~ ii ( s) , rAe C£'1eHHH AO
CTHraroT MaKCHMyMa, npu COBpeMeHHbiX 3HeprHHX {:O)K)J;aeTCH 
20+40 'laCTHU (npu 'I[S = 540 r3B cpe):(HH.fl MHO)KeC"BeHHOCTb 
3apH)KeHHbiX 'laCTHU D = 28,3±0,2 Ill ) . qT06bi HaHTH a npu n ~ n 
npHMepHO C 10% TO'IHOCTblO, Ha,!l;O npOCMOTpeTb - 10~ C06biTHH. 

* HHcruryr zeorftu3uKu AH FCCP , T6wJUcu 
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TaKHM o6pll30M, cyMMHpyR co6biTHR c MHO:>KecTBenuocTbiO no 3 ii, 
Ha.IJ:O nepe:•mTaTL acTpOHOMH'IecKoe qucJIO, -1010 TpeKOB. 

3TO IIOKa3LIBaeT, qTQ o6pa6oTKa .IJ:aHHLIX 3KcnepHMeHTa, COBMe
I..QaiOI..Qero Tpnrrep ( c Ko3¢¢uuueuToM no.n:aanenHR ue MeHLUJe qeM 
105/1,2/) C cPHJILMOBLIM .IJ:eTeKTOpOM (HanpHMep, CTpHMepHOH Ka

MepoH), ro H3yqeuuro npoueccoa po~enHR oqenL 6onLrnoro qucna 
qacTHU (J,or.n:a n » ii ) Tpe6yeT qpe3MepHLIX 3aTpaT. BMecTe 
c TeM npuueccLI po:>K.n:enHR n » ii qucna qacTHU HMeiOT ¢yu.n:a
MeHTaJILHoe 3Haqeuue, nocKOJILKY a TaKHx npoueccax ao36y~aeTCR 
MaKCHMaJlbHO 60JILUJOe, npH .IJ:aHHOH 3HeprHH Vs , qucJIO CTeneueH 
CB060.IJ:bl < TaJIKHBaiOI..QHXC.fl a.n:poHOB. 

MLI r:onaraeM, qTo HMeeT CMLICJI no.n:oHTH K npo6neMe 3Kcnepu
MeHTaJJLHoro HCCJie.IJ:OBaHH.fl npoueccOB MHO:>KeCTBeHHOrO po~eHH.fl 
c HHLIX no3HUHH: TaK KaK npe.n:nonaraeTC.fl uccne.n:oaaTL npouecc o6-
pll30BaHH.F: CHCTeMbl oqeHL 6oJILUJOrO qucna qacTHU, TRK :>Ke, KaK 
B CTRTHCTifqecKOH cPH3HKe, Ha.IJ:O no:>KepTBOBaTL .IJ:eTaJILHOCTLIO, C KO
TOpOH cPHJCCHpyeTCR KOHequoe COCTORHHe, qTO 003BOJ1HT, B qaCTHOCTH, 
OTKa3aTLC 'I OT HcnOJIL30BaHH.fl cPHJILMOBbiX .IJ:eTeKTOpOB ( CM. TaK:>Ke 
n.5) . H3Jio:>KeHHIO 3TOH u.n:eu nocaRI..Qena .n:aunaR cTaTLR. 

2. Pae:cMoTpHM, KaK HJIJIIOCTPilUHIO pll3BHBaeMoro no.n:xo.n:a, cne
.n:yromyro OOCTaHOBKY 3a.IJ:aqu. nycTL Ha 3KCnepHMeHTe OT6HpaiOTC.fl 
C06biTH.fl, B KOTOpbiX 3HeprHH po~eHHbiX qacTHU f I orpauuqeHbl: 

(I S ( o' i=1,2, ...• n ( 1) 

(i HYM~p:riOT KRK 3!lPR:>KeHHbie, TRK H HeHTpaJILHbie qaCTHUbi), r.n:e Be
JIHquua fc cPHKcupyeTcR a npe.n:enax m .S ( .s; E u 

0 
n 

E = I 't. 
1 = 1 

Tor.n:a ( 1) 03HaqaeT, qTo 
n n 
I (

1 
< I ( = nE 

1=1 -1=1 ° 0 

(2) 

(3) 

To ecrL, < yqeToM 3aKona coxpauennR 3Hepruu (2), ycnoaue (1) npu
BO.IJ:HT K 0 r6opy C06LITHH C MHO:>KeCTBeHHOCTLIO 

E 
n > = n E min· ( 4) 

c 

npu TaKOH ¢opMyJIHpoBKe 3KCnepHMeHTa ua6JIIO.IJ:aeMOH BeJIH

qnHOH 6y,r;eT (f I = /kf+ m 2 
) 
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T(e ) 
0 

n d sk n 
I J n 1 s 1 e <e - e )IB(E - I ( 

1 
> x 

n = n i = 1 (2 1T ) 2 c 0 1 i = 1 
min i n 

xo< 3>(k-I k
1
)1Arl 2

, 
i = 1 

(5) 

r,IJ;e An - aMnJIHTy,IJ;a pmK,IJ;eHHH n qacTHQ. 0TMeTHM, 'ITO 8 -¢ynK

UHH B (5) onycKaTb HeJib3H. 

,llJIH HarJIH,!l;HOCTH nepeH,IJ;eM B ( 5) K HHTerpHpOBaHHIO no 3Hep

rHHM: 

( 
o n 

T(e
0

) = I ( ll 
n=n ml= 1 

min 

de n 
-.!..o(E-I e)t'lJ (£

1
, ... ,£ ), 

2c l i = 1 I n n 
(6) 

n dsk n 
t !.2 2 13> >I 12 

w (e, ••• ,e )=fll 1--o(c -yk -m )8 (k- I k 1 An (?) 
n 1 n 1=1 (217')3 i i 1=1 

- ycnoBHaH (ueuopMHposaunaH) sepoHTHOCTb po)I(,IJ.eHHH n qacTHU 

C 3HeprHHMH € 1 , · • • ' f n • 
B T(e 

0
) 3aBHCHMOCTh oT c 

0 
co,IJ;ep)f(HTCH B ,IJ;syx MeCTaK: B HH)f(

HeM npe,IJ;ene cyMMHposauHH no n 11 s HHTepsanax no c 1. QqesH,IJ;

HO, 'ITO TaK KaK W n - HeOTpHQaTeJibHbie cpyHKQHH, T (e J) - pa

CTyll.(aH cpyHKQHH f • npH'IeM 
0 • 

(8) 

npe,IJ;nOJIO)f(HM, 'ITO HaH,IJ;yTCH TaKHe f 0 • 'ITO B HHTepBaJiax no £1 

B (6) cymecTseHHbi e 1 « e 0 • Tor,IJ;a 

T(f ) :. T(e ) 
0 0 

oo n 

I J n 
n=n m 1=1 

min 

n=n 
min 

(J • 
n 

n 

I ( t ) w 1 

I= 1 

QqesH,IJ;Ho, 'ITO oum6Ka B TaKoM onpe,IJ;eneHHH T( e ) paBHll 
0 

(9) 
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'" 

n n 
00 dq 00 dt 

~T(£ )= ~ n J -- J II - 1 8(E- ~ t 1)w • 
0 n-n 2 2£ n - min f £1 m 1 = 2 1 I =1 

0 

(10) 

To ecTL, ecnu aaecTH 3KCKJIJ03HBHoe nucpcpepeuunanLuoe ceqeuue 
~,TO a( 

~T(f0 ) f
oo d aa f ___ n~ 

a( (11) 
n=n f 

min o 

n T(t ), 
( 0 

0 

~ 

rne n£ -- cpenuee qucno tJaCTHll c 3HeprHRMH ( 
1 

;:: ( , ecnu po)l(-
o 0 

naeTca n ;::: nmin qucno qacTHll. Torna c yqeTOM (11) Mbi MO)I(eM 
CtJHTaTb,'ITO 

T(e-) =T(e- )(1 + n ). 
0 0 £0 

(12) 

nonqepKlleM eme pa3, tJTo oueuKa (12) cnpaaennuaa, ecnu TOJILKO 
iit << 1 nna nauuoro t 0 • 3necb Mbi onupaeMca ua npocToe KH-

o 
HeMaTHtJet!KOe C006pa)l(eHHe, tJTO cneKTp pO)K)l;eHHblX tJaCTHll AOJI)I(eH 
CMHrtJaTb<:a C pOCTOM n (KatJecTBeHHYJO KapTHHY CM. Ha pHc.1). 
HacKOJibl<O 3TO npennono)l(euue cnpaaennuao, Mbi paccMoTpHM, oc
HOBbiBaHCb Ha MYJlb'IHDepucpepuqecKOH MOp;enH, CM.n.4. 

a6n n<<n 
aGn - a on n>>n E --, ~ E - , n-n 'E dE' aE aE 

--~ 
Eo E Eo E Eo E 

Puc.] 

3. Pa~cMoTpHM Tenepb nonpo6uee T (t
0 

), KOTOpaa onpeneneua 
B (9). Tal< KaK n - AHCKpeTHaH BeJIHtJHHa, B CYMMY no n Oqepen-
HOe an a KJIJOtJHTca c H3MeueuueM ( 

0
, Korna ( 

0 
= ( n, rne 

t = E/n. n 

llpHtJeM, E CJIH £ 
0 

Jle)I(HT B HHTepBaJie 

£ n+ 1 < £ o < £ n' 

T ocTae1ca uen3Meuuo8. 

16 

(13) 

(14) 



11TaK, B HHTepsanax (14) T ocTaeTCH nocTOHHHOH H Ha nopo

rax (13) T H3MeHHeTcH cKatJKOM Ha BeJIHllHHY an .llpH 3T)M AJIHHa 

CTyneHbKH 

Lln = (n-1 - t n 
E 

n(n-1) 
(15) 

MO:>KeT 6biTb BeJIHKa npH BhiCOKHX 3HeprHHX. rpaqmK T noKa3aH 

Ha pHc.2. 

T(E 0 l 

En-t 

Puc.2 
ilOCKOJibKY BbiCOTa CTyneHbKH onpe.n:enHeTCH. an , TO 

- 1 - 1 -T (( + - ll ) - T (£ - - ll ) = a . 
n 2 n n 2n n 

(16) 

HaifAeHHoe no 3Toii Q:JopMy ne cetJeHHe ;:; n cosna.n:aeT c 11 CTHHHhiM 

3HatJeHHeM 0 , eCJIH OlliH6Ka 
n 

lla = ll T (t + .!_ ll ) - ll T ( t - J. 1'1 ), 
n n 2 n n 2n 

( 17) 

Mana, TO eCTb, eCJIH 

(18) 

4. Hau.n:eM nonpaBKY K an, HcnonL3YH MYJILTHnepHQ:ler•HtJecKyro 

MOAeJib. B paMKax 3Toii Mo.n:enH 

n=n 
min 

"" n · h+1 
gnf n d'T/18((- ~ 7]1) 

0 i=l i=1 

( ~- = ln E ) H, HcnonL3YH 

~ -ln n 

(17), 

-n---

n= n . mm 

---, 
n! 

n 
1- 7 

1'1an_ = ne ( n(( - 2 ln n) 
sh ------- ::: n <; 

~ 

(19) 

(20) 
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O'leBH.D.HO, 'ITO npu n > ~ » 1, (fj,a/;0 ) « 1. TaKHM o6pa30M, 

MyJILTHnepu<f>epH'IeCKOH MO,lJ,eJibiO npe.D.CKa3biBaeTCR CTyneH'IaTaR 

KapTHHa, noKa3aHHaR ua puc.2. 

5. PaccMolpenHhiH BhiUie npnMep uMeeT oqesn.D.noe o6o6meuue. 

PaccMoTpHM npDH3BO.D.RIUHH <f>yuKuuouan 

3 n d k 
r n 1-~---T(z) =I _ (2tr)3 2£1 n 1- 1 

n 
Z(P

1
)ls<4

>(p -I. p
1

)(A )
2

, 
I= 1 n (21) 

r,lJ,e p = (E, k ) - 4-HMnyJILC CTaJIKHBaiOIUHXCR '18CTHU H Z( pI) 
npoH3BOJILHaR 'PYHKUHR 4-HMnynLca, p 

1 
= ( E 1 , k 1 ) i -if qacTHQLI. 

Bae.D.R <f>yuKuu:o z ( p ) , Mhr MO)f(eM no uaUieMy ycMoTpeuHro oprauH-

30BaTL HMnyJibi!HOe pacnpe,li,eJieHHe 'laCTHU B <f>a30BOM npOCTpaHCTBe .• 

llpe,li,JiaraeMaR H,lJ,eR 3aKJIIO'IaeTCR B TOM, 'ITO KJiaCC 3KCnepHMeH

TaJibHO ,lJ,OCTYllllbiX 3a)J.all no H3Y'IeHHIO npoueccOB MHO)f(eCTBeHHOrO 

pO)f(,lJ,eHHR MO~HO cymecTBeHHO paCUIHpHTb, ecJIH y'leCTb, 'ITO <f>yHK· 

UHR z( p) <f>aKTH'IeCKH 3a)J.aeTCR TpHrrepOM 3KCnepHMeHTaJibHOH yc

TaHOBKH (BbiUie 6biJI paCCMOTpeH npHMep, KOr,lJ,a Z (p1) =(}(f 0- f l )) . 
Tor,lJ,a T( z) -- TaKaR )f(e H3MepnMaR aenuquua, KaK u ".D.n<f><f>epeu

UHaJILHbie" Ce'IE!HHR 

a = 
n 

1 an 
-- -- T ( z = const ) I 

nJ azn • Z=O 

aa 8 - =-- T(z) 1 
ap 8z( p) z= 1 

H T.,lJ,., KOTOpbiE Tpa,li,HUHOHHO H3YllaiOTCR. 

(22) 

Hccne.D.oauuue T( z) HMeeT To npeuMymecrso, 'ITO 3KcnepuMeu

Tbi no ee H3Yti,mHIO no)1.)1.aiOTCR aBTOM8TH38UHH, ue Tpe6yroT HCnOJib-

30BaHHR <f>HJibMOBbiX ,lJ,eTeKTOpoB. llpH 3TOM, .O)J.H8KO, Mbi TepReM 

'18CTb HH<f>opMBUHH, ,lJ,OCTynHOH ,lJ,JIR ".D.n<f><f>epeHUHaJibHbiX" xapaKTe

pHCTHK (22), ·raK KaK T( z) no onpe,li,eneuuro- HHTerpaJibHaR se

JIH'IHHa. Ho, KaK OTMellaJIOCb BbiUie, TaK )f(e, KaK B CTaTHCTH'IecKOH 

<f>H3HKe, n0)1.06JiaR )f(epTBa HeH36e)f(Ha, ecJIH Mbl XOTHM H3YlJ8Tb ,lJ,eHCT· 

BHTeJILHO MHOrD'IaCTH'IHbie C06biTHR C n >> n. 
PaccMoTpE,HHbiH BbiUie npHMep noKa3bisaeT TaK)f(e, 'ITO B onpe

,lJ,eneuubiX ycnoBHRX (ManocTb ~ ) H3 T( z) MO)f(HO HaHTH c Bbi

COKOH TO'IHOCT >10 H ".D.H<f><f>epeHUHinhHbie" xapaKTepHCTHKH. 3TO o6-

CTORTeJibCTBO )leMOHCTpHpyeT 3<f><f>eKTHBHOCTb ,lJ,aHHOrO nO,lJ,XO,lJ,a. 

6. 0.D.HaKc, ytiHThmaR ecTecTBeHHbiH 3KcnepnMeHTaJihHbiH pa3-

6poc, Z ( p ) .B ( 21) HeB03MO)f(H0 38)1.8Th C npOH3BOJibHO BbiCOKOH 

TO'IHOCTbiO. 06cy,l1,HM 3TOT BOnpOC Ha pa306paHHOM BbiUie npHMepe. 
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llycTb 

1) l 1 , l 2, • •. , l n - 3HeprHH pO)f(,!J;eHHbiX 'laCTIIU, 

2) W0 -aepOHTHOCTb pO)f(,!J;eHHH n qaCTHU (CM. (7)), 
3) l ' 1, l 2 , . , . , l ~ - H3MepeHHbie 3HeprHH 'laCl HU, 

1 (q-ti)2 
4) --===- exp 1------- 3a.u.aeT pa36poc ('

1 
a oK-

ay'2rr 2u 2 

peCTHOCTH C ,li.HCnepcHeH a , 
5) OrpaHH'IeHHH ( 1) HaKJia,li.biBaiOTCH Ha H3MepeH Hble ( KaJIOpH

MeTpOM) 3HeprHH 'laCTHQ: 

Tor.u.a B 3KcnepHMeHTe 6y.u.eT H3MepHTbCH aeJIH'IHHa 

(ti-(~ )2 

2u 2 dt. dt ~ 
T <( ) =I J n l-1 

-- e 
u 0 n 1= 1 2(

1 
uy""''TT 

n 

n 
xo(E- I. t 1 )w

0
(£l''"''n). 

I= 1 

8( ( - ( 
0 

0TMeTHM, 'ITO CyMMHpoBaHHe Be,li.eTCR no BCeM n. 

llpOHHTerpHpOBaB B (24) no r'. nOJIY'IHM 

r.u.e 

n 

x o (E - I t I ) w n ( t 1' .•. ' ' n ) I. 
i = 1 

d£' 
<llO'(t.co) =f ----e 

..,/2rra 

1 (0- ( 1 ( 
= -I exf ( -- ) + 1 I - -I erf (- - ) + 1 I , 

2 2a 2 ,[2 a 

(23) 

)lx (24) 

(25) 

(26) 
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<J>G lEo, E I 

l 
Eo E 

Puc.3 

H err ( X ) - lPYHKUHR 
owu6oK (erf(oo) = 1, erf(-x ), 
= - err ( x ) ) . rpa¢>uK 4l0 no-
Ka3au ua puc.3. Mbi BH.U.HM, 
qTo rayccoaCKHH pa36poc 
B H3MepeHHH 3HeprHH pO)K)J,e
HHR qacTHU npHBO.U,HT K "crna
:>I<:HBaHHIO" () -¢YHKUHH, 
B pe3ynbTaTe qero cTyneuqa
TaR KapTHHa pHC.2 fiy.n,eT TaK
)I(e crna)I(HBaTbCR. 

Ecnu yqecTb, o.n.uaKo, 
npe.n,cKa3auHe MynLTHnepu¢>e

¢>epuqecKoH MO.U,enH, TO BbiWeCKa3aHHOe He3uaquTenbHO OQBnHReT npH 
n » n Ha Ollpe.n,eneHHe rpaHHU HHTerpHpOBaHHR no f i · 3uaqHTenb· 
HO Ba)I(Hee B lHRHHe HeTOqHOCTH H3MepeHHR 3HeprHH ( t Ha onpe
.n,eneHHe n min . BMecTe c 3THM ueTpy.u,uo 3aMeTHTb (eM. Bbmo.n. 
uepaaeucTBa ( 4) ) , qTo onpe.n.eneuue n min B 3uaqHTenbuou Mepe 
3aBHCHT OT lOqHOCTH, C KOTOpOH BbllOnHReTCR "3aKOH COXpaHeHHR" 

n 

I lf = E. 
1 = 1 

(27) 

Ilo.n.po6uoe <•6cy)K)J,euue 3Toro aonpoca 6y.n,eT .n.auo B nocne.n,yiOIUHX 
nyfinHKauHRl:. 

B 3aKnnqeuue Mbi 6naro.n.apHM B.r .Ka.u,biWeBcKoro, B.A.MaT
BeeBa, Jl.~.C nenqeuKo., A.H.TaBxenn.n,3e 3a none3ubie coBeTbi H o6-
cy~euue. 
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OE 3HTPOOI111 .UBYMEPHOA MO,UEJII1 Jib.UA 

B.E.llpHe3)1(eB 

3HrpomiH AByMepHOH MO,!l;e.IDI Jib,!l;a Bhl'lliCJieHa MeTO,!l;C M }.],Haro· 
HaJibHOH rpaHc<!Jep-MarpHUhl . .IJ.rra y,!l;eJibHOH :mrpoiiHH S '= kIn W 

rrorry'leHo Yl = 27/16, 'ITO rrpeBbilllaer HJBecrHoe JHa'I~HHe Yl = 
= (4/3) 312 IIO'ITH Ha 10%. 

Pa6ora BhiiiOJIHeHa B Jla6oparopHH reoperH'!ecKoil: <PHJHI<H Ol1JII1. 

On Entropy of Two-Dimensional Ice Model 

V .B .Priezzhev 

The entropy of the two-dimensional ice model has be ~n found 
by the diagonal-to-diagonal transfer matrix method. Th~ entropy 
per lattice site is S = kIn W with Yl = 27 I 16 what exceeds t 1e known 
value W=(4/3) 312 byalmostlO%. 

The investigation has been perfonned at the Laboratory of Thea· 
retical Physics, JINR. 

3HTpOnHR ,!l;ByMepHoro Jib,!l;a H3BeCTHa C 1967 rOAH, KOrAa J1H6 
pa60TOH /1/ llOJIO)I(HJI HallaJIO HCCJieAOBaHHRM perneTO'IHhiX MOAe
JieH MeTOAOM aH3~a EeTe. roAOM paHbille Hetlrrr 

121 
nOAhiTO)I(HJI 

cepHIO pa6oT no npH6JIH)I(eHHOMY Bhi'IHCJieHHIO 3TOii BeJIH'IHHhl. 
Pe3yJILTaTbi Jiu6a H Hetlrna oKa3aJIHCb s 3aMetiaTeJihH::>M cornacHH 
Me)I(Ay C060H . .[{JIR MOJieKyJIRpHOH CB060Abl W, CBR3aHHOH C yAeJib· 
HOH 3HTponHeH S cooTHoweHHeM S = k ln W , Hetlrn npHBeJI ou;eH
Ky 

w = 1,540 ± 0,001, (1) 

a J1H6 AJIR nepHOAH'IeCKHX rpaHH'IHbiX YCJIOBHH HailleJI TO'IHOe 3Ha-

..a 
w = ( .!. ) 2 

= 1,5396 ••• 
3 (2) 

B nepBoM )l(e o63ope TO'IHhrx pe3yJILTaToB s AByMepHbiX <Peppo. 
'3' 3JieKTpHtieCKHX MOAeJIRX' ' 6bma c<PopMyJIHpOBaHa npo6JieMa 

3KBHBaJieHTHOCTH nepHOAHlleCKHX H CB060AHbiX rpaH i'IHbiX YCJIO· 
BHH. PeweHHe 3TOH npo6neMbi He noJiytieHo AO CHX rrop, KaK He 
HaHAeHO TO'IHOro perneHHR 6-sepillHHHOH MOAeJIH AJI.F npOH3BOJib· 
HbiX rpaHH'IHbiX yCJIOBHH. 
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-
Bonpoc o rpaHH'IHhiX yCJioBHRX MO)l(HO nocTaBHTb H no-,IJ;pyro

My: 3KBHBUieHTHbl nH nepHO,!I;H'IeCKHe ycnOBHR B pa3nH'IHbiX Hanpaa

neHHRX pellleTKH? 06hlt~Ho MeTo,IJ; Tpauc$ep-MaTpHUhi H aH3au BeTe 

npHMeHRIOTCR )J)IR pellleTOK, CBepHyThiX B UHJIHH,!I;p B,IJ;Onh O,!I;HOrO 

H3 OCHOBHUX BeKTOpOB perneTKH. HH)I(e 6y,IJ;eT OOK83aHO, 'ITO ,IJ;nR 

KBa,IJ;paTHO~ pellleTKH, CBepHyTOlf B UHJIHH,!I;p B,IJ;Onb ,IJ;HarOHanH 

KBa,IJ;paTa, 

Z7 w = -= 1,6875, 
16 (3) 

'ITO OO'ITH Ha 10% npeBbllllaeT 3Ha'leHHe W )J)IR 06hi'IHbiX rpaHHIIHhiX 

ycnOBHH. 
/4/ 

TeMnepnH H Jlu6 nepBhiMH npe)J)IO)I(HJIH paccMaTpHBaTL 

pellleTKY, UJBepHyTylO Ha 77/4 OTHOCHTenbHO KOOp,!I;HH8THhiX oce}i. 

B pa6oTe I U TpaHC$ep-MaTpHUa Me:>K,Ay ,IJ;HaroHanRMH HCOOnb30Ba

nacb ,IJ;nR pellleHHR 20-BeplllHHHOH MO,IJ;enH Ha TpeyronhHOH perneTK7 

napaMeTpH30BaHHOH TpeMR aecoa&IMH MHO)I(HTenRMH. KennaH,IJ; 
15 

o6o6mHJI no perneHue Ha CJiy'laH 10 napaMeTpoa. 06maR 20-aeprnHH

HaR MO,IJ;enb CO,!I;ep)I(HT B ce6e 6-serlllHHHYIO MO,IJ;enb Ha KBa,IJ;paTHOH 

pellleTKe, HU BBe,IJ;eHHhie a 131 
H 

15 
orpaHH'IeHHR He 003BOnRIOT Bbl· 

,IJ;enHTb RBHoe perneHHe )J)IR noro 'laCTHoro cnytiaR. TeM He MeHee 

npu nocTpoE·HHH Tpauc$ep-MaTpHUbi )J)IR HHTepecyromeii Hac 3a,IJ;a'IH 

MO)I(HO BOCO Onb30B8TbCR peuernaMH, H3nO)I(eHHbiMH B I 3l H I 5I. 
PaccMo·rpHM KBa,IJ;paTHYIO perneTKY H3 M cTpoK, Ka:>K,AaR H3 Ko

Tophrx co,IJ;ep)I(HT N aeprnHH. Me)I(Ay coce,IJ;HHMH cTpoKaMH HMeeTCR 

2N CBR3eH, KOTOpbie nepeHyMepoBaHbl TaK, KaK OOKa3aHO Ha pHC.1. 

. 2 

>< 
2 3 

x x--~xN 
I. 5 6 7 2N 1 

Puc. I 

Ka:>K,AaR CDR~ h CHa6*eHa cTpenKoii, HanpaaneHHOH a O,IJ;HOM H3 ABYX 

B03MO)l(HbiX HanpaaneHHH. IlleCTb COCTORHHH y3na B MO,IJ;enH nh,IJ;a 

H306p8)1(eHbi 118 pHC.2. 

:><xxxxx 
( 11 ( 2) . ( 3) ( I.) ( 5) ( 6) 

Puc.2 
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Bee COCTOHHHH HMelOT OAHHaKOBbiH sec, KOTOpbiH nona ·aeTCH paB

HhiM e,ll;HHHQe. 06mee tiHCJIO KOHq>HrypaQHH MO,ll;eJIH paBHC 

Z = Tr(T~, ( 4) 

rAe T - TpaHCQJep-MaTpHQa, CBH3hiBaiDI..UaH COCTOHHIIH HH:>KHHX 

H sepxHHX CBH3eH: OAHOH CTpoKH. 06o3HatiaH 11epe3 A (N) MaKCH

MaJibHoe co6cTseHHoe 3HatieHHe T s npenene M _, oo, HMe eM 

Z = A(N) M, (5) 

H, cnenosaTeJibHO, 

W = lim lim Z 1J-N= lim A(N)~. 
N _, oo M->oo N _, oo 

(6) 

qHCJIO CTpeJIOK, HanpaBJieHHbiX BHH3, OAHHaKOBO AJIH I:CeX CTpOK. 

flyCTb f ( X 1 , ... , X n) - aMnJIHTyAa C06CTBeHHOrO BeKTO Ja AJIH KOH

QJHrypaQHH CTpeJIOK Ha HH)I(HHX CBH3HX OAHOH CTpOKH. CBH3H C HO· 

MepaMH X 1 , X 2 , ... , X n CO,ll;ep)f(aT CTpeJI KH, HanpaBJie :iHbie BHH3. 

BseneM o6o3HatieHHH : 

X; = Xi - 1 , eCJIH X i tieTHO, 

(7) 

YpaaHeHHe Ha co6cTseHHhie ::matieHHH HMeeT BH,Il; 

x'+1 x~+1 
* ~ ... ~ f(y1'"'' Yn). (8) 

y=x' y=x' 
1 1 n n 

3HaK ( * ) 03HatiaeT, liTO cyMMHpOBaHHe npOSOAHTCH TOJ bKO no TeM 

Ha6opaM I y 1 , ... , y nl , s KOTOphiX see yi , 1 .::; i .::; n, pa3JIH11Hhl. 

AH3au EeTe 3anmueM B cpopMe 

(9) 

rAe cyMMHpoSaHHe npOSOAHTCH no seeM nepeCTaHOE KaM liHCeJI 

1, 2, ... , n , n - tieTHO . .llnH nsyx npoH3SOJibHhiX nepecTaHOBOK 

p = ... p , Q , ... H Q = ... Q, p , ... nOTpe6yeM SblllOJIHeHH fl paBeHCTBa 

a ( P ) = B (p , q )a ( Q), (10) 
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-
r,D;e 

2i(p + q) 2ip 
1 + e - 2~e 

B(p,q) (11) 
2i(p+ q) 2i q 

1 + e - 2~e 

CHcTeMa ypaBHeHHH ,D;JIH BOJIHOBbiX BeKTOpoB k 1 , ••. , kn nonyqa

eTCH H3 ycno BHH nepHO,Il;HqHOCTH 

f(x
1

, ••• , xn_
1
, 2N+ 1) =f(1, x 1, ••• , xn_ 1) (12) 

H HMeeT BH,Il; 

2i k j N = - 1 I B ( k j ' k i). 
e i = 1 (13) 

ilpH ~ = -1 12 YCJIOBHH (10) 7 (13) ,D;aiOT C06CTBeHHbie 3HaqeHHH 

ypaaHeHHH (H) : 

n - 2ik j 

An= ll (e +1). (14) 
j = 1 

3aMeTHM Tent!pb, qTO llOCJie 3aMeHbl kj=2kj BblpiDKeHHH (11) H (13) 
npHBO,Il;HTCH Y CTaH,Il;apTHOMY BH,Il;y ,ll;JIH MO,D;eJIH Jlb,ll;a C nepHO,D;HqeCKH· 

MH ycnoBHHI\IH B,D;OJib cTopoHhi KBa,D;paTa. Pa3HHUa 3aKJiroqaeTcH B 

3HaKe ~ . ·c1 aH,D;apTHhie rpaHHqHhle ycnoBHH B MO,D;enH Jib,D;a ,D;aiOT 

~ = 1/2. B IaweM cnyqae ~ = -1/2. ,lLrrH Toro qTo6hi pa3JIHqaTb 

nJIOTHOCTH BCJIHOBhiX BeKTOpOB_B nepBOM _H BTOpOM CJiyqaHX,_o6o-

3HalJ.!_IM HX CC OTBeTCTBeHHO P+ ( k) H p _ ( k) . <f>yHKl.I;HH p / k) H 

p (k) qeTHO.I, ~0 CJie,D;yeT H3 H3BeCTHOrO CBOHCTBa BOJIHOBhiX BeK-
- I I 

TOpOB' 6 : 

k.=-kn-i+1' I (15) 

3TO CBOHCTBC ll03BOJIHeT nepenHCaTb Bbipa:lKeHHe ,ll;JIH Co6cTBeHHbiX 

3HaqeHHH B BH a;e 

n 

An= ll 2co1 k j 
j = 1 

(16) 

BTopoe OTJIHque, Bhi3BaHHoe H3MeHeHHeM rpaHHqHhiX ycnoBHH- 3TO 

3HaqeHHe n , n pH KOTopoM A n ,ll;OCTHraeT MaKCHMyMa. CTaH,D;apTHhie 

rpaHHqshre ycnoBHH ,ll;aiOT n = N/2 • QqeBH,D;HO, qTo npH noBopoTe 
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pellleTKH Ha TT /4 pOBHO IIOJlOBHHa CTpeJIOK Ha HH)I(HHX CHH3HX KaJK

,D;OH CTpOKH OKa3biBaeTCH HarrpaBJieHHOH BHH3, TaK 'ITO ll = N. 3TO 

y,D;BOeHHe liHCJla BOJlHOBbiX BeKTOpOB COOTBeTCTByeT TOMy, liTO ,D;JlH 

KaJK,D;OrO BeKTOpa kj H3 Ha6opa, HBJlHIO~erOCH pellleHHeVI CHCTeMbl 

ypaaHeHHH (13), cy~ecrnyeT BeKTOp kj+ rr, TaKJKe HBJIHI<>~HHCH pe

llleHHeM 3TOH cHcTeMbi. YliHTbiBaH 3TH 3aMellaHHH, 3aiiHllleM BbipaJKe

HHe ,D;JIH MaKCHMaJibHOro co6cTBeHHoro 3HalleHHH A ( N) 11 BH,D;e 

G -
1 1 k - -

lim NlnA(N)= lim NAN= 2fln(2cos2 )p_(k)dk, 
N--+oe> N--+oo -Q 

(17) 

r,D;e Q= 2rr/3, liTO CJie,D;yeT H3 orrpe,D;eJieHHH Q = TT-fl H C03f1 =-~/ 3/. 
CpaaHHM rronylleHHbiH pe3yJibTaT c peweHHeM J1H6a

1 1
': 

1 Q/ 2 
lim _!_lnA(N)=-- f ln2(1-cosk)p (k)dk. 

n->00 N 2 + 
- Q/2 

(18) 

EcnH 6bi BMecTo 6-aepwHHHOH MO,D;eJIH Mbi paccMaTpHBaJil' 5-aepwHH

HYIO MO,D;eJlb C 3arrpe~eHHbiMH BeplllHHaMH THpa (2) Hl pHC.2, TO 

BMeCTO ( 17) Mbl IIOJIYliHJlH 6bi BbipaJKeHHe 

1l. 

1 - 1 
3 

lim N ln A (N) = -;; f ln (2 cos k) d k, ( 19 ) 
ll--Jo oo TT 

3 

a BMeCTO (18) 
1T 

1 - 1 3 
lim - ln A(N) = -- f ln2(1- cosk)dk 
N->oo N 4rr iJ 

-3 

HJIH, rrocne 3JieMeHTapHbiX rrpeo6pa3oBaHHH, 
1T 

rr-3 

f ln l2cosk\dk. 
1 - 1 

lim -lnA(N)=--
N 

N rr 
-+"" 

1T 

3 

(20) 

(21) 

ToJK,D;eCTBeHHOCTb rpaHHliHbiX ycnoBHH B cnyllae 5-aepw¥-HHOH MO,D;e

JIH cne,D;yeT H3 rrpocToro paaeHCTBa 

1T 

J ln 1 2 cos k 1 ct k = o. 
0 

(22) 

25 



.... 
HeTpy~Ho rrposepHTb, lJTo 5-sepiUHHHIUI MO~eJib rrpHHa,zmeiKHT K 

KJiaccy "CB :>60~HhiX cf>epMHOHOB" ( CM. /? /, r~e ~aHa KJiaCCHcf>HKa.QHH 

pemeTOlJHhn: Mo~eneu). TaKHM o6pa30M, MO)I(HO ClJHTaT&, lJTO cosrra

~eHHe paB€HCTB (19) H (21) HBJIHeTCH CJie~CTBHeM 3KBH~HCTaHT
HOCTH BOJII,OBhiX BeKTOpOB CB060~HhiX cf>epMHOHOB, IIpH KOTOpoH 

p (k) = con >t so a ceil o6nacTH orrpe~eneHHH. B3auMo~eiicTBHe Me:>K

~Y cf>epMHOHaMH rrpHBO~HT K HCKa:>KeHHIO cPYHKQHH pacrrpe~eJieHHH 
p (k) , H TO >K,IJ;eCTBeHHOCTb rpaHHlJHhiX ycJIOBHH HapymaeTCH. 

llepeXCI~H B ( 17) K HOB hiM rrepeMeHHhiM a C IIOMOII.U>IO COOTHO

IUeHHH 

i k 
e 

ilt a e - e 

ill-+a- 1 e 

'3' 
H HCIIOJib3Yfl H3BeCTHoe peiUeHHe ~JIH p _ ( k) , IIOJIYlJHM 
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(23) 

(24) 

llo~CTaBJIHH IIOJiylJeHHOe Bblpa:>KeHHe B (6), HaxO~HM OKOH'IaTeJib-

HhiH pe3yJibTlT ( 3) . 
06Hapy lf<eHHaH 33.BI1C11MOCTb 3HTpoiii111 OT rpaHI1lJHhiX yCJIOBI1H 

B MO~eJIH J b~a, B006ll{e roBOpH, He HBJIHeTCH HeO:>K~aHHOCTbiO. 

CoxpaueHI1e lJHCJia CTpenoK B orrpe~eJieHHOM HarrpasneHHI1 oTpa:>Ka

eT cyll{eCTBOBaHHe ~aJibHO~eHCTBYIOI.l{HX KOppeJIHQI1H, KOTOphle MO

ryT Bhi3BaTb 113MeHeHI1e TepMO~I1HaMI1lJeCKI1X BeJII1lJ11H IIp11 113MeHe

HHH rpaH11lJI-hiX yCJIOBI1H. Ho Tor~a B03HI1KaeT BO!IpoC, IIOlJeMy 

MeTO~ p~Oll, He 3aBI1CHI.l{I1H OT rpaH11lJHhiX yCJIOBI1H, ~aeT pe3yJib

TaT, cBH3aHHbiH c orrpe~eJieHHhiMI1 rpaH11lJHhiM11 ycnoBI1HMI1? Bo3-

MO:>KHhiif.omn COCTOI1T B CJie~yiOI.l{eM. llpH OQeHKe TOlJHOCTI1 MeTo~a 

B pa6oTe 
1 
2/ 6biJIO C~eJiaHO !IpOCTOe rrpe~IIOJIO:>KeHI1e OTHOCI1TeJibHO 

IIOBe~eHHH O·~TaTKa p~a: ~JIH OTHOIUeHI1H ~ByX IIOCJie~OBaTeJibHhiX 

lJJieHOB p~a ¢ n + 2 11 ¢ n KaK cPYHKQHH ( 1 I n ) rrp11 n ... oo 6hiJI 

Bhi6paH JIHHE HHhiH 3aKOH. 3To rrpe~IIOJIO:>KeHHe 6hiJIO OCHOBaHO Ha 

~aHHhiX, IIOJI VlJeHHhiX 113 MeTO~a Tpauccf>ep-MaTp11Qhi MH peiUeTOK 

KoHelJHoH IUI' pHHhi (N ,.. 7) . Ho rrpu 3TOM paccMaTp11BaJII1Cb Te :>Ke 
I 1 I 

rpaHHlJHhie y•moBHH, lJTO 11 a · . Bo3MO)I(HO, lJTO paccMoTpeHHhie 

HaMH rpaHHlJHhie yCJIOBHH COOTBeTCTBYIOT CHHryJIHpHOMY IIOBe~eHIDO 

OTHOIUeHHH '6n+ 2 / ¢n. B TaKOM CJiylJae BhllJHCJieHI1e W Tpe6yeT 

3HatJHTeJI&Hor) yaenntJeHHH ~JII1Hhi pH~a. 
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CTAEl1JU13AUlU1 TIOBEPXHOCTI1 BhlCOKOTEMTIEPATYP
HOrO CBEPXnPOBOllHI1KA Y 1 Ba ;/]u 30 7_8 

C.A.KopeHeB, U.BaneHTOBH'I, B.l1.J1y~HKOB 

06cy)I(,IJ aerc.R MeTO}l cra6HJIH3aUJUI nosepXHOCTH BhiCOKOTeMnepa· 
rypHoro c 3epxnposo}lHHKa Y 1Ba2cu 3o 7_8 nyreM OnJJasneHH.R ero 
nosepXHOC fH HMUYJibCHbJM CHJibHOTO'IHbiM JJieKipOHHbiM UYlJKOM 
11 npHBOJlHTC.R nepBbie JKcnepHMeHTaJibHhie peJynbrarhi. B JKcne
pHMeHrax HCUOJ1b30BaJIC.R JJieKTPOHHbiH UYlJO K C napaMerpaMH: 
UJIOTHOCTb TOKa 12,5 765 A/eM 2, KHHeTH'IeCKa.R JHCprH.R JJieKrpo
HOB 70 7 200 KJB, }lJIHTCJibHOCTb HMUYJibCa TOKa nyqKa -300 HC. 
06ny'leHm. nposo}lHJIHCb s saKyyMHhiX ycnoBH.RX npH nasneHHH 
ocraro'IHOI'O raJa p ·-I o- 3 na. 3KcnepHMeHTaJlbHO noKa3aHO, 'ITO 
B re'!eHHe 50 CyToK UOCJJC o6nyqeHH.R Ha UOBepXHOCTH KepaMHKH 
Y 1Ba 2cu3J 7_b orcyrcrsyer }lHJJieKrpH'IeCKaH nneHKa, a csepx
nposo}l.RllHte xapaKrepHCTHKH o6pa3u,a He yxynwaJOTC.R. 

Pa6ora BhmonHeHa s 06meHHCTHryrcKoM HayqHo-MeTOJlH'IeCKoM 
OT}leJieHHH 0J1JB1. 

The Stahlization of High-Temperature 
Superconductor Y 1 Ba 2Cu30 7-a Surface 

S.A.Koren ~v, D.Valentovic. V.I.Lushchikov 

A tech 1ique is su~gested for stabilization of a high-temperature 
superconductor Y 1 Ba 2cu3o 7_8 surface by means of a high-current 
pulsed ele ~tron beam ( J -- 12,5 -;- 65 A/em 2 , E = 70-200 keY, 
t = 300 n >, P = 0,00 I Pa) . The quality of the remelted surface fllm is 
characteri. :ed and first experimental results are discussed. It is shown 
that within 50 days after the electron beam processing, no dielectric 
film was devcluped at the superconductor surface and superconductor 
characteri .tics did not change. 

The investigation has hcen performed at the Scientifical-Metho
dical Divi~ion. JINH 

BhiCOK01 eMn<>paiypHa.R caepxnpoBO)l..R~a.R KepaMHKa Ha ocHoBe 
CTpyKTyphl liTTpHii - oapHH - Me)l.h - KHCJJOpO)l. lllHpDKO HCCJ1e)l.y
£'TC.R BO MHOrfiX Jiafiop:nopH.RX MHpa I 11 . IJpH 3TOM )l.OCTHrHyT onpe
}leJieHHhiH nporpecc B MeTOllHKe nonyt~eHH.R cTa6HJJhHhiX csepx
npoBO)l..RU~Hx KepaMHtJPCKHX o6pa3I.I,OB. Heo6xo)l.HMO OTMeTHTh, "'ITO 
B aTMOCqJepHblX ycJJOBH.RX Ha OOBepXHOCTH 3TOH KepaMHKH B03HH
KR£'T )l.H3J1£'K1pHtleCKa.R OJleHKa, npHpO)l.a KOTOpOH, no BCeH BH)l.HMO-
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nyTeM oDJiaanenHR ee 

Puc.J. 3aaucUMOCTb zlly 6wtbl npo6eza 
3/leKTpOH06 h OT KUHeTU'lecKOU 3Hep
ZUU E a o6pa314e u3 Y 1 B a :tJu3o7_ 0. 

CTH, CBR3aHa C. rH,ll;pOOKHCJiaMHI 21 . 

Hann•me :non nnenKH 3aTpynnReT 

CTa6HJIH3a~HIO DOBepXHOCTH 

caepxnpoao.zvnnen K epaMHKH. 

B naHHon pa6oTe npennaraeTcR Me

Ton CTa6HnH3a~HH DOBepXHOCTH 

BbiCOKOTeMnepaTypHOH CBepxnpo-

BO,!J;RI.UeH KepHMHKH Y 1 Ba 2Cu 30u-o 
noaepxuocTH HMDYJILCHbiM 3JieKTpOHHbiM 

DY'IKOM H DpHBO,ll;RTCR nepBbie pe3yJibTaTbl ero npHMeHeHHR. 

AnanH3 3KcnepnMeHTOB no Monn<tmKa~H noaepxuocrn pa3JIH'I

HbiX MaTepHaJIOB DOKa3biBaeT, 'ITO TepM006pa60TKa HMDYJibCHbiMH 

KOH~eHTPHpOBaHHbiMH DOTOKaMH 3HeprHH (na3epHOe H3Jiy'leHHe 

H 3JieKTpOHHbie DY'IKH) DpHBO,ll;HT K <PopMHpOBaHHIO 3ai.UHTHbiX 

CJIOeB Ha DOBepXHOCTH MaTepHaJIOB I 31 . 
Cornacuo I 31 npH ncnoJib30BaHHH a 3TOM cnyqae 3JieKTpouuo

ro DY'IKa He06XO,ll;HMO, 'IT06bl DJIOTHOCTb MOI.UHOCTH DY'IKa 3JieKTpo

HOB npeBbiWaJia 10 6 BT/CM 
2

, a CKOpOCTb OXJIIDK,ll;eHHR paCDJiaBa 

npeBLiwana 10 5 K/c. AnanH3 Tennoaou Monenn ao3n encTBHR uauo

ceKynnuoro nyqKa 3JieKTpouoa ua MaTepnanbi 1 41 noKa3biBaeT, 

'ITO nnR paccMaTpnaaeMOH KepaMHKH npo~ecc Tennoa oro B03,ll;eHCT

BHR HOCHT a,ll;Ha6aTH'IecKHH xapaKTep. C yqeTOM n pH6JIH:>KeHHbiX 

Puc.2a. fborozparjiUJI noaepxHocru caepxnpoaooHuKa Y 1Ba2Cu:!\-o 
oo o61ly'leHUJI. 
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30 

Puc.26,e. f/Joro<'parjju.R noeepxHocru ceepxnpoeoiJHuKa 
Y 

1
Ba

2
Cu

3
0

7
_0 noC.le 06Jiy'leHLI.R ny'lKOM JJieK7pOH06 C KUHe

TU'leCKOU 3Hep<'ueu 200 K3B u nnorHOCTb/0 roKa 50 A/eM 2. 

6 
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TeWIO<pH3H'IeCKHX xapaKTe.rHCTHK KepaMHKH TeiiJIOBaH nOCTOHHHaH 

speMeHH cocTaBJIHeT -10- c. TaKHM o6pa3oM, npH BC·3JJ;eiicTBHH 

HMIIYJibCHOrO nyqKa 3JieKTpOHOB Ha llOBepXHOCTb CBepXII]>OBO)J;HHKa 

Y 
1 
B <J.

2
Cu 

3
0

7
_ 0 B npHHQHne B03MO)I(HO co3JJ;aHHe Ha r ny6 1He npo6e

ra 3JieKTpOHOB (pHc.1) MO)J;HcpHQHpOBaHHOrO CJIOH. 

3KCnepHMeHTbi IIO MO)J;HcpHKaQHH IIOBepXHOCTH KepaMHKH 11~?
BO)J;HJIHCb Ha YCTaHOBKe )J;JIH reHepaQHH 3JieKTpOHHhiX n:r'IKOB • . 

06nyqaeMbiH o6pa3eQ YCTaHaBJIHBaJICH 3a aHO)J;OM B f aKyyMHOH 

KaMepe, B KOTOpOH )J;aBJieHHe OCTaTO'IHOrO ra3a COCTaBJIHJI< I -1 o- :1 fla. 

06pa3Uhl KepaMHKH 6biJIH npHrOTOBJieHhi B Jla6opaTOpH1t HeHTpOH

HOH cpH3HKH 011HI1 H npeJJ;CTaBJIHJIH co6oii nnacTHHKH TOJII.llHHOH 

1 MM H pa3MepaMH 5x25 MM. flepe)J; 06Jiy'leHHeM o6pa3Qhl llO)J;Bepra

JIHCh MeXaHH'IeCKOH o6pa60TKe )J;JIH yCTpaHeHlHI )J;H3Jiei< Tplt'CJeCKOH 

nneHKH. 

Ha pHc.2 npeJJ;cTasneHhi cpoTorpacpHH nosepxHocTH csepxnpo

BO)J;HHKa Y 1Ba2Cu 30 7_ 0 JJ;o o6ny11eHHH (pHc.2a) H noc;Ie o6nyqe

HHH (pHc.26,s). BHJJ;Ha 30Ha nosepxHOCTHoro nepennasa Ha pHc.2s. 

flo OQeHKaM TeMnepaTypa Ha llOBepXHOCTH KepaMHKH < OCTaBJIHeT 

-1500 7 2000° C npH 803)J;eHCTBHH Ha nosepXHOCTb 3Jie:npOHHOrO 

ny'IKa C yKa3aHHbiMH Bbillle napaMeTpaMH. <l>OTOrpacpHpOBaHHe 30Hhl 

nponnasa c Topua o6pa3ua Ha paCTposoM MHKpocKone m1Ka3ano, 

'ITO ee rny6HHa COCTaBJIHeT 50 7 60 MKM npH KHHeTH'IeCKOH 3HeprHH 

3JieKTpOHOB 200 K3B, 'ITO COrJiacyeTCR C pHc.l. 

I13MepeHHR conpoTHBJieHHR R no MHHe o6pa3ua Y , nposo

)J;HMhie no cxeMe, npHseJJ;eHHOH Ha pHc.3, noKa3hiBaiOT (~Hc.4), 'ITO 

s o6ny'leHHOH 30He OTCYTCTBYeT JJ;H:JJieKTpH'IecKaR nneHKa. TaKHe 

H3MepeHHR npOBO)J;HJIHCb Henocpe)J;CTBeHHO nocne C 6Jiy'leHHR, 

0 6 12 Y.MM 

Puc.J. Oce.Ma U3.MepeHUR conpoTU6/le

HUR no O;WHe o6p03ija. CK - C6epx

npo600RIJ4aJl KepaMuKa, HC - U3.Me

pure.nb conporu6/leHUR, 3 - J/leKrpoo, 

N - 'IUC/!O uMny!lbC06 6030eucmUR 

ny'IKa no 0/!UHe o6p0314Q, In C/!OU 

uHOUR, Cu - MeOHbiU JlleKrpoo. 

1f)' r--,- l 
L 

1..._ 
I L. 

I 1 

-+ L 
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1 
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N 
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4 

] 

2 

,,r I 1 0 
15 Y .MM n .. 12 

Puc.4. H3.MeHeHue conrorU6/leHUR R 
no JJIUHe o6p03ijQ "'! 6 3Q6UCU

.MOCTU OT 'IUCJIQ U.Mn. 1/lbCOB 603-

0eUCTBUJ! ny'IKQ 3/le (1p0H06 N 

no OJIUHe o6p0314a ( 2uc T02pa.M.Ma). 
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a TaJC)I(e cnycTH 50 cyToK. Xapa:KTep H3MeHeHHH R ocTanca npe)I(
HHM. KaqecT:3eHHoe HaJiuque ,D;H3Jie:KTpHqec:Koif nneHKH onpe,n;eJIHJIOCb 
H3MepeHHeM eM:KOCTHOH npOBO,ll;HMOCTH o6pa3u;a. fiOCJie 06JiyqeHHH 
3Jie:KTpOHHhh1 nyqJCoM npu Hanuquu nepennaaneHHoro cnoa Ha no
aepxHOCTH KepaMHKH ee npoao.n;nMOCTb HBJIHeTCH oMuqec:Koif. XapaK
TepucTHKH R :KepaMHKH c nepennaaneHHhiM cnoeM He 3aaucaT oT 
quCJia HMllYJ:bCOB B03,D;eHCTBHH nyqJCa 3Jie:KTpOHOB, CM. puc.4 (rHCTO
rpaMMa yKa:lhiBaeT qucno o6nyqeHHif no .n;JIHHe o6pa3u;a). Auanoruq
HhiH pe3yJib'LaT nonyqeH a pa6oTe 1 61 , a KOTOpoif no:Ka3auo, qro 
caoifcTaa nepennaaneHHoro cnoa Nb3Ge He 3aBHCHT oT qucna o6-
nyqeHHif. BHAHMo, u;enecoo6pa3HO npoae,n;eHue o.n;uoKpaTHoro o6ny
qeHHH :Kepal\1 HKH )l;JIH llOJiyqeHHH 3ai.I.J;HTHOrO CJIOH. 

HcnOJib3oaauue npe,n;Jio)l(eHHoro a pa6oTe MeTo.n;a cTa6unu3au;uu 
noaepXHOCTII caepxnpOBO,D;HHKa Y 1Ba 2Cu 30 7_ 0 HMllYJibCHhiM 3Jie:K
TpOHHhiM nrq:KOM OTKphiBaeT HOBbie B03MO)I(HOCTH B HCCJie,D;OBaHHH 
BhiCOICOTeMI lepaTypHOH CBepxnpOBO,ll;HMOCTH. 

ABTOpl I cquTalOT CBOHM ,D;OJirOM Bbipa3HTb 6naro,n;apHOCTb 
O.JI.Openoauqy, B.A.AnThiHOBy, C.B.KocTroqeHKO 3a noMoll.l;b a pa6o
Te, B.B.BacJiJibeay 3a none3Hhie o6cy)l()l;eHHH. 
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KparKue coo6U4eHW1 OHJIH IV"2 [28]-88 
YAK 538.945 

JISR Rapui Commwucation Nt .2 [.:'8]-88 

l1CCJIE.ll,OBAHI1E BJIUHHI1.H l130TOTIHOrO 
3AMEIUEHI1.H ME.ll,l1 HA KPI1TWIECKYIO 
TEMTIEPATYPY CBEPXTIPOBO.ll,.HIUEI1 KEPAMI1Kl1 Y 1 Ba 2Cu 30 7 

B.B.BacHnheB, B.l1.JlymHKOB, B.B.CHKOJJeHKo * 
H 6 s3c s5 c e 0 Hap)')KeHO BJHUIHHH 3aMel.lleHHH H30TOIIOB U H U 

Ha KpHIHlJecKyJO reMrreparypy BhiCOKoreMneparypHoro c sepxrrpo
BO)J.HHKa Y1 Ba2 Cu3 0 7 , H3MepeHHYJO no crrmy JneKrpwqe,:Koro co
rrporMBneHMH. OrcyrcrBMe M3ororrwiecKoro 3<lJ<PeKra Ha MtAM HapH
AY c ero orcyrcrBMeM Ha Apyrwx JneMeHrax rpaKryercn d non&Jy 
He<!JoHOHHOfO MeXaHM3Ma BbiCOKOTeMrreparypHoif CBepx lpOBO)J.H
MOCTM. 

Pa6ora BhmonHeHa B Jla6oparopHH Hei1rponHoif <lJM3MKII OHHH. 

Search for Copper Isotope Effect in Y 1 Ba 2 Cu3 0 7 
B.V.Vasiliev, V.I.Lushchikov, V.V.Sikolcnko 

An isotope effect has been searched fot{ in high-Tc superconductor 
Y1 Ba2 Cu3 07 through substitution of 3 Cu for 

65 
Cu. No shift 

in the superconducting transition temperature is observed by electrical 
resistivity measurement. 

The investigation has been performed at the Laboratory o( Neutron 
Physics, JINR. 

TiocJJe OTKpbiTHH BbiCOKOTeMnepaTypHOH CBepXllJ:OBO)J.HMOCTH 
Ba:lKHeitlliHM CTaJJ BOnpoc 0 MeXaHH3Me ee B03HHKHOBe iHH. "06bN
HaH" HH3KOTeMnepaTypHaH CBepxnpOBO)J.HMOCTb OCyll.(eCTBJJHeTCH 
::lJleKTpOHHbiMH napaMH, C03)J.al011.\HMHCH 3a ctJeT o6MeH:t QlOHOHaMH. 

'1. 
K HacToHmeMy MoMeHTY 3KcnepHMeHTaJibHO ycTaHOBJHHo· · , tJTo 
BbiCOKOTeMnepaTypHaH CBepxnpOBO)J.HMOCTb TaK:lKe B03HAKaeT 
3a ctJeT C03)J.aHHH 3JJeKTpOHHhiX nap. He ycTaHOBJJeH <OHKpeTHhiH 
MexaHH3M HX po:lK)J.eHHH. B o6bitJHhJX csepxnposO)J.HHKax KpHTHtJec
KaH TeMnepaTypa T c notJTH scerna 3aBHCHT oT <j)oHOHtiOH qacTOThi, 
a 3HatJHT, OT MaCChi HOHOB perneTKH. CorJJaCHO CTaH)J.aprHOH TeopHH 
BKill 

( 1) 

* MocKOBCKUU <?ocyiJapcmeHHblU yHuGepcurer UM.M.B.JloMOH<>COBa 
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rne M - M.lCCa HOHOB perneTKH H a = 1/2. 3KcnepuMeHT8JlbHO 
H30TOnHlleCKHU 3¢>¢>eKT, H3ylleHHhm nnH lUHpOKOrO KJiacca CBepx
npoaonHIUHX MaTepuaJioB, naeT o6hiliHo a OT 0,2 no 0,5. 

,Una BhiC<>KOTeMnepaTypHoro caepxnpoaonHHKa Y 1 Ba2 CUg 07 H30-
TonHlleCKHU :•¢>¢>eKT, nO-BHnHMOMy, HHTepeCHO HCCJienoBaTh Ha BCeX 
3JieMeHTaX, I<pOMe HTTpHH: ero 3aMeHa Ha 60JihlUHHCTBO penK03e
MeJibHbiX 3Jie VIeHTOB MaJIO CKa3biBaeTCH Ha KpHTHlleCKOU TeMnepaTy
pe 121 . Hau 5onhrnHn H30TOnHllecKHii 3¢>¢>eKT MO:lKHO o:>KHnaTh, 

131 
ecTecrneHHO, Ha KHcnopone. OnHaKo, cornacHo pa6oTe , 3aMeHa 
11Jo Ha 18 0 He npHBOnHT K 3aMeTHOMY 3¢>¢>eKTy: a = 0,0.:;: 0,27, 
B pa6oTe 141 rlOliTH nonHocThiD o6paTHMO 3aMeHa 160 Ha 180 aena 
K CHH)f(eHHro KpHTHllecKon TeMnepaTyphi Ha 0,3-0,5 K, liTO npHMepHo 
Ha nopH.o;OK ~teHhrne oueHKH no ¢>opMyne (1) nna a = 0,5. 

flapanJieJJbHOe HCCJienoBaHHe laMaHOBCKHX cneKTpOB Ha o6pa3-
uax 3TOU KepaMHKH noKa38JIO 16 

, liTO 75% H30TOnHoe 3aMeiUeHHe 
KHCJIOpona I:ener K 4% H3MeHeHHID cPOHOHHOU llaCTOTbi, HO JIHlUb 
K 0,2% cna1-ry Tc. B 6onee no3.o;Hen pa6oTe161 onucaHa 3aMeHa 
KHCJiopona H:t cepy H nonylleHHe MOHo¢>a3HbiX o6pa3UOB Y 1 ~C\JsOsSr 
TaKaa 3aMeHa TO)f(e He npuaena K 3aMeTHoMy cnaury Tc, liTO, no-BH
nuMoMy, MO:KHO TpaKTOBaTb KaK apryMeHT B nOJib3Y OTCyTCTBHH 3a
BHCHMOCTH ']'c OT MaCChi KHCJIOpona. 

B CBH3H c 3THM B03HHKaeT aonpoc: MO)f(eT 6biTh, Kone6aHHH 
npyrHX HOHO B MOryT BJIHHTh Ha KpHTHllecKyro TeMraeparyii? 

llpoaeneHHbie HaMH H3MepeHHH Ha H30Tonax Cu H Cu noKa-
3aJIH OTCYTCT BHe C,!J;BHra T c . 

.Una Hautero 3KcnepuMeHTa o6pa3Uhi npuroTOBJIHJIHCh cnenyro
IUHM o6pa3•>M. CHat~aJia H3 TIUaTenhHO nepeTepTbiX nopornKoB 
Y2 0 3 , Ba~ H H30TOnHllecKOU OKHCH Menu non naaneHHeM npHMep
HO 10 K6ap npecCOBaJIHCh Ta6JieTKH 25x7xl MM. 3aTeM 3TH Ta6JieTKH 
cneKaJIHCh nJH TeMneparype 950°C B TelleHue Tpex llacoa Ha Bo3ny
xe. nocne 'l ero cnenoaaJio MenneHHoe oxn~eHHe co cKopocTbro 
nopanKa rpa,nyca B MHHYTY. llpu 3TOM nna npuroToBneHHH O.o;Horo 
o6pa3ua ucnoJih30BaJiacb OKHCh Menu, conep)f(amaa 99,7% H30Tona 
63Cu, a nmi .~pyroro - 99,0% H30Tona 66 Cu . Oco6oe BHHMaHHe o6-
pamaJIOCh Ha B03MO)f(Hyro To)f(,!J;ecTBeHHOCTh acex ycnoaun npuroTOB
neHHH nna o5oux o6pa3UOB. TeMnepaTypHaH 3aBHCHMOCTh conpoTHB
neHHH H3MeJ:anacb lleTbipexKOHTaKTHbiM cnoco6oM. llpHlleM H3Mepe
HHH npOBOnJIJIHCh napaJIJieJibHO Ha 06oHX o6pa3Uax, noMeiUaBlUHXCH 
B TepMOCTaT, TeMnepaTypa B KOTOpOM H3MeHHJiaCb nocTaTOliHO Men
JieHHO, TaK 'ITO He 6hiJIO pa3JIHliHMOU pa3HHL(bl Me)f(,!J;y pe3yJibTaTaMH 
H3MepeHHU HpH HarpeBe H OXJia)f{neHHH. 06a o6pa3Qa HMeJIH B HOp
MaJlbHOM COt!TOHHHH C TOliHOCTbiD npHMepHO no 1% paBHble ynenhHbie 
conpoTHBJiei-IHH (HecKOJihKO MOM. cM), H3MeHHBWHeca c TeMnepary
pon no MeT:tJIJIHlleCKOMy 3aKOHY. flaneHHe COnpOTHBJieHHH B6JIH3H 
Tc npoucxo.~HJIO noBOJihHO pe3KO- OT ypoBHH 90% no 10% H3MeHe-
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HHe YKJia,!J;biBaJIOCb B HHTepBaJI npHMepHO 1K. )lJIH o6p<.3UOB 6biJIO 

nony11eHo: 

63 
L\ T

0 
= T

0 
( Cu ) 

85 
T 0 ( Cu) = 0,2K. (2) 

llocJie H3MepeHHH o6pa3Ubl 6biJIH BHOBb H3MeJib'leHbl B nopOlliOK, 

cnpeCCOBaHbl B Ta6JieTKH H OTQ)IOKeHbl ,KaK H paHee. J13MepeHHH CO

OpOTHBJieHHH DOJiyqeHHbiX TaKHM o6pa30M Ta6JieTOK OOl<a3aJIH, 'ITO 

nepeXO.D; B HHX OpHMepHO B .D;Ba pa3a paCTHHYJICH, a TaK)I(e H3MeHHJICH 

3HaK TeMnepaTypHoro C.D;BHra: 

63 65 
L\ T = T ( Cu) - T ( Cu) = -0,1 K. c c c 

(3) 

nocne.D;yiOmee H3MeJib'leHHe o6pa3UOB, npeccoBKa H OT)I(Hr npHBeJIH 

K pacTH)I(eHHIO o6nacTH nepexo.D;a npHMepHo .D;O 3 K, npH•reM B 3TOM 

cnyqae c TO'IHOCThiO nopH.D;Ka 10-2 K 

L\ T = 0 c 

(CM.pHCYHOK). 3TO 3Ha'IHT, 'ITO B cpe.D;HeM DO TpeM H3Mep€HHHM 

a = 0,01 'F 0,03. 

(4) 

(5) 

KoHTpOJihHbie H3MepeHHH Ha napax o6pa3UOB c ec· ·ecTBeHHOH 

Me.D;blO TaK)I(e noKa3aJIH pa36poc 1\T c B HHTepBane 0,17 o.:~ K. 
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Cne.u,ye1 OTMeTMTb, 'ITO B llOCJie.U,Hee BpeMH CTaJl M3BeCTeH .u,py
rOH pe3yJibT lT MC9Jl~.U,OBaiiMH M30TOllMt.IeCKOrO 3<P<PeKTa Ha Me.U.M, 

c , 7. A u 6 a TaK)Ke Ha L apHH . BTOpbl 3TOM P.a OTbl llOKa3aJ1M, 'ITO 3aMeHa 
M3oTonoa Ne.u,M .u.aeT 1'\Tc = T0 (

63 Cu) - T0 (
65 Cu)=-0,2 K, 

B TO apeMH <aK .U.JIR 6apHH 1'\ Tc = T0 ( 
135aa) - Tc ( 138 Ba) =-0,1 K. 

TaKMM o6pa3oM, ace MMeromuecH K HaCTOHIUeMy apeMeHM 
3KcnepMMeH1'aJibHbie .u,aHHbie roaopHT o TOM, 'ITO, cKopee acero, 
M3oTonMI.IeCI<HH 3<P<PeKT a I<epaMMKe Y 1 Ba 2Cu3 07 nonHoCTbiO 
OTCYTCTByeT MJIM, no I<paHHeH Mepe, MHOrO MeHbUie npe.U,CI<a3biBae
MOrO CTaH~apTHbiM <PoHOHHbiM MeXaHI13MOM, a Ha6JIIO.U,aeMbie 
He60JlbUIMe :!.U,BMrM I<pMTMt.IeCI<OH TeMnepaTypbl HOCHT cnyt.IaHHbiH 
xapaKTep M «:BH3aHbl C HeBOCllpOH3BO.U,MMbiMM pa3JIMI.IMHMM B npHro
TOBJieHMM oopa3I.J;Oa. 3TO 03Hat.IaeT, 'ITO BbiCOKOTeMnepaTypHaH 
CBepxnpOBO)(MMOCTb, B03M0)KHO, B03HMKaeT 3a Ct.IeT He<i>OHOHHOro 
MeXaHM3Ma cnapHBaHMH 3JleKTpOHOB. 

JIHTEPA1YPA 
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K{JQTKue roo6U4eHWI OHJIH N'2 (28) -88 
y .llK 535. 375. 54 

JINR Rapid Communication Nv.2128J -88 

OOJIHPMTOHHAH TEOPMH PE30HAHCHOrO 
KOMBI1HAQI10HHOrO P ACCEHHMH B KYBI1qECK11X 
OOJIYnPOBO,llHMKAX C nPHMO:tl: 3AOPEII.{EHHO:tl: 
30HO:tl: 
Pacce.R:HHe cpoHoHaMH 

Hryeu BaH Xbey, Hryeu X our Kyaur, Hryeu AH BbeT 

113yqaeTC.JI pe30HaHCHOe KOMfiHHlll(HOHHOe pacceHHHe CBeTa cfloHO· 
HaMH B Ky6H'JeCKHX IIOJiyrrpOBO)J;HHKax C IIp.JIMOH 3aiipellleHH )lf 30· 
HOH. Yl!HTbiBaiOTC.JI BHyrpeHH.JI.JI crpyKrypa H CBOHCTBa CHMMerpHH 
JKCHTOHHbiX ITOJIHpHTOHOB, KOTOpbie npHBO)J;.JIT K OITpenemHHbiM 
npe)J;CKa3aHHJIM ITO ITOJIHpH3al.lHOHHbiM JcflcfleKTaM. 

Pa6ora BhiiTOJIHeHa B 11Hcrnryre reoperw~ecKoii cflu3HKH, :>.aHoii, 
CPB. 

Polariton Theory of Resonant Raman Scattering 
in Direct Band Gap Cubic Semiconductors. 
Scattering by Phonon 
Nguyen Van Hieu, Nguyen Hong Quang, Nguyen Ai Viet 

Resonant Raman scattering of light by phonons in direct bard gap 
cubic semiconductors is studied. The intrinsic structure and th€ sym
metry properties of the excitonic polaritons are taken into ac< ount. 
As their consequences some relations for the polarization effects 
are predicted. 

The investigation has been performed at the Institute of The01 etical 
Physics, Hanoi, Vietnam. 

Cet~eHHR: KOM6HHa.QHOHHoro pacce.R:HHR ( KP) caen acer,z:J;a 
CO,D;ep)KaT 6oraTyiO HHcpOpMalUflO 06 3JieMeHTapHbiX B036y)K,!J;eHHR:X 
B KOH,z:J;eHCHpOBaHHOH cpe,D;e H HX B3aHMO,z:J;eHCTBHR:X/ 11 . B HotCTOR:I.UeH 
pa6oTe H3JiaraeTCR: MHKpocKorrlit~ecKa.R: TeopHR: pe3oHau< uoro KP 
MaH,z:J;eJibiiiTaMa - BpHJIJII03Ha a Ky6Ht~ecKHX rronyrrpoBO,z:J;HHKax 
C Ilp.R:MOH 3arrpemeHHOH 30HOH H lleTbipexKpaTHO BbipO)K,!J;ef!HOH Bepx
HeH BaJieHTHOH 30HOH, rrpHlleM YlfHThiBalOTCR: H peaJibHa.R: crpyKTypa 
3HepreTHllecKHX 30H KpHCTaJIJia, H 110JIR:pH3aiJ;HR: CBeTa . .[lc CTaTOliHO 
paCCMaTpHBaTb JIHUib 3KCHTOHhl B COCTOR:HHH 18 C IlpOCTJlaHCTBeH
HOH BOJIHOBOH cpyHKIJ;HeH OTHOCHTeJibHOro ,z:J;im)f(eHHR: 3. IeKTpOHa 
H ,!J;blpKH cp 1 S (f) . Tor,z:J;a 3HepreTHlleCKHH crreKTp 3KC HTOHHhiX 
rron.R:pHTOHOB HMeeT TPH aeTBH - Tpex3oHHhie 3KCHTOHHhiE rron.R:pH· 
TOHhl (T330), o603HaqaeMbie 17

11 
a ( k ) , r,z:J;e k - HMf YJibC 110· 
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r-= 

JIHpHTOHa, a = -i;:_ 1 - ero CnHpaJibHOCTb (npoeKQHH CllHHa Ha Ha

npaBJieHHH HMllYJibCa), a II = 1, 2, 3- HHAeKC BeTBeH. 

PaccM•>TPHM npoueccbi pacceHHHH 

7111a(k) -. 7111'a'(k') + ¢(q) • 

rne ¢ ( q ) J6o3uaqaeT Q:Jouou c HMnynLCOM q . ByneM nonh30BaTbcH 

o6o3Hal.leHllHMH npe)J;biAYIUeH CTaTbH/ 2 / , B KOTOpOH fihiJIH nonyl.leHbl 

HBHhie Bhif•a)f(eHHH onepaTopos pO)f(AeHHH T33II. IlpHHHMaeM cne

AYIDIUHH H:IBeCTHhiH 3QlQleKTHBHhiH raMHJibTOHHau B3aHMoneH:cTBHH 

3JieKTpOHOH H AhlpOK C QlOHOHaMH: 

H = _!==::-
e¢ J2i•Ua 

l 
p, q 

I[C l e+(p+q)e (p) + 
e 8 8 

+ c •: 
h 

8 

+ - - - -h
8 

( p + q ) h 
8 

( p ) I ¢ ( q ) + h. c. I, (1) 

rne P - r JIOTHO£Tb KpHCTaJIJia, U a - CKOpOCTb 3BYKOBOH BOJIHhl 

B KpHCTaJIJie, ¢ ( q ) - onepaTop YHHI.ITO)f(eHHH QlOHOHa, c e H ch
KOHCTaHTbl AeQlOpMaQHOHHOrO llOTeHQHaJia B 30He npOBOAHMOCTH 

H BaJieHTHCH 30He COOTBeTCTBeHHO. IJocpeAC1'BOM CTaHAapTHhiX Bbl· 

I.IHCJieHHH/S ·41 MO)f(HO llOJIYI.IHTb cnenyromee Bblpa)f(eHHe aMnJIHTYAhi 

nauuoro np JUecca: 

au'-- 4 2 2 I 
R- ,(k,k ') =·-( _____!__) m al:'..u ,(k ') tL ( k )( 1"!: cos 8) T ( b, b') + 
""VII • 3 ¢1S (0) r ""''' -v 

+~-~m a'lt lv,H(k')+!..v (k')lu (k)(l::cos8)T
11

(b)+ 
"' 'Pt S, VI r Ex 11 3 11' L 11 

1 g ~ , 1 II +2~s(O)nraExU11,(k) lv11 H(k)+"9""V11L(k)l(1::cos8)T (b')+ 

+ 
4
1 lv 'H. (k')v (k) (l+cos8)

2
+(V, (k')v (k) +V, (k')v (k)l x 

II IIH - II H IlL II L V H 

X sin2 e + .!.. v, o~,) v ( k) (cos 8+ 1) (3 cos e +- 1) I T III • 
3 II L 11L -

rne sepXHHH 3HaK COOTBeTCTBYeT CJIYI.IaJO a = a,, a HH)f(HHH 3HaK

cnrl.law a = - a , . Cl>opMyJihl, onpenenHIOIUHe BeJIHI.IHHhl T I (b. b') ' 
T 1 ( b ) , 'I II~ AaHhi a npHJio)f(eHHH. 

06o3H li.IHM 1.1epe3 V v H V11 , rpynnoBbie cKopocTH ual.lanbnoro 

H KOHei.IHOrJ llOJIHpHTOHOB, HanpHMep 
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1 2 k 21 k 2 
V11 = ---u 11 (k) + ---V (k) + -- --- v (k) , . ~ m IIH 3 m IJ L 

V • o H L 
(3) 

a T1 u T r - K03$qmuueHTbi npoxo)l(,l];eHHH naAaromerc u pacceu
aaromero $oToHOB qepe3 rpaHHLU>I pa3JJ;ena nonynpoBOAHH:Ka H sa
KyyMa. ,[J;n$$epeHUHaJILHoe ce'leHHe pacceHHHH nponopUHOHaJibHO 
BblpiDKeHHJO 

(4) 

llocKOJibKY T 1 H Tr HeH3aecTHbi, To )l(eJiaTeJILHo paccMo·:peTh cooT
HollleHHH Me)l(,l];y Ce'leHHHMH, He 3aBHCHll.(He OT 3THX K03$QIHQHeHTOB. 

B KaqecTae nepaoro npHMepa paccMoTpHM npoueccb KP $oTo
HOB C pa3liH'IHbiMH DOJIHpH3aQHHMH npH OAHHX H TeX )l(e 1- MDYJibCax. 
Mbi HMeeM 

w+-, < 8) 
1111 

(5) 
w++(8) 

1111' 

llpaayJO qaCTb DOCJieJJ;Hero COOTHOllleHHH MO)I(HO Bbl'lHCJIHT, 'IHCJieHHO 

H cpaaHHTb c ODbiTOM. B o6nacTH pe30HaHca, KorAa u 11 ( k) npeHe6pe
)I(HMO MaJibi, 3TO COOTHOllleHHe cymeCTBeHHO ynpomaeTCH: 

u (+ >, ( 8 ) 
1111 

w+-, (8) 
1111 

u<-~-<8>, 
1111 

(6) 

U~~)(8) = (V11 ,H(k')V
11

H(k}(1±coe8)2 +(V
11
,H(k')v

11
L (k) -

+ v, (k') v (k )]ain28 + .Lv.., (k')v (k) (cos8+1) (3cos8 ;t) 1
2

. 
II L II H 3 II J.. IlL -

(7) 

,[J;onycTHM, 'lTo HanpaBJieHHe naJJ;aromero caeTa coanaJJ;aeT 

c HOpMaJiblO K nosepXHOCTH p83,nena nonynpoBOAHHK - aaJc:yyM. Tor

na npu nsyx yrnax pacceRHHH 8 H rr- (J K03$$nuueHT Tr HMe
eT O,nHO H TO )l(e 3Ha'leHHe, H Mbl OOJIY'lHM CJieJJ;yromee CBO'kTBO CHM
MeTpHH: 

w+-,(~r-8) = w++,(o). 
1111 1111 (8) 
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llpHBeAeM, HaKoHeu, He
KOTOphie 'IHCJieHHbie pacqeTbl 
a cJiyt~ae Oa As c cpH3HtiecKH
MH napaMeTpaMH : 
me= 0,066 m0

, mH =0,8 m0 , 

mL = 0,183 m0 , E 0 = 12,6, 
g = 8,5 M3B, E g = 1515 M3B. 
Ha pHc.1-5 H3o6pa)f(eHhi KpH
Bhie yrJiosoro pacnpe,ll;eJieHHH 
npH pa3JIH'IHhiX 3Ha'leHHHX 
3HeprHH na,ll;aiOmero cpoTOHa 
(B npOH3BOJibHhiX e,ll;HHHQax 
cet~eHHH). 
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lip U/IOJtCeHue 

4 

T 1 (b,b')=I T1
1
(b,b'), 

1 = 1 

+ +-[ _<l_ ln !.!.ft f ~ - cb - 1n ~~~...!.!__ 1 I dx . 
X +b' {3f X- {3f + b af X - af + b 

1 
I 2 1 1 1 n2 

X 
2 - 1 

T <b b') = _ I --- r ------- c 1 <----- > x 2 ' 2 1 2 2 2 n- 2 2 
rr n>2b-- o(n x +1) n x +1 

- n2 

x(-~ln X+{3f + b'- Chln ~~~-'-Jxdx, 
{3f X - {3f + b' af X - af + b' 

T ~ ( b , b ' ) = T: ( b', b ) , 

T~(b,b')=~ I 
rr n,n';:::2 

(nn')" 3 

----------- X 

( b - -1 ) ( b , - _!__ ) 
n2 n'2 

-( 1 1 
-+-...) x 2x 2x 

x J e n n F (-n + 1, 2, - ) F' (- n' + 1, 2 , -,- ) x 
n n 

c cb 
X [ _e sin {3 f X - - sin a f X ) X dx , 

{3f a e 

1 

S ·(1 +-)x 
2 II 8 n· n x 

T (b)=- I ---Je F(-n+1,2,-)x 
2 Vrrn?.2 b-..L n 

n2 

41 



r-

X ( ~- Sill {3 f X 
{H 

c h 0 ] 

- --- Stn a f X X dx 
aE ' 

16C h ·TIll_ 16Ce 
- [;";~e712- [ 4 + (a e )2 12 

2 ) - k 
b = 2m r a ~X [ E g - n II ( k ) + Tri] ' 

b' = 2m a~ [ E 
r .:.x g 

- k' 2 -n . (k'l + ---1. 
II 2M 

f = a Ex I k - k' I , 

rne C ~ (z: - noJIHHOMhi fereH6ay3pa, a F (a, {3, z) - Bhrpo)f(
.lleHHhre rHr epreoMeTpHt-lecKHe cpyHKUHH. 
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KiJIITKW coo6u4eiiUJI OHJIH In [28)-88 
y IJI< 536. 375. 54 

TIOJUIPHTOHHAH TEOPHH 

JINR Rapid Communication No.2 [281· -88 

PE30HAHCHOrO KOMBHHAUHOHHOrO PACCEHHHH 
B KYBWIECKHX TIOJIYTIPOBO.UHHKAX 

. C TIPHMO:A: 3AllPEIUEHHO:A: 30HO:A: 
Pacce.RHHe 3JteKTponaMH 
Ha ypoBH.RX HeKrpaJtbHbiX AOHOpOB 

Hryen Ban X&ey, Hryen Au B&eT 

11Jy'laeTCJI pe30HaHCHOe KOM6HJtaJ..UlOHHoe pacceJIHHe CBeT a Ha 
CBJIJaHHbiX AOHOpHbiX JneKrpoHaX B Ky6H'IeCKHX nonynpOBOAHit:KaX 
c npHMOH JarrpemeHHoH JOHOH. B&IBOAJITCH npeAcKaJaHHH no uonH
pH33J..UlOHHbiM Jei><PeKTaM KaK cneACTBHJI CBOHCTB CHMMeTpHH nerKHX 
H TJI>KenbiX JKCHTOHOB. 

Pa6ora B&monHeHa B J1HcrHryre reoperH'IeCKOH <l>HJHKH, X:tHoH, 
CPB. 

Polariton Theory of Resonant Raman Scattering
in Direct Band Gap Cubic Semiconductors. 
Scattering by Electrons in Level of Neutral Donors 

Nguyen Van Hieu, Nguyen Ai Viet 

Resonant Raman scattering of light by ele<:trons of neutral donllrs in 
direct band gap cubic semiconductors is studied. Some relations for 
the polarization effects are predicted as the consequences of the sym
metry properties of light and heavy excitons. 

The investigation has been performed at the Institute of Thel,reti
cal Physics, Hanoi, Vietnam. 

Hap.RAy c nponeccaMH KOM6unanuonnoro pacce.RHH.R (KP) cae
Ta <f>oHOHaMH B OOCJteAHee Aec.RTHJteTHe HHTeHCHBHO OpO 30AHJJHCb 
3KcnepuMeHTaJJLH&Ie u TeoperuqecKue uccne.n:osanH.R KP csera 3JteKT
ponaMH 8 OOJtynpOBOAHHKax I l, 2 I . B 'laCTHOCTH, TeopH.R OOJt.RpH
TOHOB /S, 4 i 003BOJt.fleT 06'b.RCHHTb rHraHTCKOe ceqenue pe30HaHC· 
noro KP cseTa 3JteKTponaMH na yposn.Rx nelirpan&HbiX .n:onopos151 . 
B nacTo.Rmeli pa6oTe H3Jtaraerc.R MHKpocKonut~ecKa.R Te JpH.R KP 
3KCHTOHHbiX noJt.RpHTOHOB JJteKTponaMH na yposn.Rx neli·~paJJLHbiX 

AOHOpoB B Ky6uqecKHX OOJtynpOBOAHHKaX C np.RMOH 3aD('ei.UeHHOH 
30HOH H 'leTbipexKpaTHO Bbipo)l(.neHHOH sepxneH BaJteHTHOH 30HOH. 
B AaHHOM cnyt~ae HMeeM TpeX3oHH&re JKCHTOHHbie nOJJ.RpHTOHbi 
(T33TI), o6o3Ha'laeM&Ie rr ( k), r.n:e k - HMDYJtbC, a :!: ] - DOJJ.R-

va 
pH3anH.fl, a V = 1,2,3 -un,ll;eKC BeTBH OOJt.RpHTOHa. 
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By;o;el\1 noJih30BaThCH o6o3Ha'leHHHMH npe;o;hi;o;ymeii pa6oThi 161 

H npHMeHHTh ee pe3yJihTaThi. CocTOHHHe 3KCHTOHa c ;o;aHHhiM HMnynh
coM k xapaKTepu3yeM nu6o napoli HH;o;eKCOB i a, r;o;e i = H, L o6o3-
HaqaeT TH:»:eJihiH HJIH nerKHH 3KCHTOH, (I = :t 1 - ero llOJIHpH3a
QHH, nu6o 1apoii HH;o;eKCOB I Ae, A hI, npe;o;cTaBJIHIOI.UHX co6oii_npoeK
~HH CllHHa 3JleKTpOHa H )J;blpKH Ha HanpaBJieHHe HMllYJibCa k , npH
qeM HMeeTCfi CJie;o;yiOI.Uee COOTBeTCTBHe: 

l i = H , a = .1- 1 I +--+ I A e = :;:: t , i. h = :t -~ I , 

li=L,a=±ll+--+ l.\e =+_l_, Ah=+.LI. 
- 2 - 2 

PacCM•HPHM npo~ecc KP 

17va(k) +eNs 
-

-• 17v 'a' ( k ' ) + eN 's ' • (I) 

r;o;e eNs , ·~N, s, 0603Ha'laiOT 3JieKTp0Hhi Ha ypoBHHX HeHTpaJibHOro 
)J;OHOpa c BOJlHOBhiMH <PYHK~HHMH t NCr ) ' fN, ( r) H npoeK~HHMH 
CllHHa S, S' Ha KOOp;ll;HHaTHOH OCH Qz . flocpe;o;CTBOM 3HaMeHHTOro 
npeo6pa3ollaHHH Boronro6oaa nerKo Bhipa3HTh aMnJIHTy;o;y paccMaT
puaaeMoro npo~ecca (I) B BH;o;e JlHHeHHOH KOM6HHa~HH aMI£1HTy;o; 
COOTBeTCTijyiOI.UHX npo~eCCOB £. 3aMeHOH llOJIHpHTOHa IT!Ja (k) Ha 
<t>oToH Ya ( t) HJIH 3KCHTOH Xi a ( k ).,UJIH npo~ecca 

X ia (k) + eNs --. xi'a' (k') +eN's' 

HMeeM aMn JIHTy;o;y 

a - - 3/2 - -
T (k,ia,T\s; k',i'a ',N's') = DA A.' (k' ... k) x 

h h 

x D ~ s' (0:: .. k) D~A' (k' _, Oz) Ma(k,N; k ',N'), 
e e 

M a ( k, N; k ·, N') = J V ( q - k + K ) ~ lS ( q - a k) x 

x [ ?>
15 

(p- edt') 1N ,( q) + ¢
15 

( p + K -a k') f N, ( q- K )1 x 

~ - - 3 3 
x(f () f ( )] dpd q -N p - N q + K . --------- , K 

(2") 6 
k'- k. 

(IIa) 

(1) 

(2) 

r;o;e V ( q ) -- <PYPJ>e-nl2.eo6pa30BaHHe KYJIOHOBCKoro noTeH~Hana, a 
ipls ( p), '( 'l' (p) H ( N' ( P ) - <t>ypbe-npeo6pa30BaHHH BOJIHOBhiX <l>YHK

QHH. AMnmuy;o;a npo~ecca 

Ya(k) +eNs ... Xi'a'(k') + 8N's' (116) 
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pasHa 

b - - ta 3/2 -, -
T (k,a,Ns; k',i'a', N's') = Ae~h ~'~{Ae,Ah IDAhAh (k .... k) <: 

~ - ~ - b- -
xDA 

8
,(Qz--.k)D

8
A,(k' ... Oz)M (k,N;k',N'), 

e e 

ta { .t ,\ + A h , i = H , 
71tA A I = 1.. e' li B A A'i=L, ..['6 a, e+ h 3 

b-- ¢--7 --7() ip M ( k N · k ' N' ) = g f ( q - a k' ) * 1 ,( q-K) * q -----, 
• • • lS N N (2 17 )3 

a aMnmrry.z:r;a o6paTHoro npouecca 

CBR3aHa C HeH ofipameHHeM BpeMeHH . 
.[(JIR aMIDIHTY,ZJ;bi npouecca 

Ya ( k ) + eN .... y , ( k-' ) + e , , 
s a N s 

MO)KHO TaK)f(e nonytrnTb cne.z:r;yromee Bbipa)f(eHHe: 

(3) 

(4) 

(liB) 

(II.z:r;) 

r.z:r;e nepBbiH lJJieH RBJIReTCR BKJia,ZJ;OM OT BHyTpH30HHbiX :Iepexo.z:r;oB 
B npOMe~T01JHble COCTORHHR, a BTOpOH lJJieH - OT Me:>~<.z:r;y30HHbiX 

nepexo.z:r;oa: 

d - . - 2 
M 

0 
( k , N ; k ', N') = _!'-~-

(o mo 

1 
X {----------

6,N,_.&N -Ov(k) 

l. I <N'!V!N"><N"\V\N>:: 
3 N" 

- - - - - - - d3p 
xf '?>ns ( q - a k, ) * tN, ( q - K ) * t N ( q ) --3- . 

. (2 17 ) 

(6) 

(7) 
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: 

3necb fn : 3HeprHH CBH3H 3KCHTOHa B COCTOHHHH C BOJIHOBOH lPYHK

I..{HeH ¢nS ( t ) , 6,N - 3HeprHH 3JI~KTpOHa Ha )J;OHOpHOM ypOBHe C BOJIHO

BOH g>yHKUiieH fN(r), a ?>ns (q )- <tlypbe-npeo6pa30BaHHe IPYHKUHH 

¢ns< r) · 
.llH<PlP•!peHUHaJihHoe 3<P<PeKTHBHoe ceqeHHe KP, ycpe)J;HeHHoe 

no cnHHOBI:IM COCTOHHHHM HaqaJibHOro )J;OHOpHOrO 3JieKTpOHa H npo

CyMMHpOBaHHOe no CnHHOBhiM COCTOHHHHM KOHeqHoro )J;OHOpHOrO 

3JieKTpoHa, nponopuHoHanhHO cnenyromeMy Bhipa)KeHHIO: 

ua' 2 2 2 2 2 
Wvv{O)=(:±cosO)!(l:!:cosO) A 1+3sin O(A2 +As J + 

( - 2 2 2 2 + 3cos0+1) A
4

+2(1±cos0)A5 +[(1:!:cos0) A 1 - (8) 

-- 2 ' + - y 3 sin 8 ,A
2 

+ A 
3 

) + (1_ cos 0 )( 3 cos 8 + 1) A 4 ] A 5 I, 

rne BepXHHH 3HaK COOTBeTCTByeT CJiyqaro U = a' , a HH)I(HHH 3HaK

cnyqaro a= - u' , 
a b c d 

A 1 = V11:H V1 HM + uv.NvHM + v11 ,HuvM + u11 ,u11 M , 

A Ma 1 b 1 Me 1 M d 
2='V'LV~H +~U"'v,,HM +vrVv'HUII +J'f""v.Uv ' 

As=Vv'HVvLMa+ "v .. 'I/LM
0 

+'\,'L"t·Mc+ra"v'"vMd, (9) 

a 1 b 1 c 1 Md 
A4 =v, v M +-U ,v LM +.T'rv"'Lu 11 LM +-3 uv'"v • v L t L .~ 11. I' v~ v 

A5 = "v'"v 

Md = I. 
n~2 

d 
~0 ' 

"y • 

M ~ ( k , N ; k', N' ) + M: ( k; N'; k , N ) * I . 

.llH<P<P·~peHI..{HaJihHhie 3¢<PeKTHBHhie ceqeHHH KP nonHpH30BaH

Horo CBeTa :>6Jia)J;aiOT CJie)J;yiOIUHM CBOHCTBOM CHMMeTpHH: 

w;;, (" _ 11) = 
+-w I'll, ( e l. ( 10) 

KpoMe TOr<•, B 06JiaCTH pe30HaHCa HMeeT MeCTO COOTHOUieHHe 

w + + ( e > u< +), ( e > 
VII 111 1 

w + ~(i)- = -uT.:T-(8)- < 11 > 
VII VV 

U~±j,(l:l) = ( 1:!: COS 8)1(1 ± cos8)(Vv'H V V H )2 + 3 stn2 tJ X 

[ 2 2] - 2 21 x (v11 ,Hvv 1 ) + (vv'LvvH) + (3cos 8+1) (vv'LvvL) • 
(12) 
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w:• 
~,1515'- 1516 
:.~ ., 

H 

Wu 
1,0 
Oj3 

GfJ 
0.4 
02 

1516 ~ 
o C\1 02 UJ o~o as C¥5 w o.e cs 1.0 e/tt o OJ Q,2 03 Of. O.S 0.6 0.7 QB 1)9 lO €Mt 

Puc. 1 

0.1. 
Cl.2 

Puc. 2 

~~--~~~~~ 
0 Q1 02 U3 Ql. 0.5 0.6 Q7 D.8 Q9 1.0&/ 1t 

Puc. 3 

0 0.1 0.2 (),3 0.4 0.5 0.6 Q7 0.8 ( 1,9 1,0 9'/rt. 

Puc.·4 

Ha puc. 1-4 H3o6pll)KeHbi HeKoTopble KpHBbie yrnosoro lacnpe.D:e
neHHR w::- (0) npH pa3JIH'IHhiX 3HatJeHHRX 3HeprHH DOJlRilHTOHa B 
GaAB C cpH3HtJeCKHMH napaMeTpaMH 

m8 = 0,066 m0 , m H = 0,8m 0 , 

( 0 = 12,6. I .. 8,5 M3B, E = 1515 M3B. 
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ON THE RVB THEORY OF HIGH-Tc SUPERCONDUCTIVITY 

Nguyen Van Hieu, Nguyen Ai Viet 

n e high-T0 superconductivity of a nearly half-filled electron system 
in a t'VO·dimensional syuare lattice with the Hubbard Hamiltonian is 
studiec in the strong repulsion limit by means of the self-consistent field 
method. Besides the superconducting order parameter the self-con
sistent effective Hamiltonian contains some physical parameters which 
are tht normal vacuum averages of the products of two quasifermion 
operators. The system of equations for all these parameters of the mo
del is 'lerived. The possible itinerant antiferromagnetism of the mobile 
holes i~ also considered. 

The investigation has been performed at the Institute of Physics, 
Hanoi, Vietnam. 

K Teo )HH BbiCOKOTeMnepaTypHOM caepxnpoBOAHMOCTH 

C pe3C HHpyiOll.(eM BaJieHTHOM CBH3bl0 

HryeH BaH Xhey, HryeH AH Bher 

BbrcoKoreMIIeparypHaH cBepxnpoBOAHMOCTb no'ITH HanonoBHHY 
3anOJJHCHHOH JJJeKTpoHHOH CHCTeMbi B ABYMCpHOH KBaAparHOH pe
UieTKe c raMHJJhTOHHaHoM Xa66app;a HJy'!llercx B npep;ene CHJJhHoro 
OTTaJJKIIBaHHH llpH IIOMO!liH Merop;a CaMOCOfJJaCOBaHHOfO IIOJJH. Ha· 
PHA¥ t:o CBepxnpoBoAHlliHM rrapaMerpoM nopgp;Ka caMocomacoBaH· 
HbiH J t><t>eKTHBHbiH raMHJJbTOHHaH cop;ep)I(HT HeKOTOpbie <i>HJH'IeC· 
KHe napaMeTpbl, llpe)J;CTaBJJHIO!liHe COOOH HOpMaJJbHbie BaKyyMHbie 
cpeAHHe npoH3Bep;eHHft ABYX KBa3H<I>epMHOHHbiX oneparopoB. BbiBo
,r:u~rcx cHcreMa ypaBHeHHft ]J,JJH Bcex JTHX napaMerpoB Mop;enH. Bo3· 
MO>KHb :if aHTH4>eppOMafHCTH3M npoBO)J;HlliHX )J;blpDK TaK:lKC paCCMa· 
rpHBaercx. 

Pa,'iora BbmonHeHa B l1Hcrnryre 4>H3HKH, XaHoft, BbeTHaM. 

The I•roblem of high-T 
9 

superconductivity was studied theore
tically during many years 11 • Since the experimental discovery of 
high-T

0 
su1erconducting materials1 21 the well-known models of high-T c 

superconductivity as well as the newly pro~osed ones with different 
physical m~chanisms were widely discussed 1 

•
4 1 

. Many of them have 
a common feature: the essential mechanism of the superconductivity 
is the stro:1g electron correlation due to the strong on-aite repulsion 
of electron:;. The simplest model of this type is the Anderson resonating 
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valence bond (RVB) theory 141 of a nearly half-filled electron system 
with the Hubbard Hamiltonian161 

. In deriving the equatiom. for the 
order parameters of this model 141 Baskaran, Zou and Anderson (BZA) 
have introduced the electron concentration into the Hamiltonian in a 
phenomenological manner. Moreover, besides the order pHameters 
considered by BZA there exist other physical parameters of the system 
which also must be taken into account in any self-consistem theory. 
On the other hand, the simplest RVB model with the Hubbard Hamil
tonian proposed by Anderson is the essential part of many hi1:h-Tc su
perconductivity models with the strong electron correlation. There
fore it is necessary to generalize the reasonings of BZA anc provide 
a more systematic and complete theoretical study of the above simplest 
RVB model. This will be done in the present work. 

We study the two-dimensional electron system in a square lattice 
with the Hubbard Hamiltonian in the limit of the very strong on-site 
repulsion of electrons and derive the effective Hamiltonian acting within 
the Hilbert subspace of states with non-doubly occupied sites. The 
latter can be considered as the total Hamiltonian of the system of holes 
in the nearly half-filled electron system. To apply the famous self
consistent field method of Bogolubov 161 for studying this nystem it 
is necessary to introduce the vacuum averages of all products of two 
fermion operators. They are the physical parameters of thE system. 
We are interested also in the coexistence of the superconductivity 
and the itinerant antiferromagnetism of the system of mobile holes. 
For that purpose we divide the original square lattice into tv•o square 
sublattices and assume that the vacuum averages of the samE' product 
of two operators at the sites of different sublattices may be .Iifferent. 
By means of the self-consistent field theory reasonings we then derive 
the system of equations for all physical parameters of the s:rstem in
cluding the order parameters studied by BZA. One of the physical 
parameters of the system - the hole concentration -· automatically 
appears in the effective Hamiltonian in a self-consistent manner, and 
the derived system of equations permits one to study the hole concentra
tion dependence of the energy gap and the superconducting ;ransition 
temperature, in particular. 

The physical assumptions of the model have been stated and 
discussed in Refs!41 

• We start from the Hubbard Hamiltonian for 
a two-dimensional electron system in a square lattice R with th ~ hopping 
integral t and the strong on-site repulsion potential U 

(1) 
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where cia and c ta are the destruction and creation operators for the 
electron with spin projection a = t , ~ at the site i, 

+ 
n!a = cia cia' 

<i j > deno ;e all possible pairs of nearest neighbours. By means of a sui
table canonical transformation ' 7 1 

excluding the transitions from the 
Hilbert suhspace of the states without doubly occupied sites to the 
complementary one in the lowest order in t/U, and the orthogonal 
projection onto the above Hilbert subspace 

P=H0-n
1

n. ), 
t )J. 

we obtain the following effective Hamiltonian acting only within this 
Hilbert subspace 

H= Pt-n: l 
(1 <lj > 

c + c 
I CT j a 

- J l l X 

<lj> <fj> 

x(c+
1 

cj+ - c
1
+ c+ )(cj cp - c c 0 )IP, 

t ~ • J1 > t h t.l. 

4t
2 

J = --u 

(2) 

Let u> consider a nearly half-filled electron system with the given 
Hamiltonian (1). In the limit of large U the states with doubly occupied 
sites form very high upper energy bands, and the main effect of the 
electron correlation - due to the presence of the repulsion term in the 
Hubbard Hamiltonian - is to prevent the electron hopping from the 
single occttpied sites into the doubly occupied ones. In this case the 
nearly half-filled electron system behaves like a system of holes with 
a low conc:entration. The total Hamiltonian of this system of holes is 
obtained dll"ectly from the expression (2) by considering c1CT and ci~ as 
the creation and destruction operators for the holes with the opposite 
spin projec ~ion: 

cit= h~•· cH = h~t, c;t =hi•' ct • =hit 
Thus the problem to be studied is the superconductivity of the system 
with folloVIing total Hamiltonian 

H =Pit E. l h+ h - J l I. X 
h ,, <tj> Ia ja <lj> <fj> 

(3) 
+ + + + 

x(httt'H -h1 •hJt )(hJ.hft- hJthf•)IP. 
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Note that the quasifermion operators 

do not satisfy the usual canonical anticommutation relatiom while the 
hole operators h 10 and h ra do satisfy. Therefore it is very •:onvenient 
to use the total Hamiltonian in the form (3). 

Now we apply the self-consistent field method to the system with 
the Hamiltonian (3). Each product of 4 quasifermion operat:>rs is then 
replaced by a linear combination of the products of two ope:~ators with 
coefficients being the vacuum averages of the products of two remaining 
operators taken with the appropriate sign ±.1. Among the non-zero va
cuum averages there are three main physical parameters: 

n =I <Ph;ah 1aP>, 
0' 

p = I I < P h+
1 

h P >, 
o 1 ~ DJ a ja 

n = I I 
0' 1 ~ DJ 

(4) 

where DJ denotes the set of all 4 sites i which are the nearest 1eighbours 
of the site j. We are interested also in the itinerant antiferromagnetism 
of the mobile holes. For this purpose we imagine that the oriSinal square 
lattice R is composed by two square sublattice R1 and R with the 
same lattice constant 

R = R1 u R11 , 

and introduce the constants 

0
I,II 
0' 

I I <Ph+ h 0_P > 
IO' w 

1(;;DJ f~DJ 
We assume that 

and set 

m 

m 

ni - n I = - (nil - nn ) 
t ~ f ~ • 

-I -I ( -II -II ) 
n t - n~ = - n t - n~ . 

for i ~ R
1
'
11 

, 

for j >= R 1'11 • 
(5) 

(6) 

(7) 
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l 

The physical parameters ( 4) and (7) automatically appear in the self
consistent ;!ffective Hamiltonian of the system of holes. Besides the 
normal vacuum averages (4) and (5) we introduce also the anomalous 
one~. 

1 ( ~ + + + 
2~= I <P c 11 cj+ -ci+cjr)P>, (8) 

i E Iij 

which is tt.e superconducting order parameter. By applying the famous 
Bogolubov transformation to diagonalize the self-consistent effective 
Hamiltonia1 we can derive the system of equations for the physical 
quantities r ' ii, p, m, m and t\. 

To formulate the final results we introduce following notations: 

-
y(k) 

i(R 1-Rj)k 
e , (9) I 

1 E DJ 

R 1 and R j being the coordiuate vectors of the sites i and j, 

E( k) = - -~ J ( D y ( k) 2 
+ Il ], (10) 

8(k) 

I!( k) 

=(J>-t)y(k), 

1 - 2 ~ 
= 2 lmy(k) +ml. 

Mk) =-~~rot"). 

~a,{3 (k) =E(k):!: f J~ (k)
2 +8(k) 2 )~ 

- - 2 - 2 ~ 
Ea,f3(k) = H~a,f3(k) -EF] + ~(k) I, 

-. 1 Ea,ti(k) 
~ [ E 13 c k. . 1 = n- r 1 + th -------- 1 + a, ;::; 2T 

(11) 

(12) 

(13) 

(14) 

(15) 

fa, f3 ( k) - E F E a, (3( k ) (16) 
+ ------------- [ 1 - th ---], 

2E f3 (k) 2T a, 

E F being the Fermi energy. It is easy to ·verify that 

~': ~ [ Ea,f3 (k)] = f[ ~ a,{3< k) ], {17) 

where f[~] is the usual Fermi distribution function at temperature T 
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(18) 

Denote by N the number of sites; by : , the sum over the Brillouin 
k 

zone of each sublattice Rl or RII . We have following system of equations 

(19) 

(20) 

(21) 

n 2 - 2 - -
N- ~ y( k ) I~ ( Ea ( k ) ] + ~ [ E 13 ( k ) ]I, (22) 

+ -
1
-th ~k) I. 

E13(k) 2T (24) 

In the limit 6.-+ 0 ' m -+ 0, m-+ 0 the relations (19), (21) ancl (22) form 
a system of equations determining the physical parameters n, n and p in 
terms of the given constants t, J and E F" At very low hole concentration 

p"' 4n, ii "' 16n. 

This result shows that it is necessary to introduce the physi~al parame
ters n and ii together with the order parameter p of BZJ,. With the 
given values of n, ii and p the relations (20) and (23) at the limit 6. -+ 0 
form a system of equations for the antiferromagnetism pa ('llmeters m 
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and m of th ~ normal system of holes. For a low concentration of hole 
there exists only the trivial zero solution 

rn = m = 0. 

Thus the itherant antiferromagnetism of the normal system of low 
density mobile holes does not exist. With the given values of n, n and p 
equation (24) determines the dependence of the energy gap and the 
superconduc1.ing transition temperature on these physical parameters. 

The phvsical implications of the system of equations (19)-(24) 
will be studied in a subsequent work. 

The au1.hors would like to express their sincere appreciation to 
Academician N.N.Bogolubov and Professor V.G.Kadyshevsky for the 
interest in this work and the stimulating discussions. 
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P A3P ABOTKA 11 TIPI1MEHEHI1E HOBbiX METO)lOB 11 
ATITIAPATYPbl )lJlR 11CCJ1E)l0BAHI1fl MOHOKPI1CTAJ1-
J10B BEJlKOB B KOOP )li1HATHbiX PEHTrEHOBCKI1X 
)l11cl>P AKTOMETP AX HA OCHOBE )lBYMEPHbiX 
TIPOTIOPUMJHAJlbHbiX KAMEP 

M.E.AHApuauoaa *, IO.B.3aHeacKuif, A.B .11BaHOB, C.A.MoBIIaH, 
B.)l.Tiewexo-IOB, A.H.Tionoa*, c.n.qepHeHKO, )l.M.XeifKep* 

IIpeAcrasneHhi pcJynhrarhi peurreHocrpyKrypHbiX HccneAOBaHHH 
6enKOBhiX MOHOKpHcrariJJOB c JJOMOlQbJO AH<J>paKTOMerpa KAPll-3 H 
KAPll4, COJAaHHhiX Ha ocHose AByMepHbiX peHrreHOBCKHX AereK
ropos. JlonytJeHO OKOJIO 70 IIOJIHbiX Ha6opOB HHTeHCHBHOCTeif 
OTpiDKeHJIH C BbiCOKHM pa3pellleHHeM AJIH pa3JIHIIHbiX 6eJIKOB. 
3rH AaHHhie noJBOJIHJJH onpeAenHrh npocrpaHcrseHHYJO crpyK
rypy n;eJJOfO pHAa 6enKOB, npeACTaBJIHIOll.IHX 60JiblllOH HaytJHbiH 
H npaKH'leCKHH HHiepec. fipHBeAeHbl OCHOBHhle napaMeipbl HO
BbiX pa3J: a6aThiBaeMhlX peHrreHOBCKHX AeTeKIOpOB. 

Pa6or 1 BhlllOJIHeHa s fla6oparopHH BhiCOKHX :meprHif H 11HCTH
ryre KpH ;rannorpa<J>HH AH CCCP. 

The Development and Applicatiol!_ of New Methods and 
Apparatus for the Study of Protein with the Aid of X-Ray 
Diffractometers Based on MWPCs 

M.E.Andrianova et a1. 

The r !suits of studies of X-ray protein single-crystals by using 
KARD-3 and KARD-4 diffractometers with two-dimensional X-ray 
detectors are presented. Integral intensities of about 70 protein 
crystals t ave been measured with a high resolution. These data make 
it possib e to reconstruct the three-dimensional structure of a seri
es of proteins. The parameters of new X-ray imaging detectors under 
construction are also presented. 

The ir .vestigation has been performed at the Laboratory of High 
Energies , JINR and at the Institute of Crystallography, USSR Aca
demy of :iciencies. 

Pa3pa6c TKa u npuMeHeHue MeTOAOB napanneJibHOH perucTpa
QUU AU$pai<:UUOHHOH. KapTUHhl B KOOp,li;UHaTHbiX AH$paKTOMeTpax 
KAP)l-3 u KAP)l-4, ocHoBaHHbiX Ha ABYMepHoif nponopuuoHanbHOH 

* HHcruryr KP :tCT(JIIIIOi'parfluu All CCCP UM. A.B.II/y6HUK06a, MocKaa 
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KaMepe C 6hiCTpbiMH nHHHHMH 3a,D;ep)I(KH (tmcno pa:lpernaeMbiX 
3neMeHTOB 256x265), no3Bon.IUOT coqeraTh npeHMymecTBa cqenH
KOB ct>oTOHOB C ABYMepHbiM CBOiicTBOM cpororpacpuqe~KOH nneH
KHil! . Ct<opocTh H3MepeHHn a yKa3aHHhiX AHct>paKTOMerpax B -50 
pa3 BbiiUe, qeM B COBpeMeHHOM O)l;HOKaHanhHOM AHct>paKTOMeTpe, 
qro D03BOnHnO 3a KOpOTKHH CpOK nonyqHTh nonHhie HaC Opbl HHTeH
CHBHOCTeH OTpa)l(eHHH OT 37 MOHOKpHCTannos1 2/ . llpH napannenh
HbiX H3MepeHHHX COKpamaeTC.fl BpeM.R H3MepeHHH H B TOM )l(e 
OTHOIUeHHH yMeHbiUaeTC.fl )l;03a o6nyqeHH.fl HCCne)l;yeMOI'O o6pa3Qa, 
qrO OTKpbiBaeT B03MO)I(HOCTb HCcne)l;OBaHHH pa)l;HaQHOIIHO-HecTOH
KHX 6enKOBbiX MOHOKpHCTannoB. 

B 1986 H 1987 rr. c noMOI.QbJO AHct>paKTOMerpa KAP.D;-4 nony
qeHbi DOnHbie Ha6opbl HHTeHCHBHOCTeH OTpa)l(eHHH eme OT 30 MOHO
KpHCTMnOB ( cM.ra6n.) . BhmH nonyqeHbi Ha6opbi HH':erpan&HhiX 
HHTeHCHBHocreu or K~HCTanna snpyca CM 1 V (Mon ~KynRpHbiH 
sec 7800000, a= 480 A ) c pa3perneHHeM 6 A ; KaTaia3hi ML H 
rpex ee npoH3BOAHhiX (MoneKyn.RpHbiH sec 180000, a = 106, 6 A ) 
c pa3perneHHeM 2,5 A ; cpopMHaTAerUAporeHa3hi (xonocpepMeHT) H 
6 npOH3BOAHbiX (MoneKyn.RpHbiH sec 80000, a = 116 ,~) c pa3pe
rneHHeM 3 A; repMHHa3hi, pn6oHyKnea3hi, nerreMorno6HHa c pa3-
perneHHeM 1,5 + 1,7 A; Cro-penpeccopa c ~HK; rpauc&MHHa3hi, 
nenQHHaMHHonenrHAa3bi, nupocpocct>ora3hi, nenQHH-cm QHcpnqHoro 
6enKa H HX KOMDneKCOB, 

Ha OCHOBaHHH aHMH3a 3KcnepnMeHTanhHhiX AaHHhi oc, nonyqeH
Hhix B KOOpAHHaTHhiX AHct>paKTOMerpax KAP,[{-3 H KAPH-4, B na6o
paropHH crpyt<ryphi 6enKoB HHcrnryra Kpncrannorpact>n H: AH CCCP 
6bma onpeAeneHa D~OCTpaHCTBeHHa.R CTpyKTypa repMOCTa6HnhHOrO 
6enKa repMHTa3bi 1 1 

, cno)I(Horo cpepMeHra T-KaTana~bi c Mone
KynHpHbiM BecOM 210000 H napaMeTpOM Ky6uqecK:>H .flqeUKH 
a= 133,4 A 141 , uccneAOBaH npocr£aHCTBeHHhiH MexaF.H3M cpyHK
QHOHHpOBaHHH aMHH0TpaHcct>epa3bl I I , npoBe)l;eHO ?eHTreHOCTpyK
rypHOe HCCneAOBaHHe cpopMHaTAerH)l;pOreHa3bl 16 

• Y ~TaHOBneHa 
npocrpaHCTBeHHa.R crpyKTypa H uccneAOBaH MexaHH3M <t•yHKQHOHH
pOBaHHH p.RAa Apyrux cpepMeHTOB, nonyqeHbi AaHHhie c npocrpaH
crseHHon crpyt<rype CMt V-supyca. 

B 1987 r. B HHcruryre KpHcrannorpact>nn AH CCCP cosMecrHo 
c Jia6oparopueu BhiCOKHX 3Hepruu OHJIH c03AaH HOBbiH peHrre
HOBCKHH AHct>paKTOMeTp KAP,[{-5, npe)l;Ha3HaqeHHbiH AJJH uccneAO
BaHHH CTpyKTypbi 6enKOB C 6onhiUHM MOneKyn.RpHhiM BeCOM, 
B OCHOBY KOTOpOrO BOWen peHTreHOBCKHH )l;eTeKTOp C qyBCTBH
Ten&HOH nnoi.Qa,D;blO 460x460 MM 1 71 . YsennqeHHe nnc•maAH npo
nopQHOHanbHOH KaMepbi npH coxpaHeHHH ee npe)I(Heii roni.QHHhi 
no3BOn.ReT yMeHbiUHTh napannaKc. Xor.R pa3Mephi 3Toro AeTeKropa 
cymecrseHHo ysennqeHbi (no cpasHeHHJO c )l;eTeKropoM a AHct>paK
TOMerpe KAP.!J;-4), DOBhiiUeHo 6blcTpOAencrsue nHHHH 3a,D;ep)I(KH, 
qro no3BOnuno coxpaHHTb sennqHHy Meprsoro speMeHH I :a npe)I(HeM 
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Ta611ul4fl 

Pe3yllbTOTbl c~cMKU JIWHOKfii/Cra.uoa 6etlKOB 

8 ourjjpaKTOMe7]JC KAPJl-4 R /9Hf!,/9R7 i! z. 

Odpase~ MoJieicy"JJ.RpHYI IlapaMe'fPH JAelbal (~) Paape•ue 
Bee C'beMKH (R) 

~'f.lt9I'IIOtporeHa3a 
X~pM8H'f B 6 ITpOH3- a•116,0; b•6J,4; 
BO,JgDa 80000 C•11),J5; 1'212121 3 

T~aaa odpaan;a) )0000 ••47,55; b•64,05; 
c•72,95; P212121 !,65 

PB60HYJUI8881l 10000 a•J0,51;b•J1,8;c•49,7 1.50 'P21 P21 

PB6ou~eaa1• 11000 
a-55,8;b•55,8;c•80,0 

T=26~K PJ1 2.0 
T=29 K 
Cro -penpeccc p + JOB\ ..S1,4;ba88,8;c•81,2 

( 2 KOMIL1I8J<C a) 18000 02221 2,0 
~aRCaMHH83E 94000 a•124,6;ba125,9;c•56,4 

KOMIJJIQKCE ) P212121 3,0 

He~BMBHorenT~a~n 10000 a-1J2,4;b•132,4;c•122,1 
1'6222 2,0 

Bllpyc 7800000 a•bac•480i 123 
ClltV G,O 

Herre~rJio6llH 17000 
a•92}9Jba38,J;o•52,J 

T=293 K -81,2 P2I 
T=253°K 

!,7 

!erre~rJIOdiH-OKCH-T0pMa17000 a•92,9;b-J8 1 J;o•52,J !,7 
T=253 K rB1,2 P21 

~epyJIJioiiJI83Mr 
1)0000 P.•b•269,0;c•1JO 14 

ITp0113BOJtR81! 
4,0 

~etli<>oraaf 64000 a•56,J;b-116,0;c•106 1 8 
MIJJI9KC8 P212121 2,5 

Katta.rasa 180000 
a•b•106,6; c•106,J 

( 3 rrpo•3BO.BBHX) P4~12 2,5 
Je~-cne~~HI 37500 a•68,7;b•69,J;o•74,1 2,0 
Oe.IOJt 

1'212121 
'l'paHcBMBHaaa 

94000 a•124,6;b•125,9;c•56,4 2,0 
P212121 
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Bper C'Lylf-lJKCJlO lJKCJIO IIISMepeH- 1IIIICJIO -tfr 
o 'laC HeaaBHcBUHX HID: OTpazeHHi!: oiiaae-RsKB, Rc.f K II (%) 

odJracTel K H % · 
I> a(%) o . 

350 4 59?500 98 4,7 3,0 

80 4 130000 92 5,7 4.0 

45 4 48500 60 7 4 

60 I 87000 80 6 7 

86 4 128000 35 7 3,5 

90 4 180000 95 3 2,5 

25 3 58000 30 12 13 
160 8 II7000 tiO 20 IO 

40 4 70000 90 4 2,5 

20 4 35000 90 4 2,5 

55 4 180000 55 15 20 

IOO 3 II2000 75 7 3 

144 8 360000 90 6 3 

36 4 76000 70 9 6 

40 4 160000 70 13 8 
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yposHe -- He 6oJiee 0,6 MKC . .IJ:eTeKTop HMeeT xopowyro O.D:HOpOJJ:· 

HOCTh WHpHHhi KaHaJIOB flO o6eHM KOOp,!l;HHaTaM, qHCJIO pa3pewae

Mb!X :me\1eHTOB ,!l;HcppaKQHOHHOH KapTHHhi 250x250. 3JieKTpOH

HaR perHCTpHpyromaR annapaTypa ,!l;OllOJIHHTeJibHO CO,!l;epJKHT 6y

(pepHyiO IaMRTh eMKOCTbiO 64K CJIOB, HMeiOI..QYIO HHKpeMeHTHhiH 

KaHan C i)biCTpO,!l;eHCTBHeM 2,5 MKC • .lJ.HcppaKTOMeTp cpyHKQHOHH

pyeT Ha JJHH~H c 3BM CM-2M c nmpoKHM Ha6opoM BHernHHX ycT

policTB. L,JJR BH3YaJIH3aQHH .D:HcppaKQHOHHOH KapTHHhi npHMeHReT

CR QBeTHO 1 TeJieBH3HOHHblH ,!l;HCllJieH . 

.IJ:JIR HCCJie,!l;OBaHHR CTpyKTyphl 60JihWHX MaKpOMOJieKyJI 

6eJIKOB, IIYKJieHHOBbiX KHCJIOT H BHpycoB C llOMOI..QhiO CHHXpO

TpOHHOrO l13JiyqeuHR B JJa6opaTOpHH Bb!COKHX 3HeprHH COBMeCT· 

HO c 11Hc rHTYTOM KpHcTa.TIJiorpacpHH AH CCCP pa3pa6aT&maeTcR 

HOBbiH peJITreHOBCKHH ,!l;eTeKTOp BbiCOKOrO pa3perneHHR CO ccpepH

qecKHM o:mOM, aH<UIOrHqHbi~i OllHCaHHOMy B pa6oTe '8/. 0,!l;HaKO 

6biCTpO,!l;el' CTBHe C03,!l;aBaeMoro HaMH ,!l;eTeKTOpa yseJIHqeHO B 30 

pa3. Cxel\larHqHo ;rereKTop npe,!l;cTasJieH Ha pHCYHKe. Bxo.D:HOe 

OKHO ,!l;Hal\l:eTpOM 120 MM BblllOJIHeHO 113 6epHJIJIHR TOJII..QHHOH 1 MM 

s BHJJ:e qa~TH ccpep&I c pa.D:HycoM 120 MM. B repMeTHqHoM 6oKce 

pa3MeiQeHL nponopUHOHaJibHaR KaMepa C ,!l;peHcpOBblM npoMeJKyT

I<OM. IIIar HaMOTI<H CHrHa.ribHhiX HHTeli 1 MM. KoHsepcmr raMMa

KBaHTOB fi JOHCXO,!l;HT B npoMeJKyTKe MeiKJJ:Y ccpepHqeCKOH HOBepx

HOCThiO BX ),!l;HOrO OKHa H nepBblM HJIOCKHM npOBOJIOqHblM :meKT

pO,!l;OM. Pa:IMep&I oGpa:wsaswerocR JJieKrpOHHoro o6JiaKa s npo

uecce .D:peH pa 3aMeruo ysemi'IIIBaiOTCR, qro npHBO.ll:HT 1< cpa6ar&ma-

6 " 
-·0~ 

, 

... 

MilK 

1/!_l'IIKIIW 1112/bl/a'l CXC.\11/ !lcl"CifTO{Jil /l CUCTe.\tbl C'l/ll"h/81/IIIUI llllifjop.l,flll(IIU. 

J/ f!K - .HIll ?011['01>1 U0 111/IIJI II{JUfiOfJ 1(1101112/b/la.JI Kl/.\1 cpa CO crjjep!t'ICC KlLII 

fiX(l{)/tl>l.\1 OK/ !1.\1 IU 6qm.t.ll1Jl; 5 - ,\10/IOKf!/lCl"ILI.lU'ICCKUii fie.IOK, f!p 
llf/0/(CCCO{J 0 T( Opll CUr! hi Hill . . fl[{f f flfJft!fipaJOIII/TC.Ib Hf1C.ItCIIIIhlX UIITCfllii2 IOU 

fl l(llifjf!080ll ;r)(). f'/! f/llJ{IIItnii/!WIO/l(a!l 1112\IJI Tb, 5{[ 6yrjiep1112'1 1112\1.'1 Tb 

~56K 18-ptnp."!)HblX c.wn; K K0111pOot.up O;IJI cc>.'lfJ.'IJI(CitWI annaparypbl C'<II

TbWaHu.'l II ]B, [ C HaiJO(J0.\1 Ulll'lllltlL'( ycrpoiicTB. 
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HIUO HeCKOJlbKHX aHO,ll;HbiX npOBOJIOlJeK. 3TO o6ecnelJJIBUeT BLICO
KYIO TOliHOCTh no o6eHM KoopAHHaTaM. BoKc 3anonHHeTcH KceHo
HOM C )J,06UBKaMH MeTaHa, H36biTOliHOe )J,UBJieHHe 5 UTIV . )lJIH o6ec
nelJeHHH )J,OnroBpeMeHHOH liHCTOThi ra3a B o6'beMe 6oKca pacnonara
eTcH IlUCCHBHbiH reTTep. I1H$opMUUHH C )J,eTeKTOpa <'liHThiBaeTCH 
c noMOIUhiO ceKUHOHHpOBaHHhiX JIHHHH 3aAep)I(KH. Me{:TBoe BpeMH 
npH6opa - He 6onee 0,15 MKC, liTO o6ecnelJHBUeT 6biCi'POAeHCTBHe 
AO 2x10 6 cofi/c (npH npoct~eTax He 6onee 30%). 06ruee t~Hcno 3Jie
MeHTOB pa3perueHHH AH$pUKUHOHHOH KapTHHbl 500x500 3JleMeHTOB. 
)leTeKTOp npe)J,HU3HalleH )J,JlH perHCTpUUHH raMMa-KBa.J- TOB C 3Hep
meH AO 25 K3B. 

B 3aKJIIOlleHHe Heo6xOAHMO OTMeTHTh, lJTO AH<Pr;aKTOMeTphi, 
C03)J,UHHLJe HUMH HU OCHOBe nponopUHOHUJlbHblX KaMep ~ fihiCTpbiMH 
JIHHHHMH 3UAep)I(KH, OTKpbiJIH HOBbie B03M0)1(HOCTH B HcCJie)J,OBaHHH 
MOHOKpHCTaJIJIOB 6eJIKOB. 3a qeTbipe rO)J,U IlOJiylJeHO O}:OJIO 70 IlOJI
HblX Ha6opOB HHTeHCHBHOCTeH OTpa)l(eHHH C BbiCOKHM pnpernei-IHeM 
OT MOHOKpHCTaJIJIOB pU3J1HliHbiX 6eJIKOB, HCCJie)J,OBUHHe 60JiblllHHCT
BU KOTOpblX paHee 6biJIO HeB03MO)I(HbiM. B o6ruei CJIO)I(HOCTH 
H3MepeHO 6onee 4,5x10 6 OTpU)I(eHHH. Ha OCHOBe riOJiylleHHhiX 
AUHHhiX onpe)J,eneHa npocTpaHcTBeHHaH CTPYKTypa uenoro pHAa 6en
KOB, npe)J,CTUBJIHIOIUHX 60J1blllOH HUYliHbiH U rtpaKlUlleCJCHfi HHTepec, 
B TOM liHCJie B 06JiaCTH reHHOH HH)I(eHepHII. )lJIH HCCJleliOBUHHH 6eJI
KOB C IlOMOIUbiO CHHXpOTpOHHOrO H3JiylleHHH pa3p~ 6aTh!BUIOTCH 
HOBbie )J,ByMepHble peHTreHOBCKHe )J,eTeKTOpbl C Bb!COKI- M npOCTpUH
CTBeHHhiM pa3perueHHeM (- 0,2 MM) H 6LJCTpO)J,eHCTBHeM B Hec
KOJlbKO Merarepu. 
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