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IIpe.n;nolKeH MeTO.n; IIonyqemU[ BhlCOKOH IIomq)H3a.J:J;BH If qlfCThlX CIlHHO

BLIX COCT01lHBil IIpHMeCHLIX .sI.n;ep C yMepeHHO 60JIbillHM KBa,llpyrrOJIbHblM 

B3aHMo.n;eHcTBHeM, pa3Mem;eHHhIX B ,ZJ;HaMarHHTHLIX TBep.n;LIX MaTpHUax, 

.sI.n;pa KOTOphlX 06JIa.n;aIOT cmmOM 1/2, 60JIbIIIHM g-4>aKTOpOM (KaK 1H If 
19F) H 60JIhillOH nOJIgpH3~ei. MeTO.n; IfCllOJIb3yeT KpOCC-peJIaKCaIUlOHHhle 

nepexo.n;LI IIpHMeCIffiIX j[)lep co cmmaMH MaTp~ (npH a.n;ua6aTHQeCKOM 

H3MeHeHHH BHeIIIHero MarHHTHoro nOJIS:) H npOCTLle pa,D;lfOqaCTOTHhle HM

HYmCLI, mmepTHpYIDID;He H.ltpa MaTpHULl, HnH BLl3L1BaIOID;He ,llBYXCmm:O
BhIl1: pe30HaHC j[,llep MaTpmna If IIpJ.IMeclf. 

Polarization of quadrupolar nuclei 
F .S.Dzheparov, Yu.F.Kisselev 

A method is suggested to obtain high polarization and pure spin states 

for impurity nuclei with moderate high quadrupolar interaction, placed in 

diamagnetic solid matrix, having nuclei with spin 1/2, large g-faetor (like 
1H or 19F) and high polarization. The method is based on cross-relaxation 

transitions of impurity nuclei with matrix spins (during adiabatic variation 

of external magnetic field) and simple radio frequency pulses, which invert 
matrix nuclei or produce double spin resonance of nuclei of matrix and 
impurity. 

CnMCOK;AMT.- 9 HaMM. 



1. CTaH,lI;apTHhIe MeTO,ll;.bI nOJIyqeH1UI BhICOKOH .a~epHoH nOJI.ilpH3aUIfii 

pa3BHTbI B OCHOBHOM ~JI.sI npOTOHOB H .lIpyrHx .iI,lI;ep co cnHHOM l H He 3<p<peK

THBHLI B npHMeHeHHH K KBa,ll;pynOJIhHhIM K.lIpaM [1,2]. Hau60JIee MOIQHLIe 

1'13 COBpeMeHHhIX yCTaHOBOK 06eCneqHBaIOT .lIHHaMHQeCKYIO nOJIjIpH3aIlHIO 
3

npOTOHOB Pp ~ 0,9 B 06pa3U~ C 06'heMOM V rv 103cm , HO .lIOCTHrHyTaK 

nomIpH3au;HjI .iI,lI;ep 2H 3aMeTHO MeHhllle - Pd ~ 0.5, a .lIJIK 14N OHa COCTaB

JIKeT TOJIhKO PI IV 0.1 [3,4], npHtleM cpaBHHTeJIhHO 60JIhllIOe Pd o6yCJIOBJIe

HO MaJILIM KBa,ll;pynOJIhHhIM B3aHMO.lIeHcTBHeM, KOTopoe pe3KO B03paCTaeT C 

YBeJIHqeHHeM 3ap.il,ll;a x.npa. ITPH HCnOJIh30BaHHH 6McTporo a.llHa6aTWlecKo

ro IIpoXo2K,lJ;eHH.sI .lIJI:sI Kpocc-penaKca.u;HoHHOlI nepe.lIaqH BhICOKOH npoTOHHoH 

nOJHIpH3a.u;IDf K K.lIpaM 14N nOJIyqeHO 60JIhmee 3HaqeHHe PI ~ 0.4 [3,4]. B 
,lI;aHHOM co06m:eHHH nOKa3aHO, qTO KOM6HHHpyK 3TH MeTO.lIhI C HMnyJIhC

HOH HHBepcHeH nOJI~H3auHH npoToHoB MO.iKHO .lIOCTHqh eme 60JIhIIlHX no

JUIpH3auHit: PI :::::: Pp .lIJIjI npHMeCHhIX jJ)J;ep 1'1 npHBO.lIHTh npHMeCHliIe .a.lIpa 

B qftCThle CIIHHOBLIe COCTO.aHH.sI. C HeCKOJIhKO MeHblIIHM 3epepeKTOM MeTO.lI 

npHMeHHM H K .iI.lIpaM OCHOBH.bIX H30TonOBBO MHorHX BemeCTBax, TaKHX, 

HaIIpHMep, KaK 1
4NB aMMHaKe H 139 La B LaF3~ 3KcnepHMeHTaJIbHaK pe

aJIH3al{H.iI ,lI;affilOro npe,UJIO)KeHH.R MO.iKeT HMeTh 06mHpH:bIe npHJ101KeHHSI B 

K,llepHOH <!>H3HKe B.bICOKHX 3HeprIDi, B HeHTpoHHo<!>H3HQeCKH:X HCCJIe.lIOBaHH

KX P- H T-HeqeTH:bIX 3<p<!>eKToB H B <!>H3HKe CBepXTOHKHX B3aHMO.lIeUCTBHH. 

2. PaCCMOTpHM CHaqaJIa rrpocTeiiillHif CJIyQaH T01K.lIeCTBeHHhIX npHMec

HLIX jJ)J;ep C g-epaKTOpOM MHoro MeHhillHM, qeM y K,llep OCHOBHoro H30Tona 

(npoToHo~, .lIJU orrpe.neJIeHHOCTH, gr = Egp , E « 1), cnHHOM I = 1, MaJIOR 

KOHIJ;eHTp8.UHeH H aKCBaJIbHO cHMMeTpHQH:bIM KBa.lIpynOJlhHbIM B3aHMO.lIeH

cTBHeM, opHeHTHpOBa.HHhIM B,UOJIh OCB Z, napaJlJ1eJIbHOH BHeDIHeMy nOCTO

SIHHOMy MarHHTHOMY noJIIO 1{0. raMHJIhTOHHaH 

(1) 

(r.lle WI H WQ npe.lICTaBJIKIOT JIapMOpOBCKyro H KBa.n:pynOJIhHyIO qaCTOT:bI CO

OTBeTCTBeHHO) onpe.lleJI.sIeT rJIaBHOe npH6JIH1KeHHe ,lI;J1K COOTBeTcTBylOIllHX 

CnHHOB.bIX COCTO.sIHHH B npeHe6pe1KeHHH .lIHnOJIh-.lIHnOJIhHbIMIi B3aHMo.n:eH
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HI[m) = Emlm), Em = ,l3Q[m2-~I(I+l)]-mwI' Izlm) = mlm). (2) 

Bce BpeMeHa j(JJ;epHOH CIIHH-pemeTOqHOH penaKCaIJ;HH CqHTaIOTCjJ .D:OCTaTOq

HO 60J1bIIIHMH H .lla.nee He 06cy1K,naroTCSL 

TIYCTb npOTOHHail no.n;CHCTeMa npHBe,neHa (MeTo,n;OM ,llHHaMlfqeCKOrO OXJIax<.

.lleHHiI, HanpHMep) B COCTOilHHe C BblCOKOH nOJHlpH3au;HeH Pp B 60JI:billOM 

nOCTOSlHHOM none 1£0 H ee MaTpHUa DJIOTHOCTB 

Pp = exp(,l3(F - WpSz)), Pp = (Sj) / Sj = tanh fJ;p, 1 - Ippl «1. (3) 

3.n;ecb fJ- 06paTHaJI TeMnepaTypa, Sj = 1/2- cnBH j-ro npOTOHa, Sz = 
E SJ- npoeK.U;HSI cyMMapHoro CllHHa npOTOHOB Ha BHemHee none, wp - nap

MopOBa qaCTOTa npOTOHOB, a F- COOTBeTcTBylOIUax cB060,D;HaSI 3HeprHj[. 

PaccMoTpHM CJlyqaH, Kor.n;a wp > 0, WI > 0 H {3Q > O. 1l0no2KHM 

Wmin = Wl,O = E1 - Eo = ,l3Q - WI, (4) 

Wma:t = W-l,O = E_1 - Eo = {3Q + WI· 

YMeHblIIHM a.zw:a6aTHqeCKH none 1lo BnJIOTb .no nepeCeqeHHSI W p C W maz ' 
B6JIH3H nepeCeqeHHSI npOHCXO,nHT Kpocc-penaKcalUlH npOTOHOB C COCTOSI

HHSlMH CIIliIHa I, CBJI3a.HH:bIMH qaCTOTOH wmax • DHa BbI3hIBaeTCSI ,nHnOJI:b

ronIOJThHhIMH B3aHMo,neHcTBHHMH H, COOTBeTCTBeHHO, B,neT co CKOpOCTblO 

nOpj[JlKa (CM. HanpHMep [5]) 

Wc(~) = €2g(~)/T2p, (5) 

r.n;e T2p- BpeMX q,a30BoH (nonepe"tJHoii) peJIaKCaUHH npOTOHOB, ~ = wp 

Wt11a%,a 

g(d) = 9c(d)/gc(O), gc(~) = f dwgI(~ - w)gp(w) ~ gp(~). (6) 

3.n;ecb )"ITeHO, qro O,llHOP0,llHaH JIHHHjI JIapMOpOBa pe30HaHCa jI,D;pa npHMeCH 

gI(W) cym;ecTBeHHO (B €2 paJ) y1Ke, qeM JIHIDUJ npOTOHHoro pe30HaHCa gp(w). 
K3MeHeHHe noJlSl .llOJI1KHO 6:bITb 6blCTPhIM a.llHa6aTH"tJeCKHM, TO eCTb Bce 

cymecTBeHlffiIe npo:u:eCCbI ,n;OJI1KHbl 3aKaHqHBaThCX paHbme, qeM npOjIBJIH

eTCjJ CllHH-pemeTO'tIHaJI penaKcaUHj[, HO lIIHpHHa mnnm: KpOCC-peJIaKcau;HH 

~c f"V 1/T2p ,nOJUKHa npOXO.D:HThCSI 3a BpeMj[, MHoro 60JIhmee, qeM l/Wc{O). 
TIoCJ1e.n;Hee YCJIOBHe MO)KHO 3allHCaTb, KaK 

. 2/1'.2wp « € 2p· (7) 



TIOCJIe a.,llRa6aTHqeCKoro nepeCeqemfiI qaCTOT BupaBHHBaIOTC.R KBa3HnO

I _ ( I I )/( I + I) I _vnilpH3aqH.R PO,-l - PO,O - P-l,-l PO,O P-l,-l COCTOlIHHH cnHHa ,yqacT 

ByIOIIlHX B KpOCC-peJIaKCawm, If nonsrpH3&UHlI npOTOHOB, KOTOpylO B aHano

rWIHhIX 0603HaqeHHJlX MOXHO 3arm:caTb KaK PP = rJ;/2,-1/2' 3.neCb, B COOT

BeTCTBHH C npHHlITbIM COrJIa.IlIeHHeM 0 3HaKax Wp H {3Q, nepBblM It pa3HOCTH, 

onpe,lleJUlIOm;eH P~,-l' CTOHT COCTOmIHe, OTBeqaIOmee MeHhllIen: 3HeprHH. B 
HTore, nOCJIe nepeCeqeHHH, Pb.-l R:: pp, P~l,-l ~ O. B 3TOM aHaJIH3e MhI 

npeHe6pernH BJIHHHHeM BToporo nepexo,na (Me2K,ny COCTOj[HHSfMH 11) Ii 10»), 
nOCKOJILKY' COrJIaCHO COBpeMeHH:bIM lIpe,UcTaBJIeHHHM [6,7J ero CKOpOCTh 3KC

nOHeHllHaJI:hHO MaJIa lIO napaMeTpy C1T2p , a C1 ~ 2wI. 

llpH· ,llaJIhHeHm:eM yMeHLmeHHH nOJIH rrpOlf30HD,eT nepeCeqeHHe Wmin = 
Wp , B pe3YJIbTaTe KOTOporo 3aHYJII1:TCSl Pl.1 II cym;ecTBeHHO OTJlHqHOH OT 

HyJIlI 6y,neT TOJILKO 3ace.rreHHOCTL COCTO.RH~Sl 10) : 

(8)
 

TaKHe qHCTLIe COCTOHHHSl HHTepeCHhI caMH no ce6e BO MHorHX <pH3H

qeCKHX npHJIO:>Kemulx. &11 nOJIyqeHHK )Ke BUCOKOH IIOJISIpH3aUHH Hal.lHeM 

yBeJIH'lHBaTh lIOJIe ?-lo. BTOpHl.:moe rrepeCeqeHHe qaCTOT w p H Wmin He H3

MeHHT pI, a rrpH W p = {3Q 06paTMM HarrpaBJIeHlIe npOTOHHOH nOJIHpH3aUHH, 

npHJIO)J{HB K CHCTeMe pe30HaHCHhIH 7r-MMnyJIbc. TIPH TOqHOM paBeHCTBe 

Wp = {3Q 3TOT HMnyJIbC OKa)KeT TaK2Ke He60JIblliOe (B Mepy MaJIOCTH {) 

B03,neHCTBHe H Ha I-cnHHhI, a LJ;JIR npaKTHl.IeCKH nOJIHOrO ero rro,naBJIeHHlI 

.n;ocTaTOqHO BbI6paTh W p = {3Q + C1r, rae lC1 r l""'" €{3Q. llaJIee npH pOCTe 11.0 B 

npouecce rrepeCeqeHHSI qaCTOT Wp == Wmaz BUPOBHlIlOTCSl KBa3HIIOJlXpH3au,HH 

P~,-l Ii HOBoe 3HaqeHHe rrpOTOHHOH nOJIlIpH3auHH, 06paTHoe Haqam:.HOMY, H 

B HTore npHMeCHLIe H.llpa OKa.lKyTcH B COCTO.sIHHH 

pI ~ 1_ 1)(-11, (9) 

KOTopoe OTBeqaer MaKCHMaJIbHOH nOJIHpH3auHH cnHHOB I OTHOCHTeJ1hHO 

OCM Z. 

3. 0606IIJliM 3TOT aHaJTH3 Ha CJIyqaH npOH3BOJIhHOrO ueJIoro cmlHa I. 
MaTpHqHhIe ::meMeHTI>I lUlllOJll,-,UHllOJIhHOrO I-S B3aHMo,lleHCTBHjI pa3pema

lOT TOJIbKO nepexo,nbI C H3MeHeHReM m R Sz na 1 WIH O. IIo3ToMY rrpH 

a.n;Ha6aTHQeCKOM H3MeHeHHH 11.0 KpOCC-peJIaKCallHSl npoH30H,neT BClIKJn1 pa3, 

KOr):{a wp = IWm,m-ll. IIpH HameM BhI60pe 3HaKOB, qaCTOTbI rrepeXOJlOB C 

~m = 1 y"oPMOqHBaIOTC.sI CJIeaYIOIIUIM o6pa30M: W-m~l.-m > Wm+l,m > 
w-m ,-m+l > wm,m-t, m ~ 1. CooTBeTcTBeHHo, npH YMeH:bllieHHH BHeillHe

ro nOJISltlo OT HaqaJIbHOrO 3HaqelllUl ?-lO,in, cooTBeTcTByIDlUero wp > Wma:c = 
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W-I,-I+l' .no 'flo,!, npH KOTOpOM Wp < Wmin = Wl.O, ~HaqaJIa OnYCTOIllaeTCg 

COCTOIHHe ,lI.-/) a ero 3aceneHHOCTh nepeKa"lUmaeTC.H B MaTpH"IHhIH 3JIe

MeHT P~I+l,-I+l' 3aTeM aHaJIOrHQHO 3aceJIeHHOCTb pJ,I nepeKaquBaeTC.H B 

P~-l,I-l If T •.ZJ:. B nopUKe y6LIBaHH.H qaCTOT nepexo.n;OB. B nOJIe 1£0,/ nOJIy

qaeTCg pI ~ IO}(OI, KaK H .llng cnHHa I = 1. Coc~nme C MaKCHMaJThHOH 

n0J1JlpH3~eii IPII ~ Ippl nOJIY'D'fTClI, eCJIH .n;an:ee CHaqaJIa yseJIH"llHTh 1£0 
.no B.bInOJIHeHHiI YCJIOBHSI wp = f3Q, 3aTeM o6paTHTb npoToHHyIO nOJIgpH3a

umo H nocne 3Toro aAHa6aTHQeCKH YBeJIKtlHTb 1£0 /1.0 3HaQeHHSl 110out, npH 

KOTOpOM wp > Wma:I:' Hanpa.BJIeHUe nOJIyqeHHOK nOJIgpH3auu'H onpe.ZJ:~lSIeTCSl 
TeM, qTO B KOHue 3aceneHo COCTOilHHe C Ha.H6oJIbllIeH 3HeprHeii. B MOMeHT 

o6pam;eHHJI PP Bce COCTOilHIUI C m > 0 nYCTbI, H nepBaJI: H3 nOCJIe,D;yIOII(HX 

KpOCC-penaKcaJ..{HIf npOlf30H,D;eT Ha qaCTOTe W-l,O' )lanee nepeHOC HaceneH

HOCTH ocymeCTBJIgeTClI B CTopoay COCTOSlHHH C 60IThmeif 3HeprHeii H m < 0, 
nOCKOJIbKY TOnbKO OHH ,n;OCTH:>KHMhI B paMKax pa3pemeHHbIX nepexo,n;oB C 

~m= l. 
4. ECJIH cnllH I npHMeCHoro i£,D;pa nonylleJI.bIi1, TO YMeHhmaJI nOJIe ?to, 

KaK If paRee, TaK "l.JT06:LI ocymecTBHJIliICb Bce KpOCC-peJIaKCaI.U!OHHDIe ne

peXO.llDI Ha aHa.JIOrHTIHhlX nepeceqeHlfiIX qaCTOT (Wp = !Wm,m-ll), MhI no

JIY'tIHM, qTO 3aceneHHhIMH OCTaHyTClI JIHWh ,nBa COCTonm.a: C Iml = 1/2, 
nplPleM P'f/2,1/2 = 1:m>O p~~r:n, ~1/2,-1/2 = 2:m<o p~~-r:n, r/1.e HH,lJ.eKCOM "in" 
nOMeqeHO Haqa.JIbHOe COCTO.H:HHe. 

ECJIH 3aTeM 06paTHTI:. nOJI.HpH3anHRJ npOTOHOB H npHJlmKHTh nepeMeH

Hoe nOJIe Ha QacTOTe W = Wp - W-l/2.1/2 = Wp - WI, C aMnJIHTy,nOH (Ha 

npoTOHax) Wlp YJlOBJIeTBOp~l.lOm;eH yCJIOBHIO wip/wj «: 1, TO B CHCTeMe pa

30BbIOTC.SI .n;BYXCIIHHOBbIe pe30HaHCHbIe nepeXO,lJ.bI C ~m = -tJ.Sz , KOTO

phIe 3a BpeMJI Tres » (WI/Wlp )2T2I , nepeBe.n;yT npHMeCHbIe Sl.Zlpa B COCTO

HHlfe tf = 1- 1/2)(-1/21. IIoCJIe 3Toro npH YBen~rqemrn nOJI~ 1lo KpOCC

penaKcaI.{HoHHbIe nepexO,lJ.hI Ha nepeCeqeHHHX wp = w-m,-m+l, m ~ ~, nepe

KaqaIOT BCIO 3aceneHHoCTh Ha COCTOgHlIe C HaJ160JIbmeH 3HeprHeH, KaK H 

B CJIyqae Uenoro I, nopOX,D;aJI: COCTOjIHHe C MaKCHMaJIbHOH nOJISlpH3ar.meH 

B,l.(OJIb OCH Z. 

5. npe~JIaraeMIlIH MeTO~ .nOIDKeH 6bITL 9$$eKTHBeH KaK B MOHOKpHC

TaJIJIax, TaK H B nOJIHKpHCTa.JlJIaX H CTeKJIax. )leHcTBHTeJIhHO, npH npo

H3BOJIbHHX nOJI.SlpHLIX yrJlax () H c/> (nplflleM 6e3 orpaHWIeHHJI 06IIJ;HOCTH 

() ~ 1f/2), 3a.n;alOlII;HX oeL n aKCHaJlbHO CHMMeTpHQHOrO KBa.llpynOJThHoro 

B3aHMo.neHcTBHJI,raMHnnTOHHaH 
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HQ = ,BQ«In)2 - ~I(I + 1)). (10) 

B paCCMaTpHBaeMOM MeTo,ne CYIneCTBeHHbI CUHHOBbIe COCTO.5IHlUI npH

MeCHhlX .5I.n;ep B CpaBHHTeJlbHO CJIa6LIX nOJI.5IX, Kor,na p. .= WI /,BQ « 1, 
r.lle WI- napMopOBa qacTOTa IIpHMecH. OHH cooTBeTcTByIOT CI1HHOBOMY ra

MHJThTOHHaHY 

H] = HQ - w]Iz = (11) 

= V(O, 0, 4>){.8Q[I; - ~I(I + 1)] - wI(Iz cos 0 + I:c sinO)}V+(O, 0, 4», 

r):(e V(a, 0, ¢) = ex:p(i¢Iz ) exp(iOIy ) exp(iaIz )- onepaTOp Bpamemm. B 
rnaBHOM nop.5l)];Ke no p. COCTO.5IHH.5I H 3HeprHH HI onpe.a;eJHlIOTC.5I raMHJlb

TOHHaHOM 

HYlm) = Emlm), 1m) = V(O, 0, ¢)Imz), (13) 

Em = /3Q[m2 
- ~I(I + 1)] - mwI cosO, Izlmz) = m\mz)· 

Pacnpe.n;eJIeHHe Hanpa.BJIeHHH n CJIyXUfT rJIaBHbIM HCTOqHHKOM HeO,llHO

p0.llHorO ymHpeHH.5I J1IlIlfHH 5IMP CnRBOB I, KOTopoe 06lJtIHO CYIneCTBeHHO 

60JThlIIe IIlHpIDlld npoToHHOH JlHHHH, npe,nnOJIaraeMOH, KaK H paHee, O):(HO

pO,nHOH. TeM He MeHee oueHKH (5) H (6) .l(JI.5I CKOpOCTH KpOCC-peJlaKCaIlHH 

IIpH nepeCeqeHHH wp C qacTOTaMH nepeXO):(OB Wm,m-l = Em - Em-I, no npe)K- . 

HeMY npHMeHHMhI ,D;JI.5I .5I):(ep, Haxo):(HI.I:(HXC.5I B O):(HHaKOBOM KBa,npynOJIhHOM 

none. 
3HaqeHHs.I 3HeprHH (13) OTJIHqaIOTCSI OT HCnOJIh30BaHHhIX paHee (2) 

TOJIhKO MHOJKHTeJIeM cos°npH WI. II03TOMY BeCI> npe,IrbI,D;YInHH aHanH3 

nOJIHOCTI>IO nepeHOCHTCs.I Ha paccMaTpHBaeMbIHo CJlyqaH, nOKa ,BQ » WI. 

O,nHaKO, 'i'enepl> ,llJUl nOJlyqeHHs.I COCTOilHHH C MaKCHMaJII>Ho:i1: nOJI.5IpH3a

UHeR B):(OJIb OCH Z, Ha,no B KOHu;e npouecca a.llHa6aTHqeCKH YBenH~Th no

Jle ):(JI.5I B:bIIIOJlHeHH.5I: yCJIOBH.5I WI» I,BQ. BhI60p COCTOSlHH.5I C Hau60JlbmeH 

3HeprHeH B KaqeCTBe KOHeT.IHOrO 06yCJIOBJIeH TeM, qTO TOJIbKO 3TOT TepM 

He nepeceKaeTCil C .n;pyrHMH TepMaMH raMlilJIbTOHHaHa (11) npH pOCTe 11.0
TaKHe nepeCeqeHH.5I: BhIpaBHHBaIOT HaceneHHOCTH CTaJIKHBaIOIu;HXC.5I: TepMOB 

H YMeHl>maIOT KOHeqayIO nOJISlpH3aUHIO. COOTBeTCTBeHHO, B CJIyqae, Kor,na 
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WQ < 0, cne~yeT BbI6paT::b pO,n;CTBeHfIYIO CTpaTermo, OKaH"tIHBaIOmyIOCK CO

CT01lHHeM raMliIUbTOHliIaHa (11) C HR31IIeR 3HeprHeR. 

6. IIpe,n;nmKeHHbIH MeTO,n; nerKO o606m;aeTcK Ha npOR3BOJIbHOe COOTHO

lIIeHliIe Me1K~y 3HaxaMR wp , wQ 1iI WI. MhI He paCCMaTpHBaeM .3,n;eCb 3TOT 

Bonpoc 60nee no~po6HO 3a HeHMeHHeM MeCTa. 

Ham aHaJIH3 nerKO o606m;aeTcK TaK)I(e H Ha 60nee o6mym CRTyaumo, 

Kor~a Pp < 1, a KOHueHTpaJ.UUI KBa.n;pynOJThHbIX anep He Mana. IIycTh B 

CTpyKTypHOH e~HHliI:Qe BemeCTBa co,Uep)KHTCK N p rrpOTOHOB 1iI N] KBa,U

pynOn::&HhIX SI,llep. PaCCMOTpHM ~njI np:HMepa KpOCC-penaKCa:QHOHHbIR rre

pexo~ W p = Wm,m-l, m ~ 1. IIycTh ,UO nepeCeqeHRK rrpOTOHHaJI nOJIKpH

3aUHK H cymecTBeHHbIe COCTOKHHK KBa.upynOJIhH.bIX jI,Uep XapaKTepH30Ba

JUtCb "tJ::HCJIaMH Pp, ~,m R P~t-l,m-l. B pe3YJIhTaTe O,UHoro 3neMeHTapHoro 

aKTa KpOCC-penaKca.:u;HH COxpaHKIOTCK o61IlaJI 3aceneHHOCTh paccMaTpHBae
u u Z ] I

MOB napbI ypOBHeH m = Pm,m +Pm-l,m-l H KBa3HMOMeHT 

CTPYKTypHOH e,n;HHHIUJ, npHqeM, B CHny BbIpaBHliIBaHliIH nOJIHpH3aIlHliI If 

KBa3:HllOJI.RPH3a.:u;HH, HOBbIe 3HaqeHIUI P~ H P~-l,m onpe.n;eJIHIOTCK COOTHO

lIIeHHKMH 

- 1 h'M = 2(Np +N]Zm)P~, Pm-l,m = pp. (14) 

OTMeTHM B 3aKJIIOqeHHe, QTO B03MO)l{eH TaK)Ke aHanHTWIecKHH paCQeT 

Hea,n;liIa6aTliIYIeCKliIX rrOTepb B paCCMaTpliIBaeMOM rrpOI~ecce (Ha OCHOBe MeTO

,n;a, pa3BHToro B pa60Te [8) ,n;nx MHorocnliIHOBhIX pe30HaHCOB B o606meHliIe 

60JIee paHHero KaQeCTBeHHoro H QHCneHHoro aHaJIH3a [9]). 
Pa60Ta BbI~OJlHeHa upH nO,ll,n;ep)Kxe PcI><I>H (npoeKT 96-15-96418) H \..... 

MHTU (rpaHT N 608). 
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