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I. BBEL{EHl1E 

B pa6oTe [I] 6bI~H paCCMOTpeHbl CilHH0Bbie KoppeJUIQHH npH reHepaQHH T0)K­

.necTBeHHbIX 1-IaCTHQ C Ma.TlbIMH 0TH0CHTeJibHbIMH HMilYJibCaMH. 8 qacTHOCTll, 6b1no 

noKa3aH0, lJT0 npH reHepaQHH ,nayx Henom1pH30BaHHbIX T0)K,QeCTBeHHbIX HYKJI0-

H0B C 6JIH3KHMH HMilYJlbCaMH H noCJie,nyt0IQeM pacce.HHHH 0.QH0ro H3 HYKJIOHOB. 

CnHH0Ba.H K0ppeJI.HQH.H npHB0,QHT K IlO.TI.HpH3aQHH BToporo (Hepacce.HHHOro) HYKJIO­

Ha. Ha 3TOH OCHOBe, B npHHQlme, B03MO)KHO npttrOTOBJieHHe nyqKOB HYKJI0HOB C 

perynttpyeMOH crittHOBOH noirnptt3aQtteit 6e3 Henocpe,ncTBeHH0ro ao3,neHCTBH.H na 

n0JI.HpmyeMble lJaCTHQbI. . 

HacTO.HIQa.H pa6ora nocB.HIQeHa 6onee ,neTaJJbHOMY o6cy)K.QeHHIO cnttHOBbIX 

KoppeJI.HQHH B ,nayxlJaCTHlJHbIX KBaHTOBbIX CHCTeMax. TaKHe KOppen.HQHH, KOHelJ­

HO, He o6.H3aTeJibHO CB.H3aHbl C TO)K,QeCTBeHHOCTblO lJaCTHQ. OHH OTHOC.HTC.H K Ba)K­

H0MY KJiaccy KBaHTOBO-MexaHHlJeCKHX Koppen.HQHH, B03HHKalOIQHX npH ycJIOBHH, 

lJTO .QBYX4aCTH4Ha.H BOJIH0Ba.H cpyHKQH.H He CBO,QHTCi K npOCTOMy npOH3Be,neHHIO 

O,QH0lJaCTHlJHblX BOJIHOBblX .QJYHKQHH tt MO)KeT 6bITb npe,ncTaBJieHa TOJlbKO B BH,ne 

cyMMbl .YKa3aHHblX npOH3Be,neHHH. 

TaKHM o6pa30M, pe% HAeT o HecpaKrnpmyeMbIX ,nByxqacTHlJHbIX cocTO.HHH.HX. 

Ecn11 .QBYX4aCTH4Ha.H CHCTeMa .H,BJI.HeTC.H 'laCTblO 6onee CJIO)KHOH CHCTeMbI lI 

0ilHCbIBaeTC.H MaTpHQeH IlJIOTH0CTH, HecpaKTOpmyeMOCTb 03HaqaeT, qTo pacc­

MaTpHBaeMoe ,nByxqacTHlJl!Oe C0CT0.HHHe He eCTb npoCTa.H HeKorepeHTHa.H CMeCb 

np.HMbIX npott3Be,neHHH o,nHolJaCTHlJHbIX' cocTO.HHHH; co6cTBeHHbie cocTO.HHH.H 

.nayxlJaCTHlJHOH MaTpHQbl IlJI0THOCTH B 3T0M cnyqae TaK)Ke He .HBJI.HIOTC.H np.HMblMH 

npoH3Be,neHH.HMH O,QHOlJaCTHqHbIX COCTO.HHHH. 

B o6meM nna11e Koppen.HQHH nptt pemcTpautttt HecpaKToptt3yeMblX ,nayx­

lJaCTH'IHblX KBaHTOBblX COCTO.HHHH o,nHoqaCTHlJHblMH ,neTeKTopaMH cne,nyeT pacc­

MaTpHBaTb KaK npO.HBJieHHe KBaHTOBO-MexaHH'leCKOro 3cpcpeKTa, BnepBbie YKa3aH­

Horo B 3HaMeHHTOH pa6oTe 3itmIITeitHa - Tio,nonbcKoro - P03eHa [2]. Cyrb 

3TOro 3cpcpeKTa, KOTOpblH qacTO (c HaIIIeH TOqKH 3peHH.H,HelBilOJ1He onpau,naHHO) 

Ha3bIBalOT «napa,nOKCOM», COCTOHT B TOM, lJTO eCJIH ,nnyxlJaCTHlJHOe COCTO.HHHe He 

cpaKTOptt3yeTC.H, xapaKTep H3MepeHHH,npoBO,QHMbIX Ha,Q nepBOH qacrnueit, onpe­

,neJI.HeT. Il0KaJaHH.H BTOpOH lJaCTHQbl, XOT.H nocne B3aHMO,neHCTBH.H o6e lJaCTHQbI 

MOryT HaXO,QHTbC51 Ha 60JibllllIX paCCTO.HHH.HX • .sipKHM npttMepoM .HBJI.HIOTC.H CBOHCT-

Ba nap K°K°-Me30HOB, KOTOpble aHaJIH3HpOBaJIHCb BO MHOrHX pa6ora~ (CM., 

HanpHMep, [3-7]). CnHHOBbie KOppen.HQHH, KOTOpbie o6cy)K.QaioTC.H u ,naHHOH 

CTaTbe, ,OTHOC.HTC.H K TOH )Ke rpynne .HBJieHHH. Cne,nyeT nO,n4epKHYTb, lJTO HMeHHO 

B CJ1y4ae HecpaKTOptt3yeMbIX .QBYXlJaCTHqHbIX COCTOHHHH HapyIIIalOTC.H T.H. Hepa-



BeHCTBa EeJIJia [8-10), BbIBe)leHHbie Ha «BepOHTHOCTHOM» (a He «aMnJIHTYAHOM») 

ypOBHe. HapymeHHe HepaBeHCTBa Ee.rma 6bIJIO y6e)lHTeJibHO )lOKaJaHO B pH)le KOp­

penHUHOHHbIX 3KCnepm.ieHTOB (CM., HanpHMep, [11-14)). 

2. CITHHOBblE KOPPEJI51UHH 

11 ABYXqACTJ1qHA51 MATPHUA rrnOTHOCTH 

ITyCTb )lByxqacTtttrnoe cnHHOBOe COCTOHHHe onHCbIBaeTCH MaTpttueii nJIOT­

HOCTH p(l,2): Tor)la O)lHOqacniqHb!e' MaTpHUbl IlJIOTHOCTH nepBOH H BTOpoii 

qaCTHUbl onpe)leJIHIOTCH KaK 

P"(l) = Sp p"(l ,2) p"(2) = Sp "p(l ,2) 
(2) ' (l) . 

(I) 

ITptt OTCYTCTBHH KOppenHUHii HMeeM 

p(l,2) = p(l)@ p(2), (2) 

r)le @ - 3HaK npHMOro np0~3Be)leHHH MaTpttu. 

ECJIH C nOMOIII.bIO KaKoro-Jitt6o aHaJIH3aTopa OT6ttpaeTCH cnHHOBOe COCTOHHHe 
I\ 

nepBoii qaCTHUbl C MaTpttueii nJIOTHOCTH p0 >, TO BTOpoii qacrnue COOTBeTcTByeT 

O)lHoqacn1qHaH MaTpttua nJIOTHOCTH 

~(2) = Sp(l) ~(l) p(l,2) /Sp(l;
2
) ~(l) p(l,2)_ (3) 

~(2) "(2) 
51cHO~ qTQ B o6meM cnyqae MaTpHUbl p u p He C0Bna)laIOT. TOJibKO nptt 

0TCYTCTBHH KoppeJIHUHii, K0r)la cnpaBe)lJIHBa cpopMyna (2), 

~(2) =p(2) 

I\ 

He3aBHCHMO OT HBHOro BH)la MaTpHUbl p<l)_ 

(4) 

. ~·~ B CJiyqae ABYX qacTHU co cnHH0M 1/2 MaTpttua IlJI0TH0CTH p • , YA0RIIeTB0-

pH.IOIUaH YCJIOBHIO H0pMttp0BKH 

Sp p(l,2) _ 1 
(1,2). - , (5) 

11MeeT cneAyromy10 CTPYKTypy: 

. l[" " " p(l,2) = _ JO)@ /(2)+ (cr(l)p(l))@ /(2)+ 
., 4 ' 

3 3 l 
+ 1°)® ccr<

2
)p<

2>) + ~ I. Tik a:~•>® &f> • 
1= l k= l 

(6) 

. ·2 ... , .... -
.... ~ :.'"~::, ,~A,. ;j. ,;; ·, .... , .. t 0 
~/ .. '\ (i::. ·: "· ,~ .%_£.ii'C~-~-"-~t 

:.! 
,;. 

•"'•.>I'', A"' 

·,1 
_\ 

I :_j 

I 
I 

I 

" . " (I) "(I) 
3)leCb / - emnrnqHaH AByxpH)lllaH MaTp11ua, cr. - MaTpHUbl Tiaym1, p = ( cr ) 

I 

11 p(2) = ( cr(2)) - BeKT0pbl n0JIHp113aUIIII, Tik = ( CT(!)@ CT(2) ). fip11 3TOM 

p(I> = ½ (/ + crP(ll), "("l I " ("l p - = 2 (/ + crP - ). (7) 

nerKO Bll)leTb, 'HO eCJIII C noMOIUblO AByx a11amnaTOp0B (cpllJibTpOB) OT611pa10TC51 

K0HelJHble COCTOHIIHll nepBoii H BTOpoii qacTIIUbl C BeKTopa~m n0J151p113aUIIII r:,( I) II 

(,(2), TO BepoHTH0CTb perncrpau,m 

w-[ 1 +i;'" r"' +i;'" P"' \; J, r,, i;:" t;f') s1 

ECJIII )Ke (pHKCHpyeTCll T~JlbKO BeKT0p ll0JIHp113aUIIII nepBoii t.JaCTIIUbl r:,(ll_ TO 

B C00TBeTCTBHH C cpopMyJiaMII (3) H (8) BTOpoii t.Jacrnue 0TBet.JaeT MaTp11ua IJ.IIOT- -

H0CTH 

3 3 

[ 

crP(
2
) + L, L Tik s~l)&k l 

~(2) I " ------'i'--=-'-1 -'-k=_.:_I __ _ p -- /+ 
- 2 , I +t,(llpO> 

(9) 

Tiptt 3T0M BeKT0p nonllpHJaum1 BTOpoii t.JaCTHUbl IIMCeT K0MllOl!e!ITbl 

3 

p(2) + "'T. r~I) 
k £.J 1k':>1 

r(2) = i= I 
':>k I +t,(llpOl 

( I 0) 

Ecntt B Kat.Jecrne attamnaTopa paccMaTp1rnaeTCH aKT paccellH1151 nepBoii 

t.JaCTHUbl Ha 6eccmrnoBoii HJIH 11enOJillpH30BatlllOii Mlllllellll, TO 110.U r:,< I) CJie.uyeT 

ll0HHMaTb aHaJill3Hp)'IOIUYIO c'noco611ocTb . 

r:,(ll=a(0,E)n, lnl = l, ( I I) 

r)le a(0, E) - Ko:.cpcpttu11eHT acttMMeTpH11, 0 - yron pacceH111151, E -3Hepnrn, 

D - H0pMaJib K llJI0CK0CTH pacceHHIIH [ J ]. Cornac110 TeopeMe BOJ1bcpe11wreii11a 

[15), BeKTop r:,Ol coBnaiiaeT c BeKTopoM non51pmaum1; B0JIIIIKamm11M 11ocne pac­

ceHHHH 11enoJI51pll30BaH110ii nepBoii t.JaCTHUbl Ha Toii )Ke MllllleJIH. 

B cnyt.Jae, K0f)la 0)ll!OqacTH'IHbJe C0CT0HIIIIH 11en0JI51p1130Ballbl (P(I) = 
= p<2> = 0), CnHII0BbJe K0ppeJIHUHH n0JIII0CTbl0 onpe.ueJIHI0TC51 Te1nopm1. Tik; 
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! . 

3 
r(2) ="' T r(l) 
~k L, ik ~; ' 

i=I 

CTpH OTCyrCTBHH cnHHOBbIX KOppemlUHH 

T = p0)p(2) 
ik i k ' 

p(l,2) =½(/(I) +~(l)p(I)) ® ½ (/(2) +~(2}p(2)): 

(12) 

(13) 

(14) 

JlerKO BH.D.eTb, '-!TO B 3TOM cnyqae OT6op COCTOSIHHH nepeoii '-laCnlUbl He 

BJIHSleT Ha BeKTOp nonsipH3aUHH BTOpoii '-laCTHUbI; B COOTBeTCTBHH C cpopMynoii 

(1_0) lleJaBHCHMO OT t;<I) 
~(2)=P(2). 

. -(2) 
JJ,nsi HeJaBHCHMbIX 11eno1rnpmoBaHHbIX qacnm Tik = 0 H l; = 0. 

3. KOPPEJ151Ul-111 CTOJ151Pl13AU1111 ,UBYX Y.ACT11U 

CO CCTl1HOM ½ B Cl1HfJlETHOM 

11 TPl1CTJ1ETHOM COCT051Hl151X 

(15) 

811yrpeHHee COCTOSIHHe CHCTeMbl .ll.BYX '-!aCTHU co CilHHOM 2 npH IlOJIHOM 

CilHHe S = 0 HMeeT BHJJ. 

I '11 >s-o = -~ (1+ l ><n ® I-! ><2> - 1-l >0 > ® I+! ><2>} - .... 2 2 z 2 z 2 z 2 z (16) 

. B cm1rneTHOM COCTOSIIIHH (16) cnHllbl )l(eCTKO KOppenHpOBallbI: cnHHOBbie npo­

eKUHH npOTHBOnOJIO)l(Hbl npH mo6oM Bb16ope OCH KBa!ITOBaHHSI, B TO BpeMSI KaK 

cpe.a.11sisi nonsipmauHsi Ka)l(Jl.oii HJ qacrnu pae11a 11ymo [I]. ,UeyxtJaCTH'-IHrui 

MaTpHua illlOTHOCTH B 3TOM cJiyqae OnllCbIBaeTCSI Bbipa)l(efmeM 

111 /I /I /I p<s> = 
4 

(/ (I)® I (2) _ o-<I)@ o-<2\ (17) 

'-!TO COOTBeTCTByeT 3Ha'-!eHHSIM pO) = p<2> = 0, Tik = -C)ik B o'6meii cpopMyne (6). 

CTpH 3TOM cornaCHO (12) 

~(2) = -t;<I)_ 

TaKHM o6pa30M, eCJIH JI.Be '-!aCTHUbl co CnHHOM .½ [>O)l(Jl.aIOTCSI B CHHrneTHOM coc­

TOSIIIHH H OJI.Ila ll3 IIHX B pe3yJibTaTe pacceSIHHSI np1106peTaeT nonsipH3aUHIO t;0 >, 

4 

TO BTOprui, HepacceSIHHrul '-!aCTHUa. aBTOMaTH'-leCKH np1m6peTaeT nmrnpHJaumo 

(-«;<1>); npH 3TOM eeKTop c;<1> onpe.a.eirneTcsi no q,opMyne (11). 
3aMeTHM, '-!TO npH OTcyrCTBHll KOppenSIUHH MaTp11ua IlJIOTHOCTll .D.BYX Heno-

1 -
m1p113OBaHHbIX '-!aCTIIU co CilllHOM 2 nponopUIIOHaJibHa eJJ.llHll'-IHOll MaTp11ue: 

p(l,2) = ¼ 1<1) ® l(2)_ (18) 

8 3TOM CJIY4ae CilHHOBOe COCTOSIHlle .D.BYX'-laCTll'-IHOH CllCTeMbl npe.D.CTaBJISleT 

co6oii HeKorepeHTHYIO CMeCb CHHrJieTHOro II Henonsip113OBaHHOro TpHnJieTH_oro 

- 1 3 T 6 COCTOSIHHH co CTaTHCTH'-leCKIIMll BeCaMll 4 H 4 COOTBeTCTBeHHO. aKIIM O pa3OM, 

¼ ·1(1) ® 1(2) = ¼ p(s) + ¾ p(t)_ (19) 

C Y4eTOM cpopMYJibl (17) .D.JISI p(s) nerKO HaXOJl.llM MaTp11uy IlJIOTHOCTll Heno-

JIS1p113OBaHHOro. TpllllleTHOro COCTOSIHIISI: 

Tipll 3TOM 

p<t~ = ~ 1<1) ® 1(2) +½&<I)® ~(2)} 

I 
Tik=3 Oik' 

(20) 

. <l>opMyn_a (20) cnpaBe.D.JII1Ba .D.JISI CllCTeMbl HeiiTpOH-npOTOH, o6pa3YIQ1Ueiicsi np11 

nep11cpep11qecKOM paJBane Henonsipll3oBaHHoro .a.eiiTpOHa, B npeHe6pe)KeH1111 BKJia­

JJ.OM D-BOJIHbI (Manb1e nepe.a.a'-111 11Mnynbca, MaJibie 3Hepr1111 BOJ6y)l(Jl.eH11S1 np­
c11cTeMbI). Ecnll B pe3yJibTaTe pacceSIHIISI OT611paeTCSI COCTOSIHlle npOTOHa C BeKTO­

poM nonsip11Jau1111 l; , TO iiepaccesiHHbiii, cneKTaTOpHbiii HeiiTpon 6y.a.eT 11MeTb 
I p 

nonsip11Jau11IO [I] 

- I 
«;n =3«;p. (21) 

B paMKaX MO.D.eJill HeJaBIICIIMbIX IICTO'-IHIIKOB, 06cy)l(Jl.aBIDeiicsi B CTaTbe [I], 
OTHOCIITeJibHbie eeca CllHrJieTHOro II TpllilJleTHOro COCTOSIHIIH· JJ.BYX HeB3allMO.D.eii-

1 
CTBYIOIUIIX TO)l(Jl.eCTBeHHbIX '-laCTIIU co cnllHOM 2 npll MaJibIX OTHOCIITeJibHblX 

11MnynLcax cocTaBJISIIOT ¼ (1 + I F(q) 12
): ¾ (1 - I F(q) 12

), r.a.e q - paJHOCTb 4-

llMnynbCOB, 

F(q) = f W(x) eiqxd 4x; 
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W(x) - HOpMttpoBaHHllil cpyHKUHll, onttchrna101Ullil npodpattcrneHHO-BpeMeHHOe 

pacnpe.n;eJieHHe lfCTOtJHlfKOB. B COOTBeTCTBlflf C 3TlfM .D:BYXtJaCTlflJHllil cnttHOBllil 

MaTPHUa nJIOTHOCTlf HMeeT Blf.D: 

p<1•2) = [ ¼ (1 + I F(q) 12) p(s) + ¾ (1 - I F(q) 12) P(t)] / ( 1 -½ I F(q) 12} 

. - AOO AOO 
C yqeTOM Bbipa)l(eHHlf (17) tt (20) .D:Jlll p tt p HaXO.D:HM: 

;3<1.2> = 1 [ 1(1> ® 1<2> _ 1 F(q) 1
2 

a(l> ® a<2>} 
. 4 2 - I F(q) I 2 

(22) 

KoppeJillUlfll nOJillptt3aUHH .D:BYX TO)l(.lJ:eCTBeHHhlX qacrnu .n:aeTCll cpopMynoii (cp. C 

COOTHOIIIeHHeM (50) CTaThlf [1]) 

~(2) = - I F(q) I 2 ,:.<I) 

2- IF(q) I~ . (23) 

Tiptt q ➔ 0 KOppeJJllUlfll MaKClfMaJibHa (~(2) = -t.(l), ClfHrJieTHoe COCTOllHtte); nptt 

.D:OCTaTOtJHO 60JihIIllfX q, Kor.n:a F(q) ➔ 0, KOppeJillUlfll OTCJTCTByeT. B cnyqae TO)l(­

.n:ecTBeHHhIX HYKJIOHOB CillfHOBllil KoppeJillUlfll ycHJIHBaeTCll 3a ClJeT B3aHMO­

.n:eiiCTBHH B KOHelJHOM COCTOllHHH[l]. 

PaCCMOTpHM Teneph cnyqaii TpttnneTHOro COCTOllHlfll, nOJillpH30BaHHOro lf Bhl­

CTpOeHHOro B.D:OJih OCH KBaHTOBaHlfll cnttHa I. O603HalJHM BepOllTHOCTlf 

pemcTpaUHlf COCTOllHlfH c npoeKUlfllMlf cnttHa Ha OCh I, paBHhIMlf +l, -1 tt 0,. 

W+l' W1 lf W0 COOTBeTCTBeHHO. flerKO noKa3aTb, 'ITO .D:BYXtJaCTlf'IHYIO MaTpHUY 

nJIOTHOCTlf MO)l(HO npe.n;cTaBHTh B BH.D:e 

Ap(l,2) = W PA(l,2) + W ·PA(l,2) + W PA(l,2) 
+I +l -1 -1 0 0 ' 

me W+l + W_1 + W0 = 1, 

pr/>=¼ [/(I).® 1<2>± (a(l) I) ® 1<2>± /(I) ® (a<2>1) + (a(l)I) ® (a<2>1) ], (24) 

;3~1.2> = ¼ [ 1 < 1 > ® 1 <2> + a< 1) ® a<2> - 2ca(l >1) ® ca<2>1> J. 

CoorneTCTBYfOJUHe napaMeTpht B o6meii cpopMyne (6) 

pl= p2 = (W+l - W_l) I, 

Tik = (W+l + w_l - 2wo>1i lk+ Wi>ik" 

6 

(25) 

(26a) 

(266) 

.. 

l 
Ecntt w+l = w_l =WO= 3' Mhl npHXO.D:HM K pe3yJJhTaTY (21) wrn 11enom1pHJOBaH-

110ro TpHnneTa. 

TiycTh Tenepb w+I = w_l i:- WO (Tp1rnnenme COCTOllIIHe «BhlCTpoe110» BllOJlh 

OCH I, HO o6e 'laCTHUhl 11enonllpH30BaHb1). 8 COOTBeTCTBHII C COOTIIOWellllllMII ( 12) 

H (266), eCJJII o.n:11a H3 tJaCTHU pacce11eaeTCll II npHo6peTaeT nonllpH3aUIII0 t.(I) (CM. 

cpopMyny ( 11 )), TO BeKTOp nonllpH3aUHW BTOpOH tJaCTHUbl onpelleJJlleTCll no cpop­

MyJie 

~(2l = W
0
t,<l) + 2(W

1 
- W

0
) I (t,(lll), 

me WI= w+I = w_l' 2Wl + Wo= I. 

4. TIPHMEPhl CTIHHOBhlX KOPPEn51U1111 
8 TPHTinETHhlX COCT051Hl151X 

a) KoppenllUHll nonllpHJau11ii npH pa3eane .n:eiiTpo11a 

. (27) 

KaK y)Ke roBOpHJIOCb, npH pa3eane uenonllpH30Bammro lleHTpoua 113 s-eon110-

BOro COCTOllllllll CHCTeMa HeHTpOH - npOTOH po)l(.lJ:aeTCll B HenonllpH30Ballll0M 

TpHnJJeTHOM COCTOllHIIH. TipH llOCTaTOlJHO 6oJJbWHX 3HepmllX B036y)l(.ll:ellllll CTa­

HOBHTCll cymecTBeHHblM BKJia.D: D-BOJIHOBOH cpyHKUHH .n:eiiTpOHa. Ecn11 pacme11-

neIme 11enonllpH30BaHHOro 1leHTpo11a npoHCX0.D:HT HJ D-BOJJHOBoro C0CT0llllllll, 

CHCTeMa_ 11eHTpo11-npoTOH po)l(.lJ:aeTCll B TpllnJJeTHOM C0CTOllHHH (S = I). «BblCTpo­

eHH0M» B HanpaeneHHH pa3JleTa HeHTpoHa H np0T0Ha B CHCTeMe II0K0ll lleiiTpmta. 

'.3To CBllJaHo c TeM, 'ITO npoeKUHll op6HTaJibHOro M0MeHTa (L = 2) 11a :no 11a11pae­

ne1111e MO)l(eT 6btTh paBHOH TOJJhKO HYJJIO. 8 TO )Ke epeMll 11p11 11ep11cpep111IeCKOM 

pacmenneHHH .n:eiiTpo11a nomtbIH yrnoBoii MOMetn 11p-c11cTeMbI paBen c111111y 1leiiT­

po11a J= 1. 
TiycTb u- aMnJJHTy.n:a pacmenneHHll .n;eHTpo11a HJ S-B0JIII0B0IU C0CT0llllllll 

(L = 0), a (J) - aMnJJHTy.n:a pacmenneHHll .n;eHTpo11a HJ D-BOJIIIOBOro C0CT0llllllll 

(L = 2); npH MaJibIX ::iuepmllx BOJ6y)l(.lJ:eHHll I u I >> I ro I . Jlrrn onpe1leneImll eeKT0-

pa nonllpHJaUHH 11epaccel1Imoro 11eiiTpo11a, perncTp11pyeMoro BMec-re c paccellH­

HblM npoT0H0M, Mbl M0)l(eM B0CnOJJbJ0BaTbCll cpopMyJJOH (27). 8 pacct.taTpIIBaeM0M 

cnyqae 11enoJillpHJ0Batt11oro .n:eii-rpmrn 

w - I I .....00 
t - I 12 I 12 uci1 t-1 + roc20 12 u + ro 111-1 • 

(28) 

W I 1,.,00 
o I u 12 + I ro 12 ucio10 + roC~~to 12; (29) 
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LO 
K03cpcjmuHeHTbl K1Ie6wa - fop.uoHa CJMS-M paBHbI: 

(!!O = _l (!!O = _ l 20 __ I 20 _ - ff 
111-1 -ff• 1010 T3• Clll-1 -..[(;• CIOIO- "\/3 · 

TaKHM o6pa30M, 

W- l (11 12 11 12 fi *} 
1 - 111l 2+ lml 2 3 11 +6 ffi +3Rellffi 

w = I ( .! I 12 2 I 12 2fi * } o I II 12+ I ffi 12 3 II + 3 ffi - -3- Re u w 

ITpH 3TOM 

2W1 + W0 = l. 

ITo.ucrnBmrn (30) H (31) B cpopMyny (27 ), nony•rneM 

~ = Cl; + Dl((l; I), n p p 

(30) 

(31) 

(32) 

r.L{e l;p - aHaJIH3HpyJOIUrut cnoco6HOCTb B npouecce ynpyroro pacce51HH51 Ha 

6eccnHHOBOH HnH Henon51pH30BaHHOH MHllJeHH (BeKTOp non51pH3aUHH pacce51HHO­

ro npOTOHa npH OTCYTCTBHH HaqaJibHOH non51pH3auHH [ 15]), 

C = _! _ 2fi Re u w * + _! m
2 

3 3 lul 2+ lml 2 3 lul 2+ lml 2, 
(33) 

* * (t) 
Reuw --,-

12 
· 

D=2fi lul2+ lml2 - lul2+ Im (34) 

cfJopMyflbl (32)-(34) COBna,uaJOT C COOTHOllJeHH51MH, nonyqeHHbIMH B pa6oTe [16). 
3aMeTHM, qTo npu pa3Bane Henon51pH3oBaHHoro ,L{ettTpoHa pacnpe.L{eneHHe Ha­

npasneHHtt BbtneTa HettTpOHa H npOTOHa B CHCTeMe noK051 ,L{ettTpOHa H30TpOnHO. 

ITpu ycpe.L{HeHHH BeKTopa non51pH3aUHH ~ no 3THM HanpasneHH51M .nonyqaeM 
n 

(l;; >= c+- l; =-l;. - ( D) I 
n 3 P 3 P 

- (35) 

PeJynbTaT (35) COBna,uaeT c (21 ). 3-ro u cne.L{OBaJIO O)l(H,L{aTb, TaK KaK npH ycpe.L{-

11emrn no uanpaBneHH51M paJneTa TpHnnenIOe COCT051HHe np-CHCTeMbl CTaHOBHTC51 

,IIenon51pH30BaIIHbIM. 

8 

l 
J, 

i 
L 

J 
\, 
I 

6) Koppen51UH51 non51pHJauufi npornHa H 51.Upa 
3
He 

B peaKUHH 7t + + 4He ➔ 3He + p 

113 JaKOHa coxpaHeHH51 npocTpaHCTBeHHOH qeTHOCTH cne.L{yeT, qTO B peaKUHH 

7t+ + 4He ➔ p+ 3He 

3• 
HeJaBHCHMO OT yrna BbtneTa CHCTeMa ( He, p) pmK,IJ.aeTC51 B TpunneTHOM COCT0-

51HHH*. Ecnu )Ke 51)].pO 3He HnH npOTOH BbtneTaJOT no)]. HyneBbIM yrnoM K OCH 

peaKUHH I, TO COCT051HH51 C npoeKUH51MH CilHHa Ha OCb peaKUHH, paBHblMH (+l) H 

(-1), JanpeIUeHbl, T.e. CHCTeMa c3He, p) po)l()].aeTC51 B COCT051HHH C HyneBOH npo­

eKuueii cnHHa Ha BeKTOp J. ITpH 3TOM BHYTpeHHee COCTOHHHe )].aHHOH CHCTeMbl 

HMeeT BH,L{ 

l'P) =~ ( I+.! )(He)@I-_! )(p) + I-_! )(He)® j+.! )(p)} 
S=l,M=O -v2 2 l 2 l 2 l 2 l 

a MaTpuua nnoTHOCTH onHCbIBaeTCH cpopMynofi (25). 
Ecnu npoTOH pacceuBaeTCH Ha Henon51pH30BaHHOH unu 6eccnHHOBOH MHIIIeHH 

H COOTBeTCTBYJOIUrut aHanH3HPYJOIUrut cnoco6HOCTb Ja,uaeTC51 BeKTOpOM l; (CM. . p 

cpopMyny (11)), TO, cornac1;10 COOTHOllleHHJO (27) C napaMeTpaMH W
1 
= 0, W

0 
= 1, 

· Hepacce51HHOe 51)].po 
3
He 6y.L{eT HMeTb non51pH3aumo 

l;;3 = l;; - 2I(l;; I). 
He P ·P 

(36) 

Mb! BH.L{HM, qTO BeKTOp non51pH3auHH. ~3 CTpOHTC51 HJ l;; B nnOCKOCTH (I, l;; ) no 
· · He P : P 

JaKOHY OTpa)l(eHH51. IlpO.L{OflbHbie KOMnoHeHTbl BeKTOpOB nonHpH3aUHH 51,!1.pa 
3
He H 

npOTOHa npOTHBOilOflO)l(Hbl, a nonepeqHbie KOMilOHeHTbl 0,L{IIHaKOBbl, TaKHM o6pa-

30M, B03HHKaeT npHHUHilHMbHrut B03MO)l(HOCTb npHroTCiBneHHH nyqKa 51,!1.ep 
3
He C 

3a,uaHHOH CilHHOBOH non51pH3auuefi 6e3 Henocpe,L{CTBeHHOro 803,L{eHCTBH51 Ha 3TH 

H.L{pa. 

5. KOPPETUIUHH ITJIOCKOCTEH PACCE51Hl151 .D:BYX qACTHU 

CO CITMHOM ½ 

PacCMOTpHM cwryauu10, KOr,L{a ,[{Be qaCTHUbl co. CilHHOM .!, o6pa'3yromwec.SI B 
. . .· . 2 

HecpaKTOpH3yeMOM CilHHOBOM .COCTOSIHHH C MaTpHueii DnOTHOCTH (6),. 3aTeM pac-

*CM. pa6ory [17], B KOTopou paccMaTpmianacb o6parnaii p~alcl.lHll 3He+ p ➔ 4He+ it+. 
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ceIIBaJOTCH. Tor,11,a KoppeJrnUHH Me)l(Jzy CilHHaMH npHB0,11,HT K KoppeJIHUHHM Me)K,11,y 

anoCKOCTHMH pacceHHHH ,11,BYX 'laCTHU. BepoHTHOCTh COBMeCTHOH perncTpauHH 

o6eux 'laCTHU nocne aKTOB pacceHHHH Ha 6eccnHHOBhIX HJIH HenonHpH30BaHHhlX 

MHIIIeHHX nponopUHOHaJihHa 

"(I) "(2) W(n, m) = ( (1 + a 1(0l' E1) a n) © (1 + ~(02, E2) a m)) = 
_ (1) (2) 
- 1 + a 1(0l' E1)(P n) + ai<02, E2)(P n) + 

+ a1<81• El) ~<82• E2) LL Tikni mk. (37) 

k 

3,11,eCh p<2>, p(l), Tik - nonHpH3aUHOHHhie napaMeTphl, BX0,11,HlllHe B Bhlpa)KeHHe 

,11,JIH iByxqacTH'IHOH MaTpHUhl nJIOTHOCTH (6), n H m - e,IJ,HHH'IHhle BeKTOphl B,11,0Jih 

HOpManefi K nJIOCKOCTHM pacceHHHH nepeofi H BTopofi 'laCTHUhl COOTBeTCTBeHHO, 

al(0l' El) H ~(02, E2) - KOScpqmuueHThl aCHMMeTpHH (CM. cpopMyny (11)). EcnH 

0,11,HO'laCTH'IHhle COCTOHHHH HenonHpH30BaHhl (Pl = p 2 = 0), TO 

_ "(l) "(2) _ W(n, m)- 1 + a 1(0l' E1) ai<02, E1_) ( (a n) © (a m) )-

= 1 + <Xi(01, E1) ai<02, E2) LL Tikni mk. (38) 
i k 

PaccMoTpHM H30TPOilHhifi cnyqafi, Kor,11,a Tik = K o;k· Tor,11,a cpopMyna (38) 

npHB0,11,HT K pacnpe,11,eneHHIO no yrny <j) Me)K,11,y nJIOCKOCTHMH pacceHHHH 

(nm= cos <p): 

W(n, m) = 1 + al(0l' El) ai<82, E2) K cos <p. (39) 

B cnyqae CHHrneTHoro cocTOHHHH K = -1; ,11,JIH HenonHpH3oeaHHoro TpiinneTHoro 
, 1 . . . 

COCTOHHHH K = 3 (CM. TaK)Ke [1]). B COOTBeTCTBHH C cpopMynofi (22), B paMKaX 

M0,11,eJIH tte3aBHCHMhIX HCTO'lHHKOB, HcnycKaIOllllIX HenoµHpH30BaHHhie TO)K,11,eCT-

1 
Belrnh!e qacTHUhl co cnHHOM 2' pacnpe,11,enettHe yrna <p Me)K,11,y anOCKOCTHMH pac-

CeHHHH onHChIBaeTCH 'cpopMynofi (39) c KOS(pqJHUHeHT0M 

K=- IF(q)l2 

2- IF(q)l2 

(CM. cpopMyny (54) e pa6oTe [I]). 

(40) 

Attanorn'IHhie COOTHOWeHHH MO)KHO ttanHCaTh u ,11,JIH ,11,pyrnx o6cy)K,ll,aBWHXCH 

BhIWe npuMepoe. TaK npu pa3Bane ttenonHpH30BaHttoro ,11,efiTpotta H nocne,11,yromux 

aKTax pacceHHHH npoTOHa II ttefiTpotta Ha 6eccnHHOBhlX lIJIH (ttenonHpH30BaHHhlX) 

MHWettHX KoppenHUHH nnoCKOCTeH pacceHHHH onHChIBaIOTCH cpopMynofi 

10 

, . 

W(n, m) = 1 + a (0 , E ) a (0 , E ) [ C nm+ D(ln)(lm)], ( 41) 
p p p n n n 

r,11,e CH D onpenen.1110Tc.11 cornacHo (33) (34), I - e,11,HHH'IHhifi eeKTop e 11anpaB­

ne11HH pa3JieTa HefiTpoua H npOTOHa B CHCTeMe nOKO.!I .uefiTpo11a. 8 cnyqae 

peaKUHH 1t+ + 4He ➔ p + 3He no.a 11yneBhIM yrnoM 

W(n, m) = I + a (0 , E ) aH (SH , EH ) [nm - 2(1n)(lm)], (42) 
p p p e e e 

rne I - e.UHIIH'-IHhlH BeKTOp B.UOJih OCH peaKUltlt. 

3aMeTHM, '-ITO HCCJie.uoeaHHe KoppeJI.HUHH IlJIOCKOCTeii pacce.HHlt.!I .ueyx t.JaCTIIU 

n03BOJI.HeT onpe.ueJIHTh BeJIH'-IHllhl 

L, L, Tikn,mk = ((a(l)n) © (a<2>m)), (43) 

k . 

KOTOpble HMeIOT CMbICJI cpe.UHHX. OT y.ueoeHHbIX npomee.ue1mii- npoeKu11ii cmma 

iiepBOH H BTOpOH t.JaCTHUbl Ha pa3Hble OCH, H npoeepHTb 11epaee11crna Eenna [8]. 
HepaeeHCTBa Eenna 6hIJIH nonyt.JeHbl B paMKax KOHUenu1m JI0KaJibHbIX' CKpblTbIX 

, I 
napaMeTpoe. O.UHO H3 HHX B npHMeHeHHH K t.JaCTHUaM co cnHHOM 2 HMeeT BIIJl 

B = I ((cr(l)n) © (cr(2)m)) + ((cr(l)n) © (a<2>m')) + 

+ <<a(l>n'> ® ca<2>m>> - <<a(l>n'> ® <a<2>m'->> I ::; 2. 

r.ue m, n, m'u n'- npoH3BOJibHble e,11,HHH'-IHble eeKTOpbl. C TO'-IKH 3pe1111.11 KBatlTO­

BOH MeXaHHKH STO HepaeeHCTBO HBHO HapywaeTCH (uanpmtep, ,u.rrn ClllffJICTHOro 

COCTO.!IHHH npH BbI6ope eeKTOpOB n = m, nm'= n'm = cos <p, . m'n' = cos 2<p, 
1t 

0 < <p < 2; CM. no.upo6Hee [ I 0]). 

6. CB513b ME)KJ].Y KOPPEJ15IU115IMl1 TTOJ15IPl13AU1111 

B HAYAJlbHOM 11 KOHEYHOM COCTO5IH115IX 

Jl]l51 TTP51MblX 11 OEPATHbIX PEAKUl111 

PaccMOTpHM 6uHapHy10 peaKUHIO a+ b ➔ c + d. TTycTb Hat.Janbllble qacntUbl a 

H b HMeIOT cnHH ½ , a· KOHet.JHble t.JaCTHUbl - CnHHbl jc H jd . 3cpcpeKTIIBIIOe ce­

t.JeHHe npouecca a= b ➔ C + d C non.HpH30BaHHblMH Hat.JaJibllhIMII t.JaCTIIUaMII, 11po­

cyMMHpoeaHHOe no npoekUH.!IM cnHHa KOllet.JHblX t.JaCTHU, HMeeT 06my10 CTPYKTY­

py 

cr(a + b ➔ c + d) = cro<0)[ I + a(8)(P<11>n) + 

1 1 



3 3 

+ B{0)(P(b)n) + C(0) l~I ~; Mikp~a)pt>J (44) 

3.uecb cro<S) - 3cpcpeKTHBHOe ce'-1e1me peaKUHH a+ b ➔ c + d wrn 11enom1pH30BaH­

HblX '-laCTHU a H b npH yrne BblJJeTa 0 O.UHOH H3 KOHe'-IHblX '-laCTHU (c) B c.u.H.; 

p(ll) Ii p(b) - BeKTOpbl nomipH3aUHH '-laCTHU a Ii b COOTBeTCTBe11110; 

n = [k k ] / I [k k ] I , 
ll C ll C 

(45) 

r.ue k" 11 kc - 11a'-laJ1hllblH 11 KOHe'-IHhlH HMnyJihChI B c.u.H.; Mik - TeH3op, cocrnB­

Jie1111b1ii 113 KOMno11e11T BeKTopoa k" 11 kc. 

Hcxo.ull 113 HHBapHaHTHOCTH OTIIOCHTeJibHO 06pame11m1 BpeMeHH, Mb( MO)KeM 

Ha oci1oae ( 44) HanHCaTb Bb!pa)KeHHe .um1 3cpcpeKTHBHOro Ce'-leHHSI o6paTHOH 

peaKUHH C + d ➔ a+ b C 11enOJIS!pH30BaHHblMH '-laCTHUaMH C Ii d Ii <pHKCHpOBall-

HblMH nom1p11JaUHSIMH ~(a) H ~(b) KOHe'-IHblX '-laCTHU a Ii b. KaK H3Becnm, npH 

06pame111111 apeMeHH npOH3B0.UHTCSI 3aMeHa 

ka ?- - kc, p(a) ➔ -~(a), p(b) = - ~(b); 

npH 3TOM n ➔ - n. TaKHM o6pa30M, 

<J(c + d ➔ a+ b) = cro<e{ I + A(0)(~(a)n) + B(0)(~(b)n) + 
3 3 · 

+ C(0) ;; k; Mik l;;~")i;;t>]. 

r.ue B COOTBeTCTBHH C np1111u11noM .ueTaJibHOro paBHOBeCHSI 

k2 

<V0) = (2. + 1;2. + I) ~ cro<S). 
Jc :Id kc 

(46) 

(47) 

(48) 

no.u'-lepKHeM, '-1~0 cro<S), A(0), B(0) Ii C(0) - Te )Ke cp_yHKUHH, '-ITO ~ B ¢opMyJie 

(44), a TeH3op Mik nony'-laeTCSI 113 Mik nYTeM B3aHMHOH 3aMeHbl ka ?-- kc. 

TaK KaK cpopMyJia (47) cnpase.[lJIHBa npH mo6hIX <pHKCHpoBaHHblX KOHe'-IHblX 

noJIS!pH3aUHSIX ~(a) Ii ~(b), SICHO, '-ITO JJ.BYX'-laCTH'-lllaSI MaTp11ua nJIOTHOCTH KOHe'-1-

HblX '-laCTHU a 11 b B peaKu1111 c + d ➔ a+ b, y.uoBJ1ernopsi10masi yCJios1110 HOpMH-

pOBKH 

Sp(a.~?a,b) = I, 
HMeeT 811.U 

p(a,b) = ¼ [ /(a) ©. /(b) + A(0)(cr(")n) © l(b) + B(0)/(a) © (cr(b)n) + 
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3. 

+qe>L 
i= I 

3 

L M. ~~a) ® ~(b)] 
,k I k • 

i=I 

Bb1pa)KeH11e (49) HMeeT CTPYKTYPY (6) c nonsipH3aUHOHHhIMH napaMeTpaMH 

p(I) = A(0)n, p<2> = B(0)n, Tik = C(0)Mik. 

(49) 

(50) 

Mbl Bit.UHM, '-ITO cnHHOBble KOppeJIS!UHH, Ha'-laJibHblX '-laCTllU (3aBllCllMOCTb 3<p­

cpeKTHBHOro Ce'-leHHSI OT Ha'-laJibHblX nOJIS!pH3al{HH) npHBOJI.SIT B CHJIY llHBap11aHT­

HOCTH OTHOCHTeJibHO o6pameHHSI BpeMeHH K KoppeJISIUllSIM DOJIS!pH3au11ii KOHe'-1-

HblX 'laCTHU B o6paTHOH peaKUHll. np11 e = 0 <pyttKUllll A(0) ll B(0) 06pama10TCSI B 

H)'Jih, Mik = Mik' TeH3op 'Mik B 3TOM CJIY4ae MO:lKHO npe.ucTaBHTb B BHJJ.e · 

C(0)Mik = L f,ik + Nli lk, 

r.ue I - e,UHHH'-lllblH BeKTOp B.UOJib OCH peaKUHH, L ll N 3aBHCSIT TOJibKO OT :mep­

rnH. Tor.ua cpopMyJihI (44) 11 (49) ynpoma10Tcsi: 

<J(a + b ➔ c + d) = cr
0
(0)(1 + L p(a)p(b) + N(P(a)l)(P(b)I)), (51) 

I " " p(a,b) = 
4 

[ I (a).® I (a)+ L a(a) ® a(b) + N(cr(a) 1) ® (cr(b) I) ]. (52) 

B '-laCTHOCTH, 3aBHCHMOCTb 3<p<peKTllBHOro Ce'-le'HllSI . peaKUllll 
3
He + p ➔ 

➔ 4He + 7t+ np11 0 = 0 oT noJisip113au11ii S1,upa 
3
He 11 npoToHa HMeeT BllJI. [17] 

~c3J:Ie + p ➔ 4He :+ 1tl = <Jo(o>( 1 + p(
3
He)p(p) - 2cp(

3
He)l)(P(p)l)) (53) 

JJ:eHCTBllTeJibHO, BBHJJ.Y coxpaHeHHSI npocTpaHCTBeHHOH qeTHOCTll 3Ta peaKUHSI np11 

0 = 0 B03MO:lKHa TOJlbKO B TpllnJieTHOM COCTOSIHHll C npOeKUHett CDHHa Ha OCb 

peaKUHH I, paBHOH HYJIIO [17]. B 3TOM CJIY4ae WO= 1, w+I = w_l = 0, 'ITO 

npllBOJJ.HT K 3Ha'-leHHSIM L = 1, M = -2. B DOJIHOM' COOTBeTCTBHH C COOTHOIIIeHHeM 

(53) CnHHOBaSI MaTpHua OJIOTHOCTH CHCTeMbl c3He, p), 06pa3y10meHCSI B o6paTHOM 

npouecce 7t+ + 4He ➔ p + 3He np11 0 = 0, onpe.uenS1eTcS1 no cpopMyJie (25). 3To 

npHBOJ].HT K KOppellSIUllll DOJIS1pll3aUHH (36) HK KOppeJISIUHll IlJIOCKOCTeii pac-

CeSIHHSI (42). , 
IlOJ].'-lepKHeM 8 3aKJIIO'-leHHe, 'ITO paCCMOTpeHHble BbIIIIe JJ.Byx'laCTll'IHble COH­

HOBble Koppensiu1111 HMeIOT 'IHCTO KiiaHTOBYIO npupo.uy. Hx 11ccJie)l.0Bamte no3BO­

JISleT npoBepHTb OCHOBHble npHHUllDbl KBaHTOBOH MexaHHKll (B 'laCTHOCTll, ycTa­

HOBHTb HapyIIIeH11e «KJiacc1111ecK11x» HepaseHCTB EenJia). BMecTe c TeM, HJY4eH11e 

CilllHOBblX KOppeJISIUHH .uaeT JJ.OOOJIHHTeJibHYIO HH<pOpMaUHIO O MexaHHJMax re11e­

pauu11 '-laCTllU. C npaKTll'leCKOH TO'IKH 3peHHSI CilllHOBble KoppeJISIUllH MOryr 6hITb 
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llCilOJib30BaHbl )Lim np11roTOBJieHHll nyqKoB C perynttpyeMOH IlOJillPHJau11eii 6e3 He­
nocpeJ:(cTBeHHOro CHJIOBOro B03J:(eHCTBllll Ha IlOJillpH3yeMbie qaCTijUbl. 

ABTOpbI 6naroJ:(apttbI P.JleJ:(HHUKOMY 11 B.A.H11K11m11y Ja noneJHbie 06cy)l(­
J:(ett1111. 

)lattttall pa6oTa Bbmonttena np11 noJ:(J:(ep)l(Ke Me)l(J:(y11apoJ:111oro uayq11oro cpou­
J:(a 11 TipaBHTeJibCTBa Pocc1111, rpa~TbI N2 NKAO00 11 N2 NKA300. 
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