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B pa60Te [1] Ha OCHOBe T-CHMMeTpHH AH<p<pepeHllHaJIbHoro CeqeHIDI ynpyroro 

paCCeJlHHJI 06CY'KAaJIHCb nOJIJlpH3aUHoHHble 3<p<peKTbI npH paCCeJlHHH qaCTHU co CnH

HOM 112 Ha HenOJIJlpH30BaHHoH MHmeHH. B HaCTOJlmeH pa60Te aHaJIOrHqHblH nOAXOA 

npHMeHJleTCJI K aHaJIH3Y CJIeACTBHH T-HHBapHaHTHocTH AJIJI 3<p<peKTHBHblX CeqeHHH 

npJlMblX H 06paTHblx 6HHapHblx peaKUHH C yqaCTHeM ABYX qaCTHU co cnHHOM 112 B Ha

qaJIbHOM HJIH KOHeqHOM COCTOJlHHJlX. llPH 3TOM nOAp06HO HCCJIeAYlOTcJI nOJIJlpH3aUH

OHHble 3<p<peKTbl B peaKUIDIx p+3 
He -+ 1C ++4 

He H 1C ++4 
He -+ p+3 

He • 

1. PaCCMOTpHM 6HHapHYlO peaKUHIO a + b -+ c + d. llYCTb HaqaJIbHble qaCTHUbI a H 

b HMelOT cnHH 1/2 , a KOHeqHble qaCTHUbI C H d - npOH3BOJIbHble cnHHbI. 0603HaqHM 

KaK fa =-fb HaqaJIbHblH HMnyJIbC B c. U. H. peaKUHH, fc =-fd KOHeqHblH HM

nyJIbC B C.U.H., (J yrOJI MelKAY HMnYJIbCaMH fa H fc' E - nOJIHYIO ::meprHIO B 

c.u. H. BBeAeM TpH B3aHMHO nepneHAHKYJIJlpHbIX eAHHHqHbIX BeKTOpa (ABa H3 HHX Ha

npaBJIeHbI B DJIOCKOCTH peaKUHH, a TpeTHH - BAOJIb HOPMaJIH K nJIOCKOCTH peaKUHH): 

(1) 

rAe 

- fc ,- , ,- I -I' =-, ka = ka , kc = kc' (J =arccos (II ').
kc 

llPH coxpaHeHHH npOCTpaHCTBeHHOH qeTHOCTH, C yqeTOM HHBapHaHTHOCTH OTHO

CHTeJIbHO nOBopOTOB B TpeXMepHOM npOCTpaHCTBe H JIHHeHHOCTH KBaHTOBOH TeopHH, 

34>4>eKTHBHOe CeqeHHe npouecca a +b .... C +a, npOCYMMHpOBaHHoe no npoeKUIDIM 

cnHHa KOHeqHbIX qaCTHU , AOJIiKHO 6bITb CK3JIJlPOM, JIHHeHHbIM no BeKTOpaM nOJIJlpH

3aUHH HaqaJIbHbIX qaCTHU p(a) H p(b). B COOTBeTCTBHH C 3THM CTpYKTYPH3JI <po pMYJIa 

AJIJI AH<p<pepeHUHaJIbHOro CeqeHHJI B C. U. H. npHHHMaeT BHA (CM. TaKiKe [2] ) 

- -(a) -(b) - { -(a)- -(b)a a+b-+c+d (ka,P ,P ; kc ) = a 0 (E,(J) 1+ A(E,(J)(P n)+ B(E,(J)(P n)+ 

+C(E, (J)(P(a) p (b) ) +D(E, (J )(P(a)1)(P(b)1)+F (E ,(J)(p(a) in)(P(b) in) + 

+G(E,(J)(p(a)l)(p(b)in)+ H(E,(J)(p(a)in)(p(b)l)}. (2) 

3AeCb a 0 (E, (J)- 3<p<peKTHBHOe CeqeHHe peaKUHH a +b -+ c +d AJIJI HenOJIJlpH30

BaHHblX HaqaJIbHbIX qaCTHU; A, H, C, D, F, G H H - 6e3p33MepHble <PYHKUHH 3HeprHH 



H yrJIa BbIJItITa 8; npH 3TOM BeKTopbI A(E,8) ii H B(E,8) ii HMelOT CMbICJI aHaJIH3H

pYlOmHx cIIoc06HocTeii ,nJUI qaCTHl( a H b COOTBeTCTBeHHO. 

jlCHO, qTO IIpH 8 =°B CHJIY aKCHaJIbHOii CHMMeTpHH CPYHKl(HH A, B, F, G H H 
06pamalOTCjf B HyJIb, H Bblpa)f(eHHe ,nJIjf ,n;HcpcpepeHl(HaJIbHOrO CeqeHHjf peaKl(HH ynpo

maeTCjf: 

TaKYIO )f(e cTPYKTYPY HMeeT 3cpcpeKTHBHOe CeqeHHe peaKl(HH npH 8 = n. ITPH 

OqeHb MaJIbIX yrJIax 8 c yqeTOM (1) 

A(E,8) =a(E)8, B(E,8) = b(E)8, G(E,8) =g(E)8, H(E,8) =h(E)8, 

F(E,8) = /(E)8 2 , (4) 

r,n;e CPYHKl(HH a (E), b (E),/(E), g (E) H h (E) , Bo06me rOBOpjf, OTJIHqHbI OT HYJIjf. ITpH 

MaJIbIX OTKJIOHeHHjfX OT yrJIa n cnpaBeMHBbI npe,n;eJIbHble COOTHOWeHHjf (4) C 3aMe

Hoii 8Ha 1:!18 = n - 8 H ,n;pyrHMH CPYHKl(HjfMH 3HeprHH E. 
ITpoHHTerpHpyeM Tenepb 3cpcpeKTHBHoe CeqeHHe peaKl(HH a +b -+ c +d no a3H

MYTaJIbHOMY yrJIy. JIerKo BH,n;eTb, qTO 

23l 23l 23l 23l

f (p(a)ii)d({J = f (P(b)ii)d({J =0, f (p(a)m)d({J =f (p(b)m)d({J =0, 

o 0 0 0 

23l
f (p{a) m)(p{b)m)d({J =n[(p{a) p(b) )- (p(a)l)(p(b)l»). (5) 


o 

B pe3YJIbTaTe HaxO,n;HM 


-(a) -(b) 
(J a+b-+c+d (E,O,P ,P ) 

= 2n (J 0 (E,8) {I +(C(E,8) +.! F(E,8»(p(a) p(b) )+
21 . 

+ (D(E,8)-2 F(E,8»(p(a)I)(p(b) /)}. (6) 

2. Ha OCHOBe HHBapHaHTHOCTH OTHOCHTeJIbHO 06pameHHjf BpeMeHH MbI MO)f(eM, 

nOJIb3YjfCb cpopMYJIoii (2), nOJIyqHTb 06mee Bblpa)f(eHHe ,n;M 3cpcpeKTHBHOrO CeqeHlljf 

06paTHoii peaKl(HH C + d -+ a + b C HenOJIjfpH30BaHHbIMH qaCTHl(aMH C H d H CPHKCHPO

BaHHbIMH nOMpH3al(HjfMH ~(a) H ~(b)KoHeqHbIX qaCTHl(.* YqHTbIBajf, qTO npH 06pa

*IIo,n ~(a)H ~(b)cJ]e,nyCT nOHHMan aHaJIH3Hpyro1IlHe cnoco6HOCTH ,nCTeKTOpOS; npH 3TOM 

1~(a)1 ~ 1,1~(b)1 ~ 1. 
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lll.eHHH BpeMeHH MeHHIOTCH HaI1paBJIeHHH HMI1YJIbCOB H BeKTOpOB I10JIHpH3all.HH, HaXO

,L1.HM B COOTBeTCTBHH C "PHHll.H"0M ,L1.eTaJIbHOrO paBHoBecHH [3] 

- . - -(a) -(b) _
ac+d_a+b(kc,ka'~ ,~ )

2
ka - -(a) -(b). 

= 2 aa+b-c+d(-ka'-~ ,-~ ,-kc )' (7) 
kc (2jc +1)(2jd +1) 

TaKHM 06pa30M, B C.ll..H. qaCTHll. C H d 

- . - -(a) -(b) _ 1 -- { _ -(a) - _
a c+d-a+b (kC' ka'~ ,~ ) - 4 (10 (E,fJ) 1 A(E,{})(~ n) 

-B(E,{})(~(b) ii) +C(E,{})(~(a)~(b) )+ D(E,{})(~(a)7)(~(b)7)+ 

+ F(E,fJ)(~(a) m)(~(b)m) +G(E,{})(~(a)7 )(~(b)m)+ H(E,fJ)(~(a)m)(~(b)l)}, (8) 

r,L1.e 

ao(E,fJ)= ao(E,{}) (9) 
. k; (2jc +1)(2jd +1) 

- 3cpcpeKTHBHOe CeqeHHe peaKll.HH .nml HeI10JIHpH30BaHHbIX HaqaJIbHbIX qaCTHll. C H d, 
"POCYMMHpOBaHHoe I10 I1pOeKll.HHM CI1HHa KOHeqHbIX qaCTHll. a H b. 

ilO,L1.qepKHeM, qTO B cpOpMyJIax (8) H (9) A(E,{}),B(E,{}),C(E,fJ),D(E,fJ), 
F(E,{}), G(E,fJ), H(E,{})H a 0 (E,{})- Te)Ke CPYHKll.HH 3HeprHH E H yrJIa BbIJIeTa KO

HeqHbIX qaCTHll. B c. ll.. H. , qTO H B Bblpa)KeHHH (2), a e,L1.HHHqHble BeKTopbI I10-I1peiKHe

My Bblpa)KalOTCH qepe3 HMI1YJIbCbI ka H kcCorJIaCHO (1) . 

TaK KaK COOTHOlIIeHHe (8) CI1paBe.L1.JlHBO I1pH JII06bIX CPHKcHpoBaHHbIx KOHeqHbIX 

I10JIHpH3all.HHX ~(a) H ~(b), oT6HpaeMbIx )].ByMH aHaJIH3aTOpaMH, HCHO, qTO CI1HHOBaH 

MaTPHll.a I1JIOTHOCTH CHCTeMbI )].ByX KOHeqHbIX qaCTHll. a H b co CI1HHOM 112, 06pa3YIO

lll.HXCH B peaKll.HH C +d ~ a +b C HeI10JIHpH30BaHHbIMH HaqaJIbHbIMH qaCTHll.aMH C H d, 
MO)KeT 6bITb I10JIyqeHa H3 (8) "YTeM 3aMeHbI BeKTOpoB ~(a) H ~(b) OI1epaTOpaMH ilayJIH 

a.(a) H a.(b) COOTBeTCTBeHHO. B pe3YJIbTaTe )].BYXqaCTHqHaH CI1HHOBaH MaTPHll.a I1JIOTHO

CTH , y)].OBJIeTBOpHIOlll.aH YCJIOBHIO HOpMHpOBKH 

Sp p" (1,2) -1(1,2) - , 

"pHHHMaeT BH)]. 

P(a,b) = ~ [j(a) ®j(b) + (p(a) (E,{})a.(a) )®j(b) + j(a) ®(p(b) (E,fJ)a.(b) ) + 
3 3 

+2:2: Tik (E,fJ)a~a) ®aib) ], (10) 
i=l k=l 

r)].e j (a) H j (b) - AByxp.SI)J.HbIe e)].~HHqHble MaTpHll.bI, ®- 3HaK I1pHMOro "pOH3Be)].e

HHH MaTPHll., 

3 

http:MaTpHll.bI
http:y)].OBJIeTBOpHIOlll.aH
http:peaKll.HH
http:CPYHKll.HH
http:peaKll.HH
http:I10JIHpH3all.HH


p(a) (E,O) = -A(E,O)ii, p(b) (E,O) = -B(E,O)ii (11) 

- BeKTOphI nOJUlpH3aWUi qaCTHlJ, a H b, pOiK~alOlllHXCjf B peaKIJ.HH C +d -+ a +b , 

Tik (E,O) =C(E,O)o ik +D(E,O)I;lk +F(E,O)mimk +G(E,O)I;mk + 

+H(E,O)m;lk (12) 

- KOppeJUlIJ.HOHHhIH TeH30p, onHChIBalOlllHH cnHHOBhIe KOppeJIjfIJ.HH B ~ByXqaCTHq

HOH CHCTeMe (a, b} 
B COOTBeTCTBHH C (10) - (12), eCJIH npH H3MepeHHH ~eTeKTOp oT6HpaeT cnHHO

Boe COCTOjfHHe qaCTHIJ.hI a C BeKTOpOM nOJIjfpH3aIJ.HH ~(a) (HanpHMep, B pe3YJIhTaTe BTO

pHqHOrO paCCejfHIfjI), TO BeKTOp nOJIjfpH3aIJ.HH qaCTHIJ.hI b, pmK~alOllleHCjf BMeCTe C qa

CTHIJ.eH a B O~HOM H TOM iKe aKTe CTOJIKHOBeHIfjI qaCTHIJ. C H d , HMeeT KOMnOHeHThI ( CM. 

TaKiKe [2,4]) 
3 

b
pi ) +2: Tik (E,O)~~a) 

pib ) (~(a) ) = __----"i_=I=-----____ (13)
1+p(a) (E,O)~(a) 

3~eCh p(a) H p(b)_ BeKTOphI nOJIjfpH3aIJ.HH KOHeqHhIX qaCTHIJ. a H b npH yCJIO

BHH, qTO cnHHOBhIe COCTOjfHHjf He CPHKCHPYIOTCjf ~eTeKTopaMH (CM. (11)). OqeBH~HO, 

JIerKo BH~eTh, qTO npH OTCYTCTBHH KOppeJIjfIJ.HH, Kor~a Tik = p}a)pib), 

p(b) (~(a) ) =p(b) He3aBHCHMO OT BeKTOpa ~(a). 
3aMeTHM, qTO npH 0 =OH 0 =n BeKTOphI nOJUlpH3aIJ.HH B CHJIY CooTHoIIIeHHH (4) 

H (11) paBHhI HYJIIO H cnHHOBhIe 3cpcpeKThI nOJIHOCThlO onpe~eJUllOTcjf KOppeJIjfIJ.HoH

HhIM TeH30poM T;k : 
3 

pib) = LT;k~~a) , (14) 
;=1 

r~e 

(15) 

OnHChIBaeM~ cpopMYJIaMH (13) H (14) 3aBHCHMOCTh cnHHOBoro COCTOjfHIfjI O~HOH 

H3 qaCTHIJ. OT xapaKTepa H3MepeHHH, npoBo~HMhIX Ha~ ~pyroH qaCTHIJ.eH, jfBJIjfeTCjf 

npOjfBJIeHHeM o6111ero KOppeJUlIJ.HOHHOro 3cpcpeKTa npH perHcrpaIJ.HH MHOrOqaCTHq

HhIX KBaHTOBhIX COCTOjfHHH O~HOqaCTHqHhIMH ~eTeKTOpaMH, npe~cKa3aHHoro B 3Ha

MeHHToH pa60Te 3HHIIITeHHa, TIO~OJIhCKOro H P03eHa [5]. 
MhI BH~HM, qTO BBH~Y T-HHBapHaHTHocTH 3aBHCHMOCTh 3cpcpeKTHBHOrO CeqeHIfjI 

npjfMOH peaKIJ.HH a +b -+ C +d OT nOJUlpH3aIJ.HH HaqanhHhIX qaCTHIJ. iKeCTKO onpe~eJIjf

eT cnHHOBhIe KOppeJIjfIJ.HH Tex iKe qaCTHIJ. B o6paTHoH peaKIJ.HH C +d -+ a +b C HenOJIjf

4 

http:peaKIJ.HH
http:KOppeJIjfIJ.HH
http:nOJUlpH3aIJ.HH
http:peaKIJ.HH
http:perHcrpaIJ.HH
http:qaCTHIJ.eH
http:nOJUlpH3aIJ.HH
http:KOppeJIjfIJ.HH
http:nOJIjfpH3aIJ.HH
http:CTHIJ.eH
http:qaCTHIJ.hI
http:nOJIjfpH3aIJ.HH
http:nOJIjfpH3aIJ.HH
http:qaCTHIJ.hI
http:KOppeJIjfIJ.HH
http:peaKIJ.HH


3 

pH30BaHHhlMH HaLfaJIhHhIMH LfacTHilaMH.* .HHBapHaHTHOCTh OTHOCHTeJIhHO 06pallle

HHJI BpeMeHH npHBO.uHT TaKJKe K npOCTOH CBJl3H (11) MeJK.1lY K03cpcpHIlHeHTaMH JIe

Bo-npaBoH a3HMYTaJIhHOH aCHMMeTpHH A(£,8) H B(£,8) npH CTOJIKHOBeHHH 

nOJIJlpH30BaHHhlx LfaCTHil a H b B npjlMOH peaKIlHH a +b -+ c + d H BeKTopaMH nOJIJlpH

3aIlHH Tex JKe LfaCTHIl, 06pa3YlOlllHxCjI B 06paTHoH peaKIlHH c + d -+ a + b C HenOJIJlpH

30BaHHhIMH LfaCTHIlaMH C H d. 

3. .HcCJIe.uyeM Teneph nOJIjlpH3alJ,HOHHhle 3cpcpeKThI B peaKlJ,HH 

p+ He -+ J'C + + 4 He H 06paTHoM npolJ,ecce J'C + + 4 
He -+ p+ 3 

He. PaHee 6hlJl0 nOKa3a

3
HO, LfTO 3cpcpeKTHBHOe ceLfeHHe peaKIlHH p+ He -+ J'C ++4 

He B CHJIhHOH CTeneHH 3aBH

CHT OT nOJIjlpH3alJ,HH npoToHa H jI.upa 3 He, H B CBjl3H C 3THM np0lJ,ecc 

p (3 He,
4 

He) J'C +Ha nOJIJlpH30BaHHoH BO.u0P0.llHOH MHllleHH MOJKHO, B npHHlJ,I,me, HC

nOJIh30BaTh .llJIJI H3MepeHHJI nOJIjlpH3alJ,HH nyLfKa jI.uep 3 He [6].* * C YLfeTOM T-HHBa

pHaHTHocTH nOJIjlpH3alJ,HH npOTOHa H jI.upa 3 He B 06paTHoH peaKlJ,HH 

J'C + +4 
He -+ p+3 He .uOJIJKHhI 6hITh JKeCTKO CKOppeJIHpOBaHhI. 

AeHCTBHTeJIhHO, H3 coxpaHeHHjI ymoBoro MOMeHTa H npocTpaHcTBeHHoH LfeTHO

CTH CJIe.uyeT, LfTO B peaKlJ,HjlX THna 1/2 + 112 -+ 0+0 ( .llBa cpepMHoHa co cnHHOM 1/2 npe

BpalllalOTCjI B .llBa 6eccnHHoBhIX 6030Ha) npH YCJIOBHH, LfTO npoH3Be.ueHHJI BHyrpeH

HHX LfeTHocTeH HaLfaJIhHhlX H KOHeLfHhIX LfaCTHlJ, npoTHBOnOJIOJKHhI no 3HaKY, nepexo

.uhI H3 CHHmeTHoro COCTOjlHHjI cpepMHoHoB (nOJIHhIH cnHH S =0) 3anpellleHhl 

[11-13]. flOCKOJIhKY J'C + - nceB.uocKaJIjlpHhlH Me30H, 4 He 6eccnHHoBoe JI.llPO, 

cnHHhl npoToHa H jI.upa 3 He paBHhI 112, jlCHO, LfTO peaKlJ,HjI p+3 He -+ J'C ++4 
He B03

MOJKHa TOJIhKO npH nOJIHOM cnHHe CHCTeMhI (p, 3
He), paBHoM 1. 

*B CTaTbe [2] npH aHaJIH3e CJIe.llCTBHH T -CHMMeTpHH ,llJIR npRMbJX H o6paTHblx 6HHapHbJX 

peaKUHH .llOnYJUeHbI HeTOqHOCTH. <l>opM)'JIa (46) .llOJl)KHa HMeTb BH.ll 
- _ -k- k- _ -k- p-(a) _ _ j:(a) p-(b) _ _ j:(b)
ka a' C C' .", ." . 

.llaJIee .llOJI)KH,J CJIe.llOBaTb: «npH :nOM n- n». B COOTBeTCTBHH C JTHM, B 410pMYJIaX (47), (49) H 

(50) TeH30p Mik CJIe.nyeT 3aMeHHTb Ha TeH30p Mik ,BXO.llRJUHH B Bblpa)KeHHe (44), a 41YHKUHH A 

H B B3RTb co 3HaKOM «~HHYC)}. BbJpa)KeHHe (47) CJIe.nyeT YMHO)KHTb Ha KOJ4141HUHeHT 1/4. 

Onpe.lleJIeHHe TeH30pa Mik Ha CTp. 51 CJIe.llyeT onYCTHTh. 

**PeaKUHH p+3 He - lC++4He H lC ++4He - p+3 He 6e3 aHaJIH3a nOJIRpH3aUHOHHblX J41

41eKTOB H3yqaJIHCb JKCnepHMeHTaJIbHO B pR.lle pa60T (CM., HanpHMep, [7-10]). CornaCHO JKC

nepHMeHTaJIbHbIM .llaHHblM, B CJIyqae, KOr.lla nyqoK H MHUleHb He nOJIRpH30BaHbI, .llH4141epeH

UHaJIbHOe CeqeHHe npouecca 3He +p-4He + lC+ B C.U.H. npH KHHeTHqeCKHX JHeprHRX npOTO-

Ha 300--600 MJB B JI.C. H MaJIbIX yrJIax BblJlCTa CHCTeMbl (lC+,4He) COCTaBJIRCT 

10+15 MK6apH/cTep. 
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Bbl6epeM OCb KBaHTOBaHIDI Z nOJIHorO CnHHa B.lJ.OJIb HanpaBJIeHIDI 7 = kp 1 k p , 

r.lJ.e kp - HMnYJIbC npOTOHa B C.U.H. peaKUHH, OCb x - B.lJ.OJIb HanpaBJIeHHJI m, a OCb 

Y - B.lJ.OJIb HanpaBJIeHHJI Ii; e.lJ.HHWlHble BeKTopbl mH Ii Onpe.lJ.eMfOTCJI no $opMYJIaM 

(1) C 
-
/' = k 

-
n 1k n ,r.lJ.e k 

-
n - HMnYJIbC Jt 

+ 
-Me30Ha B C.U.H. TpHnJIeTHbie COCTOJlHHJI CH-

CTeMbl (p, 3 
He) C npOeKUHJlMH cnHHa Ha OCb KBaHTOBaHHJI, paBHbIMH + I, 1H 0, HMe

lOT BH.lJ. 

1+1,7) = I+ 112,7) (p) 1+ 112,7) (He); 


1- 1,7) =1- 112,7) (p) 1- 112,7) (He) ; (16) 


10,7) = 1 (I + 1/2,7) (p) 1-112,7/He) + 1 1/2,7/P)1+ 112,7) (He) ). 

TIYCTb p(p) H p(He)_ He3aBHCHMbIe BeKTOpbI nOJIJlpH3aUHH npOToHa H JI.lJ.pa 

3 He. Tor.lJ.a .lJ.BYXqaCTWlHa1I cnHHOBaJl MaTPHua nJIOTHOCTH HaqanbHOrO COCTOJlHHJI 

onHCblBaeTCJI $OPMYJIOH 

p(p,He) =.! (i(p) +p(p)~(p) )®(i(He) +p(He)~ (He) ). (17) 
4 

0603HaqHM RJ.. (E,O)aMnJIHTY.lJ.Y npJlMOH peaKUHH p+3He~Jt+ +4 HeB c. u. H. 

H3 COCTOJlHHJlIA,7). 3.lJ.eCb E nOJIHa1I 3HeprIDI npOTOHa H JI.lJ.pa 3 He B C.U.H., 0

yroJI MeiK.llY BeKTOpaMH kp H k1C ,A MO)l(eT npHHHMaTb 3HaqeHllR + 1, - 1 H O. Jl:JIJI .lJ.Hq,

4
$epeHUHaJIhHOrO CeqeHHJI peaKUHH p+3 

He ~ Jt + + He nOJIyqaeM Bhlpa)l(eHHe 

- -(p) -(He). - _ 
a p+3H~n++4Hc(kp,P ,P ,kn )

=LLRJ.. (E,O)\A,7lp(p,He)IA',7) R;,(E,O)=\lJIlp(P,HC) 11JI), (18) 
J.. J..' 

r.lJ.e 

I tjJ) = LR; (E,8)1 A,l) 
J..=±l,O 

HMeeT CMhICJI HeHopMHpoBaHHoro HaqanhHOrO .lJ.BYXqaCTHqHoro cnHHOBoro COCTOJl

HHJI, KOTOpoe «OT6HpaeTCJI» paCCMaTPHBaeMoH peaKUHeH. 

C yqeTOM Toro, qTO npOH3Be.lJ.eHHe BHyTpeHHHX qeTHOCTeH qaCTHU, yqaCTBYfO
4

llJ,HX B npouecce p+ 3 He ~ Jt + + He, 1] = -1, a nOJIHbie cnHHhI B HaqaJIbHOM H KOHeq

HOM COCTOJlHHJlX paBHbl COOTBeTCTBeHHO 1 H 0, coxpaHeHHe npOCTPaHCTBeHHoH qeT

HOCTH npHBO.lJ.HT K paBeHcTBY 

RJ.. (E,O) = (_l)lAl R_J.. (E,O), (20) 
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KOTopoe JIerKO MO)KHO nOJIyqHTb C nOMOlUblO annapaTa CnHpaJIbHbIX aMllJIHTY,l:\ 

[14,15]. TaKHM 06pa30M, 

R+ 1(E,8) = -R_ 1(E,8) == Rl (E,8). (21) 

1-'13 COOTHOrneHHH (19) H (21) CJIe,l:\yeT, qTO peaKUHR p+3 
He -+ n + +4 

He B03MO)K

Ha TOJIbKO B TPHnJIeTHblX COCTORHHjfX HaqaJIbHOH CHCTeMbI 1+ 1, Ii) H 1- 1, ii), COOTBeT

CTBYlOlUHX npOeKUHjfM nOJIHOrO cnHHa Ha HOPMaJIb K nJIOCKOCTH peaKUHH, paBHblM +1 
H -1; npH 3TOM 

Itp )= (Rt (E,8) - Jz R~ (E,8»1 + l,ii) + 

+(Rt (E,8)+ Jz R~ (E,8»I-l,ii). (22) 

COCTORHHR 11, Ii) C npoeKUHRMH nOJIHOrO cnHHa Ha HOPMaJIb 1 = ± 1,0 npe,l:\CTa

BJ!jfIOT C060H oPTorOHaJIbHble ,l:\pyr ,l:\pyry cynepno3HUHH TPHnJIeTHbiX COCTORHHH 

(16): 

1 
+1 Ii) = -11 +1 -)I + - i I0 -)I - -1I-1 -)I 

, 2 ' 12' 2 " 

1- 1, Ii) ="21/ + 1, -)I i I0, -)I -"21I- 1, -)I , 

Io,1i) = Jz (I+1,7) +1- 1,7). (23) 

Pe3YJIbTaT (22) comacYeTCR C H3BeCTHbiM npaBHJlOM O. Iiopa [15]: 

'IJ=(-I)M-M'. 

3,l:\eCb 'IJ - npOH3Be,l:\eHHe BHYTPeHHHX qeTHOCTeH l.IeTblpex l.IaCTHU, yqaCTBYIO

lUHX B 6HHapHoH peaKUHH, M H M ,_ npoeKUHH nOJIHoro cnHHa B HaqaJIbHOM H KO

HeqHOM COCTORHHjfX Ha HOPMaJIb K nJIOCKOCTH peaKUHH • 

3aMeTHM, qTO pa:mmKeHHe aMllJIHTY,l:\bI R,t (E, f) no nOJIHblM ymoBbiM MOMeHTaM 

HMeeT cTPYKTYPY 

R,t (E,8) =2: (2J + l)y(J) (E)d~i) (8), 
J 

r,l:\e d~i) (8) - q,YHKUHH BHrHepa ( CM., HanpHMep, [15]). npH Ol.leHb MaJIbIX yrJIax 

Id~i)(8)1-8~1 ,anpHL\8=(n-8)«1 HMeeM Id~i)(8)1-L\8~I.BCOOTBeTCTBHH 
C 3THM npH 8 -+ 0 H 8 -+ n aMllJIHTY,l:\a R1(E, 8) CTpeMHTCR K HyJIIO, qTO COOTBeTCTBYeT 

coxpaueHHIO npoeKUHH yrJIOBoro MOMeHTa Ha OCb peaKQHH. 

,l],rrR BbIl.IHCJIeHIDI ,l:\Hq,q,epeHUHaJIbHoro Cel.leHIDI peaKUHH p+ 3
He -+ n + +4 

He C 

nOMOlUblO q,0PMYJIbI (18) HaH,l:\eM Cpe,l:\HHe 3HaqeHIDI MaTPHU naYJIH H HX npRMbiX npo
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H3Be.lleHHH B .llBYXlIaCTHtIHOM CnHHOBOM COCTO'lHHH Il/J). C YlIeTOM (16) H (21) Bblpa

JKeHHe (19) )lJUI Il/J) MOJKHO nepenHcaTb B BH.lle 

Il/J) =R; (£,8)( 1+ 1/2, z) (p)1 + 112,z) (Hc) -1-112, z) (P)I-II2, z) (Hc) )+ 

+ ~R~ (£,8)( 1+ 112, z) (P)I-1/2, z) (Hc) +1-1/2, z) (p)1 + 1/2, z) (Hc) ), (24) 

r.lle OCb·Z, KaK YJKe rOBopHnocb, HanpaBneHa B.llOnb OCH peaKu,HH l. JIerKo nOKa3aTb,. 

Hcnonb3YH HBHbIH BH.ll MaTpHu, naynH, lITO 

(l/J Ia<:) ®j(Hc) Il/J) =(l/J Ij(p) ®a~Hc) Il/J) = 


=(l/JI a(/) ®j(HC)Il/J) =(l/JI j(p) ®aiHC)\l/J) =0, 


(l/J\aY') ®j(HC)Il/J) =(l/JI j(p) ®a~HC)Il/J) = 

=2J2 Im(R) (£,8)R~ (£,8»; (25) 

(l/J\ a<:) ®a~HC)Il/J) =21 Rl (£,8) 12 -I Ro (£,8) 12 , 

(tpl aip 
) ®iJiHC)ltp) =-2\ R) (£,8)\2 +1 Ro(£,8)1

2 
, 

2(l/JI aY') ®a~HC)ltp) =21 Rr(£,8)12 +1 Ro (£,8)1 ; (26) 

(l/JI aip
) ®iJ~HC)Il/J) =(l/JI aY') ®aiHC)Il/J) = 


=(l/Jla<:) ®a~C)Il/J) =(l/JlaY') ®a~C)Il/J) =0, 


(tpliJ~) ®aiHC)ltp) =(tpliJiP) ®iJ~HC)ltp) = 

=2J2 Re(R, (£,8)R~ (£,8». (27) 

nO.llCTaBnHH BblpaJKeHHH (17) H (24) - (27) B COOTHOllIeHHe (18).llM 34>4>eKTHB-

Horo celIeHHH peaKIJ;HH p+ 3 
He .... Jr ++4 

He H npHHHMa'l BO BHHMaHHe, lITO no onpe- F 

.lleneHHIO az =g7 , ax =ii iii H ay =gIi, Mbl npHXO.llHM K CTpYKTYPHOH 4>0pMYJIe 

(2), B KOTOPOH pOJIb lIacTHu,bl a HrpaeT npOTOH, pOJIb lIacTHu,bl b - 'l.llPO 3 He, pOJIb 

lIacTHu,bI C - Jr +-Me30H, ponb lIaCTHIJ;bI d - H.llPO 4 He, a 4>YHKU,HH a 0 , A, B, C H T . .ll. 

HBn'lIOTC'l 6HJIHHeHHbIMH KOM6HHaIJ;HHMH aMnnHT)'.ll R, (£,8) H Ro (£,8): 

a 0 (£,8) =~(l/JI tp) = ~ (I Ro (£,8) 12 + 21 R) (£,8) 12 ); 

1 * A(£,8) =B(£,8) = Im(R) (£,8)Ro (£,8»; 
a 0 (£,(J) 
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C(E,8) =1; D(E,8) =-'----~ 

G(E,8) =H(E,8) =--=-- (28) 

I1PIt 8 =0 It 8 =1r aMmmry.D.a R) (E, 8) =0, H 3aBHCHMOCTb 3q,q,eKTHBHOrO ceqe

HIt~ peaKUHH p+ 3 He -+ 1r + +4 
He OT BeKTOpOB nOJl~pH3aUItH npoToHa H ~.D.pa 3 He cy

llleCTBeHHO ynpolllaeTc~ [6,2]: 

a 3 + 4 =-.!.IRo 12(l+(p(p)p(He»_2(p(p)/)(p(He)/» (29)
p+ He..... n + He 4 . 

npOHHTerpHpyeM 3q,q,eKTHBHoe CeqeHHe peaKUHIt p+ 3 
He -+ 1r ++4 He no a31t

MYTaJlbHoMY yrny. C yqeTOM COOTHOllleHHH (6) H (28) nOJlyqaeM ( CM. TaKiKe [6] ) 

a 3 + 4 (E 8 p(p) p(He) )=~I Ro(E 8)12(1+(p(p)p(He»_
p+ He..... n + He ", 2 ' 

- 2(P(p)/)(p(He)/»+1r IR) (E,8)1 2 (l + (p(p)/)(p(He>7». (30) 

Mbl BH.D.HM, qTO npH HHTerpHpoBaHHH no a3HMYTaJlbHOMY yrny qJleHbI B 3q,q,eK

TItBHOM CeqeHHIt peaKUHH, nponOpUItOHaJlbHbIe A (E, 8), B(E, 8), G( E, 8) H H (E, 8) H 

COOTBeTCTBYlOlllHe HHTepq,epeHUHH COCTO~HItH C pa3HbIMH npoeKUH~MH nOJlHOrO 

cnHHa Ha HanpaBJleHHe HMnYJlbCa, HCqe3a1OT . ..HCHo, qTO cTpYKTYpa (30) coxpaH~eTc~ 
It )J.JI~ nOJlHOrO CeqeHIt~ peaKUItH. 

34. nepeH.D.eM Tenepb K 06paTHoH peaKUHH 1r + +4 
He -+ p+ He . B 3TOH peaKUHH 

nepexo.D. B CHHfJleTHOe KOHeqHOe COCTO~HHe 3anpeilleH H nOJlHbIH cnHH CHCTeMbI 

(p, 3 
He) paBeH 1. MbI coxpaHHM 0603HaqeHH~ kP It kn )J.JI~ ItMnYJlbCOB npoToHa H 

1r + -Me30Ha B C.U.H. peaKUHH H 6Y.D.eM CqHTaTb, qTO OCb KBaHTOBaHH~ z nOJlHOrO cnHHa 

CHCTeMbl (p, 3 
He) HanpaBJleHa BllOJlb KOHeqHOrO HMnyJlbCa kP • BBelleM Ty iKe CHCTe-

My B3aHMHO nepneH.ll.HKyJl~pHbIX e.D.HHltqHbIX BeKTOpOB, qTO It B CJlyqae np~MOH peaK

UHH p+3 He -+ 1r ++4 
He: I =kp / kp ,m H ii onpe.D.eJl~IOTC~ no q,0pMYJlaM (1) C 

I' = kn / kn . 

C yqeTOM 06lUltX cOOTHollleHHH (8) - (12), CJle.ll.YlOlllItX 1t3 HHBapHaHTHocTH OT

HOCHTeJlbHO 06palUeHH~ BpeMeHH, H BblpaiKeHHH (28) )J.JI~ q,YHKUHH, onpe.D.eJl~I0111HX 
3 + 4

cnHHOBYIO 3aBltCHMOCTb 3q,q,eKTHBHoro ceqeHIt~ npouecca p+ He -+ 1r + He, Ha-

XO.D.HM 3q,q,eKTItBHOe CeqeHlte peaKUHH 1r + +4 
He -+ p+3 

He B c. U. H. , npocyMMHpo

BaHHoe no npoeKU~M cnHHa B KOHeqHOM COCTO~HHH, H nOJl~pH3aUItOHHbIe napaMe

TPbI CHCTeMbI (p,3 He), 06pa3YlOlllei1c~ B )TOH peaKUItH: 
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2 2 
a 11:+ +4Hc-+p+3He ={k; 1k; HI Ro (E,0)1 + 21 R, (E,0)1 ); (31) 

• 
p(p) (E,O) =p(He) (E,O) =-2J2 Im{R, (E,O)Ro (E,O» n; 

2 2 
IRo (E,0)1 + 21 R) (E,0)1 

(32) 

2 
T;k(E,O)=O;k -----2-2----[1 Ro (E,0)1 Ij1k + 

IRo(E,O)1 + 21 R) (E,O) 
2 

+21 R) (E,0)1 mjmk -J2 Re{RI (E,8)R~ (E,O»(l;mk +mj1k)]. (33) 

3,lJ,eCb Ro (E,O) H R, (E,O) - Te)f(e aMllJlHTY.ZJ.bI, l.JTO H ,LVUI npouecca 

p+ 3
He ~ Jl ++4 

He , npHl.JeM nO-npe)f(HeMY E - nOJIHajl 3Heprlijl, a 0- yrOJI Me)f(.ZJ.Y 

HanpaBJIeHIijIMH HMnYJIbCOB Jl +-Me30Ha Ii. npOTOHa B C.U.H. peaKUHH. nO,lJ,l.JepKHeM, 

l.JTO COfJIaCHO (32) H (33) nOJljJpH3aUHH jI,lJ,pa 3 He H npoToHa B,lJ,OJIb HOPMaJIH K nJIOCKO

CTH peaKUHH O,lJ,HHaKOBbI, a TeH30p T;k (E, 0), onHcbIBalOlUHH cnHHOBble KOppeJIjlUHH B 

CHCTeMe (p, 3
He), CHMMeTpHl.JeH. 3TO CBjl3aHO C TeM, l.JTO CHCTeMa (p, 3

He)p0)f(,lJ,aeT

CjI B onpe,lJ,eJIeHHOM TpHnJIeTHOM COCTOjlHHH, CHMMeTpHl.JHOM OTHOCHTeJIbHO nepecTa

HOBKH cnHHOBbIX KBaHTOBbIX l.JHCeJI npoToHa H jI,lJ,pa 3 He. npH 3HeprHH E H YfJIe BbIJIe

Ta npOToHa 8 B C. U. H. ,lJ,aHHOe cnHHOBoe COCTOjlHHe, HOpMHpoBaHHoe Hae,lJ,HHHUY, C 

Yl.JeTOM (21) HMeeT BH,lJ, 

IV;) = 1 [R,{E,O)(I+II2J)(P)I+II2,7/He)
(IRo (E,8) +21 RtCE,8) )1/2 

~1-l/2,7) (P)I-ll2,7) (He) + ~ RO (E,8)(1 + 112,7) (P)I-1/2,7) (He) + 

-ti - 1/2,7;<p) I+1/2,7;<He) )] (34) 

H COOTBeTCTByeT cynepno3HUHH COCTOjlHHH (23) C npOeKUHjlMH nOJIHOrO cnHHa Ha 

HOPMaJIb K nJIOCKOCTH peaKUHH, paBHbIMH + 1H -1: 

IV;) = 1 X 
2

(IRO{E,O) +2I R ,(E,8)1 )1I2 

X [(R) (E,8)- ~Ro(E,8»I+l,ii)+(RI(E,8)+ ~Ro(E,8»I-l,ii)]. (35) 

nO,lJ,l.JepKHeM, l.JTO B OTJIHl.JHe OT q,OPMYJI (22) H (24), CO,lJ,ep)f(alUHX KOMnJIeKC
* • 

HO-COnpjl)f(eHHbIe aMnJIHTY.ZJ.bI Ro (E,8)H Rl (E,8)H onHCbIBalOlUHX Hal.JaJIbHOe cnH-

HOBoe COCTO.RHHe 11/J) , KOTopoe OT6HpaeTC.R peaKUHeH p+ 3
He ~ 1t + +4 He, BblpIDKe
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HIUI (34) H (35) OTHOCHTCH K KOHe'-IHoMY COCTOHHHIO B 06paweHHoM BO BpeMeHH npo

uecce Jl + +4 
He .... p+3 He. 

KaK HCHO H3 COOTHoweHHH (34) (35), B peaKUHH Jl + +4 He .... p+ 3 He cnHHbI 


3

npOToHa H H)J.pa He CHJIbHO CKOppeJIHpOBaHbI, H B CBH3H C 3THM B03HHKaeT npHHUH

nHaJIbHaH B03MO)f(HOCTb npHroTOBJIeHHH nY'-IKa H)J.ep 3 He C perYJIHpyeMoH cnHHOBOH 

nOJIHpH3aUHeH 6e3 Henocpe)J.CTBeHHoro CHJIOBorO B03)J.eHcTBHH Ha 3TH H,u.pa [2]. 

nYCTb npOTOH, pO)f()J.eHHbIH B peaKUHH Jl + +4 
He .... p+3 He, pacceHBaeTCH 3aTeM Ha 

6eCCI1HHOBOH HJIH HenOJIHpH30BaHHoH MHweHH (HanpHMep, Ha H,u.pe 12 C), H COOTBeT

cTBYlOwaH aHaJIH3HpYlOwaH cnoc06HOCTb xapaKTepH3yeTcH BeKTopOM 

~(p) =a (k e )t (p) (36)"=' p P' P , 

r,u.e a p (kp ,ep ) - K03cpcpHUHeHT JIeBO-npaBOH a3HMYTaJIbHOH aCHMMeTPHH, 3aBHCH

WHH OT yma BTOPH'-IHOro pacceHHHH ep , t (p) - e,u.HHH'-IHbIH BeKTOp B,u.OJIb HOPMaJIH K 

nJIOCKOCTH pacceHHHH [16]. Tor,u.a cnHHOBoe COCTOHHHe HepacceHHHoro H,u.pa 3 He, 

06pa30BaBwerocH BMeCTe C pacceHHHbIM npOTOHOM B TOM )f(e aKTe CTOJIKHOBeHHH 

Jl + -Me30Ha H H,u.pa 4 He, 3aBHCHT OT aHaJIH3HpYlOweH cnoc06HoCTH npoToHa. 

KOMI10HeHTbI BeKTOpa nOJIHpH3aUHH H,u.pa 3 He ,u.alOTCH CPOPMYJIOH (13), B KOTO

POH no)J. ~(a) nOHHMaeTCH aHaJIH3HpYlOwa}l cnoc06HoCTb npOTOHa (36), no,u. p(b)H 

p(a) _ BeKTopbI nOJIHpH3aUHH H,u.pa 3 He H npOTOHa npH OTCYTCTBHH BTOpH'-IHOrO pac

ceHHHH (CM. Bblpa)f(eHHe (32)), a no,u. T;k (E,e)- KOppeJIHUHOHHbIH TeH30p (33). 

CJIY'-IaH BblJIeTa npoToHa HJIH H,u.pa 3 He no,u. HYJIeBbIM ymOM KOCH peaKUHH aHa

JIH3HPOBaJICH paHee B pa60Tax [2,4] . npH e= 0 npoToH H H,u.pO 3He pO)f(,u.alOTcH He

nOJIHpH30BaHHbIMH, a KOppeJIHUHOHHbIH TeH30p (33) npHHHMaeT BH,u. 

(37) 

ECJIH npOTOH pacceHBaeTcH Ha MHweHH H3 H,u.ep 12 C, n) 06pa30BaBweeCH BMeCTe 

C HHM H,u.pO 3 He CTaHOBHTCH BBH,u.y cnHHoBou KOppeJIHUHH nOJIHpH30BaHHbIM: 

(38) 

npH 3TOM Ip(Hc) I= Ia p (Ep ,ep ) I, '-ITO COOTBeTcTByeT MaKCHMaJIbHOH cnHHO

BOU KOppeJIHUHH. 

HacToHwaH pa60Ta BbII10JIHeHa npH nO.lUlep)f(Ke POCCHUCKoro cpOH,u.a cpYHJl.aMeH

TaJIbHbIX HCCJle)J.OBaHHH ( rpaHT N!'! 97 -02-16699 ). 
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C 

JIlO6011lHll B.B., JIlO6011lHll B.JI. P2-99-69 
T-I1HBapHaHTHOCTb 11 nomlpH3aUHOHHble 3<p<peKTbl BpeaKll,HJIX 
p+3 He ~ 7t+ +4He H 7t+ +4He ~ p+3 He 

Ha OCHOBe HHBapl1aHTHOCTH OTHOCHTeJIbHO 06pameHHjI BpeMeHH YCTaHOBJIeHO, 
qTO 3aBHCI1MOCTb 3<p<peKTHBHoro CeQeHI1j1 6HHapHOH. peaKlll1H a + b ~ c + d OT 
BeKTopOB nOJIjlpH3allHH HaqaJIbHbIX qaCTI111 a 11 b nOJIHOCTblO onpe.LJ.eJIjleT BeKTopbI 
nOJIlIpH3alll111 11 Cnl1HOBble KOppemlll1H Tex )Ke qaCTI111 B 06paTHOH. peaKlll111 
c + d ~ a + b C HenOJIjlpl130BaHHbIMH HaqaJIbHbIMI1 qaCTHllaMH c 11 d. 

I1CnOJIb30BaHHeM annapaTa CnHpaJIbHbIX aMnJII1TY.LJ. HCCJIe.LJ.YlOTCjI 

nOJIlIpl13allHOHHbIe 3<p<peKTbI B npollecce p+ 3 He ~ 7t + +4He 11 o6paTHoM npollecce 

7t + +4 He -» p+ 3 He. iloKa3aHo, qTO B peaKllHH 7t + +4He ~ p+ 3 He cnHHbI 

KOHeqHbIX QaCTHu, (npoToHa H jI.LJ.pa 3 He) CHJIbHO CKOppeJIl1pOBaHbI. ilOJIyqeHO 

Bblpa)KeHHe ,lJ,Jrn KOppeJIjlu,HoHHoro TeH30pa npH npOH3BOJIbHbIX yrJIax BbIJIeTa 

CHCTeMbI (p, 3 He). 

Pa60Ta BbIllOJIHeHa B JIa6opaTopHI1 BbICOKI1X 3Heprl1H. OHJII1. 

npcnpHHT 06bC,llHHCHHOro HHCTHTyra ~,llCpHbIX HCCnC,llOBaHHH . .lly6Ha, 1999 

ilepeBOll. aBTopOB 

Lyuboshitz V.V., Lyuboshitz V.L. P2-99-69 
T- Invariance and Polarization Effects in the Reactions 
p+3 He ~ 7t+ + 4He and 7t+ +4He ~ p+3 He 

On the base ofthe invariance with respect to the time reversal, it is ascertained that 
the dependence of the effe~tive cross-section of the binary reaction a + b ---» c + d on 
the polarization vectors of the initial particles a and b completely determines the 
polarization vectors and the spin correlations of the same particles in the inverse 
reaction c+ d ---» a + b with the unpolarized initial particles c and d. Using the 
technique of spiral amplitudes, the polarization effects in the process 

p+ 3 He ---» 7t + +4He and the reverse process 7t + +4 He ---» p+ 3 He are investigated. It 

is shown that in the reaction 7t+ +4 He ---» p+ 3 He the spins of the final particles (the 

proton and the 3 He nucleus) are strongly correlated. The expression for the correlation 

tensor at arbitrary flight angles of the (p, 3He) system is obtained. 

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