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P2-99-69 

Ha OCHOBe l1HBap11aHTHOCTl1 OTHOCliTeJihHO 06pamett11J1 BpeMeHl1 ycTaHOBJieHO, 
qrn JaB11c11MOCTh 3cpcpeKT11Bttoro ceqeHHJI 611ttapttoii peaKu1111 a+ b ➔ c + d OT 
BeKTOpOB I10JIJlp113al.(1111 HaqaJihHhIX qaCTl1l.( a 11 b IlOJIHOCThlO orrpe~eJIJleT BeKTOpbI 
rrom1p113au1111 11 CI111HOBhie KOppeJIJll.(1111 TeX )Ke qaCTl1l.( B o6paTHOH peaKl.(1111 
c + d ➔ a + b c tterrom1p1130BaHHhIMli ttaqaJihHhIM11 qacT11l.(aM11 c 11 d. 
C 11CI10Jih30BaHl1eM arrrrapaTa CI1lipaJibHhIX aMI1JI11TY~ 11CCJie~yIOTCJI 
rrom1p113au110Httb1e 3cpcpeKThI B rrpouecce p+ 3 He ➔ rt+ + 

4 He 11 o6paTHOM rrpouecce 

rt++ 4He ➔ p+ 3He. TioKa3atto, qrn B peaKu1111 rt++ 4He ➔ p+ 3He crr11HhI 

KOHeqHhlX qaCTl1l.( (rrpOTOHa 11 ll~pa 3 He) Cl1JlhHO CKoppen11poBaHhl. TionyqeHO 

Bblpa)Kett11e ~JIJI Koppemll.(110HHOro TeH3opa rrp11 rrp0113B0JlhHhlX yrnax BhIJieTa 

c11cTeMhI (p, 3 He). 

Pa6orn BhmOJIHetta B Jia6opaTop1111 Bh1coK11x Jttepmii OIUII1. 

• TipcnpHHT 06bC)lHHCHHOro HHCTmyra l!JlepHbIX HccnenosaHHH. ,[{y6tta, 1999 

TiepeBo~ aBTOpOB 

Lyuboshitz V.V., Lyuboshitz V.L. 
T-Invariance and Polarization Effects in the Reactions 
p+ 3 He ➔ rt+ + 4 He and rt+ + 4 He ➔ p+ 3 He 

P2-99-69 

On the base of the invariance with respect to the time reversal, it is ascertained that 
the dependence of the effective 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 ➔ rt+ + 4 He and the reverse process rt+ + 4 He ➔ p+ 3 He are investigated. It 

is shown that in the reaction rt++ 
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, 3 He) system is obtained. 

The investigation has been performed at the Laboratory of High Energies, JINR. 
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B pa6oTe [ 1] Ha 0CH0Be T-CHMMerpmI .Llllq>q>epem.1,mlllhHOro ceqemui ynpyroro 

pacce»HHH o6cy)l(,LlaJIHCh Il0JIHplt3aIJ,H0HHhle 3q>q>eKThI npH pacce»HHH qacTHIJ, co CilH

H0M 1/2 Ha HeilOJIHpH30BaHHOll MHIIIeHH. B HaCTo»meii pa6oTe aHanOrlfqHhlll Il0,IJ,X0.LI 

npHMeH»eTCH K aHanlf3y CJle,LICTBHll T-IIHBapnaHTHOCTH MH 3q>q>eKTHBHhIX ceqeHHll 

npHMhIX H o6paTHhIX 6HHapHhIX peaKIJ,Hll c yqaCTHeM .LIBYX <iaCTHIJ, co CilHH0M 1/2 B Ha

qaJlhH0M HJIH K0HeqH0M C0CT0HHHHX. IlpH 3T0M Il0,Llpo6Ho HCCJle,LlyIOTC.8 Il0JIHpH3aIJ,H-

0HHhie 3q>q>eKThI B peaKIJ,lfHX p+ 3 
He ➔ n + + 4 

He H n + + 4 He ➔ p+ 3 
He • 

1. PaccMOTPHM 6HHapHy10 peaKIJ,HIO a + b ➔ c + d. IlycTh HaqanhHhie qacrnIJ,hI a H 

b HMeIOT CilHH 1/2 'a KOHe<iHhie qaCTHIJ,hI CH d-:- np0H3B0JlhHhie CilHHhI. ,O603HaqlfM 

KaK ka = -kb HaqanhHhitt HMrrynhC B c. IJ,. H. peaKIJ,HH, kc = -kd - KOHeqHhIH HM-

nynhc B C.IJ,.H., 0 - yron Me)l(,Lly HMnynhcaMH ka H kc, E-11onHy10 :meprHIO B 

C.IJ,. H. Bae,LleM TPH B3aHMH0 11epneH,L1HKYJ1RPHhIX e,LIHHlfqHhIX BeKTopa (,L1Ba H3 HlfX Ha

rrpaBJleHhI B IlJI0CK0CTH peaKIJ,HH, a TpeTHll - B,LI0Jlh H0pMaJIH K IlJI0CK0CTH peaKIJ,HH): 

- ka _ t'-l(l'l) _ [77'J 
I=- m=--- n--- (1) 

k a ' sin 0 ' - sin 0 ' 
r,Lle 

- kc , - I , - I --/' = - , ka = ka , kc = kc , 0 = arccos (/ / '). 
kc 

IlpH coxpaHeHHH rrpocTpaHCTBeHHOll qeTH0CTH, C yqeT0M HHBapHaHTH0CTH 0TH0-

CHTeJlhH0 110B0p0T0B B rpexMepH0M npocrpaHCTBe H JIHHeiiHOCTH KBaHTOBOll Te0pHH, 

3q>q>eKTHBHOe ceqeHHe npoIJ,ecca a + b ➔ C + d, npocyMMHp0BaHH0e Il0 npoeKIJ,lfHM 

Cl1HHa K0HeqHhIX qacTHIJ,' ,LI0Jl)l(H0 6hITh CKampoM, JIHHettHhIM 110 BeKTopaM 110l1.8pH-

3aIJ,HH HaqaJlhHhIX qacTHIJ, p (a) HE' ( b) . 8 C0OTBeTCTBHH C 3THM CTPYKTYPHM qi op Myna 

.LIJl.8 ,[(Hq>q>epeHIJ,HaJlhHOro ceqeHHH a C. ll,. H. npHHHMaeT BH,LI ( CM'. TaIOKe [2] ) 

- ~(a) -(b) - { ~(a)- . -(b)-
aa+b➔ c+d (ka ,P ;P ;kc)=ao(E,0) l+A(E,0)(P n)+B(E,0)(P n)+ 

+C(E,0}(P(a) j,(b) }+ D(E,0)(P(a)7)(P(b)7) + F(E,0}(P(a) in }(fa(b)in) + 

+G(E,0}(P(a)7)(P(b) in)+ H(E,0}(P(a) in)(fa(b)7)}. (2) 

3,LleCh a O (E, 0 )-3q>q>eKTHBHOe ceqeHHe peaKIJ,HH a + b ➔ c + d MR Herron»pH30-

BaHHhIX HaqanhHhIX qacrnIJ,; A, B, C, D, F, G H H - 6e3pa3MepHhie q>yHKIJ,HH 3HepmH 



H yrna Bblnt:Ta 0; npH 3TOM BeKTOpbl A(E,0) ii H B(E,0) ii HMeIOT CMbICJI aHamnH

PYIOlllHX cnoco6HOCTeii ,WUI qaCTHI..1 a H b COOTBeTCTBeHHO. 

5lcHo, qrn npH 0 = 0 a CHJIY aKcHaJibHOH CHMMeTpHH qiyHKI..IHH A, B, F, G H H 
o6pamaIOTCH a HYJib, H Bb!pa)KeHHe .wui: ,!{HqlcpepeHUHaJibHOro Ce'-IeHHH peaKUHH ynpo

maeTCH: 

- ~(a) -(b). - _ { ~(a) -(b) 
a a+b➔c+d (ka l ,P ,P , kc/)- a o (£,0) l+C(E,0)(P P ) + 

+ D(E,O)(P(a)])(P(b)])}. (3) 

Taey10 )Ke CTPYl<TYPY HMeeT 3qiqieKTHBHOe ce'-IeHHe peaKUHH npH 0 = :rr. IIpH 

O'-IeHb MaJiblX yrnax 0 c yqeTOM (I) 

A(E,0) = a(E)0, B(E,0) = b(E)0, G(E,0) = g(E)0, H(E,0) = h(E)0, 

F(E,0) = f(E)0 2 , (4) 

r,ne cpyHKUHH a (£), b (E),f(E), g (E) H h (E) , aoo6me roaopH, OTJIH'-IHbI OT HYJIH. IIpH 

MaJiblX OTKJIOHeHHHX OT yrna :rr cnpaae,AJIHBbl npe,neJibHbie COOTHOUJeHHH (4) C 3aMe

HOH 0 Ha 1::,,.0 = :rr - 0 H ,npymMH 4'YHKI..IHHMH 3HepmH £. 
IlpOHHTerpHpyeM Tenepb 3qlcpeKTHBHoe ce'-IeHHe peaKUHH a + b -+ c + d no a3H

MYTaJibHOMY ymy. JierKO BH,AeTb, qTo 

2n 2n 2n 2n 
f (fa(a)ii)d<p = f (fa(b)ii)d<p = 0, f (fa(a)in)d<p = f (fa(b)in)d<p = 0, 

0 0 ' 0 0 

2n f (P(a) in )(fa(b)in )d<p = :rr[(fa<a) p(b) )-(fa(a)])(P(b)] )]. (5) 

0 

B pe3yJibTaTe mixo,nHM 

~(a) -(b) _ 
a a+b➔ c+d (E,0,P ,P )-

= 2:rr a o (E,0) {I+ (C(E,0)+.! F(E,0))(P(a) fa(b) )+ 
I 2 . .. , 

+ (D(E,0)-2 F(E,0))(P(a){)(P(b) /)}. (6) 

2. Ha OCHOBe HHBapHaHTHOCTH OTHOCHTeJibHO o6pameHHH apeMeHH Mb! MO)KeM, 

IlOJib3YHCb qiopMynoii (2), nonyqHTb o6mee Bbipa)KeHHe ,!{JIH 3cpqleKTHBHOro Ce'-IeHHH 

o6paTHOH peaKIJ,HH c + d -+ a + b c HenonHpmoaaHHbIMH qacTHUaMH c H d H qlHKCHpo

aaHHbIMH noJIHpH3aIJ,HHMH ~(a) H ~(b)KOHeqHbIX qacTHU. * yqlfTbIBaH, qTo npH o6pa-

*ITo,n ~(a)H ~(b)cJie,nyeT ITOHHMaTb aH:IJIH3Hpyiomne cnoco6HOCTH ,!{eTeKTOpOB; npn JTOM 

,~(a)I :51,,~(b)I :51.. 

2 
'l :: ;,, .. ~;; ~,. ,. 

:.~r-- .... , '\ •, :.; i'),( f.: 

-
,,) 

)· 

meHHH apeMeHH MeHHIOTCH HanpaaneHHH HMnyJibCOB H BeKTopoa nonHpH3aIJ,HH, Haxo

,!{HM B COOTBeTCTBHH C npHHUHnOM ,!{eTaJibHOro paBHOBeCHH [3] 

- . - ~(a) -(b) _ 
0c+d➔a+b(kc,ka,S ,S )-

- k; _ - _ -(a) _ -(b)._ -
- 2 . a a+b➔ c+d ( ka, S , S , kc). (7) 

kc (2jc + 1)(2h + I) 
TaKHM o6pa30M, B c.1..1.H. qacn11..1 C H,d 

- .- -(a) -(b) _ _!_~ { _. . ~(a)-_ 
ac+d➔a+b<kc,ka,S ,S )- ao(E,0) I A(E,0)(s n) 

4 . . 

-B(E,0)(~(b) ii)+C(E,0)(~(a)~(b)) + D(E,0)(~(a)])(~(b)])+ 

+ F(E,0)(~(a) in)(~(b) in) +G(E,0)(~(a)])(~(b) in)+ H(E,0)(~(a) in )(~(b)])}, (8) 

r.ne 
2 ~ 4ka 

a O (E,0) = ----=----a O (E,0) 
· k; (2jc + 1)(2h + I) 

(9) 

- 3!pqleKTHBHOe Ce'-IeHHe peaKUHH ,!{JIH HenoJIHpH3OBaHHbIX HaqaJibHbIX qacTHIJ, CH d, 
npocyMMHpOBaHHOe no npoeKUHHM cnHHa KOHe'-IHbIX qaCTHIJ, a H b. 

IIo,nqepKHeM, qrn a qiopMynax (8) H (9) A(E,0),B(E,0),C(E,0),D(E,0), 
F(E,0), G(E,0), H(E,0)0 a 0 (E,0)-Te )Ke qiyHKUHH 3HepmH EH yma BblJieTa KO

He'-IHbIX '-IaCTHI..1 a C. 1..1. H. , qTo Ha Bbipa)KeHHH (2), a e,AHHifqHbie BeKTOpbl no-npe)Kffe

MY Bbipa)KaIOTCH '-Iepe3 HMnynbCbI ka H kccomacHo (I). 

TaK KaK COOTHOUJeHHe (8) cnpaae,AJIHBO npH JII06b1x qlHKCHpoaaHHblX KOHeqHbIX 

noJIHpH3aIJ,HHX ~(a) H ~(b)' OT6HpaeMbIX .ABYMH aHaJIH3aTopaMH, HCHO, qTo cnHHOBaH 

MaTPHUa nJIOTHOCTH CHCTeMbl ,nayx KOHeqHbIX '-IaCTHIJ, a H b co CnHHOM · 1/2, o6pa3yIO

ll.lllXCH B peaKIJ,HH C + d -+ a+ b C HenoJIHpH3OBaHHblMH HaqaJibHbIMH qacTHUaMH CH d, 
MO)KeT 6bITb nonyqeHa m (8) nyTeM 3aMeHbI aeKTopoa ~(a) H ~(b) oneparnpaMH IlaynH 

5 (a) H 5 (b) COOTBeTCTBeHHO. B pe3yJibTaTe ,nayxqacTHqHaH cnHHOBaH MaTPHUa IlJIOTHO

CTH ' y,noBJieTBOpHIOll{aH ycJIOBHIO HOpMHpOBKH 

A (1,2) - I 
Sp(l,2)P - , 

npHHHMaeT BB,!{ 

p(a,b) =¾[l(a) ®f(b) +(fa(a)(E,0)5(a) )®f(b) +J(a) ®(fa(b)(E,0)5(b) )+ 

3 3 
"" 0 A (a) '°' A (b) ] ( ) +L.JL.JTik(E, )a; 'Olak , 10 
i=I k=I 

r,ne J(a)H J(b)_ ,nayxpH.AHbie emrnHqHbJe MaTpHl..lbl, ®-3HaK npHMoro npomae,ne

HHH MaTPHLI, 

3 



p(a) (E,0) = -A(E,0)ii, j,(b) (E,0) = -B(E,0)ii (11) 

- aeI<Top1,1 noru1pu3all,Htt qacTHU a u b, p0)KAa10muxc» B peaKUHH c + d -+ a + b , 

Tik(E,0)=C(E,0)oik +D(E,0)/;lk +F(E,0)m;mk +G(E,0)/;mk + 

+H(E,0)m;lk (12) 

- KOppeJUIQHOHHhlH TeH30p, OilHChIBalOIUHH CilHHOBbie KOppeJIHUHH B ABYX'-!aCTll'-1-

HOH cttcTeMe (a,b} 
B COOTBeTCTBHH C (10)-(12), ecnu npu H3Mepemm AeTeI<Top OT6ttpaeT CilHHO

BOe COCTOHHHe '-!aCTHUhl a C BeI<TopOM IlOJIHpH3aQHH ~(a) (HanpttMep, B pe3yJihTaTe BTO

pH'-IHOro pacceHHHH), TO aeI<Top IlOJIHpH3aQHH '-laCTHUbl b, po~a10meiicH BMeCTe C '-!a

CTHQeii a B OAHOM H TOM )Ke aI<Te CTOJIKHOBeHHH '-!aCTHU CH d' HMeeT KOMilOHeHThl ( CM. 

TaIOKe [2,4]) 

3 (a) p?) + LT;k(E,0)~; 
;-) 

J5?\~(a)) l+J5(a)(£,0)~(a) 
(13) 

3AeCb j,(a) u j,(b)_ BeKTOpbl IlOJIHpH3aUHH KOHe'-!HblX '-laCTHU au b npu ycno

BHH, qTO CilHHOBbie COCTOHHHH He q>HKCHpyIOTCH AeTeI<TopaMH ( CM. ( 11) ). O'-leBHAHO, 

j,(b) = _!_ (l + j,(a)~(a) )fi(b) (~(a))+..!. (l-J5(a)~(a) )fi(b) (~~(a)). 
2 2 

JierKo BHAeTh, '-!TO npu OTCYTCTBHH Koppen»uuii, Koma T;k = P,.<a) P?), 

ft(b) (~(a))= f,(b)He3aBHCHMO OT BeI<Topa ~(a). 

3aMeTHM, qTo npu 0 = Ou 0 = :rr BeI<Topbl Il0rulpH3aUHH B CHJIY COOTHOllleHHH (4) 

H (11) paBHhl HYJIIO H CilHHOBhle 3cp!pel<Thl IlOJIHOCTblO onpeAeJUIIOTCH KoppeJIHUHOH

HhlM TeH3opoM Tik: 
3 

p(b) ="" T- ~~a) (14) 
k L 1k'=>1 • 

i=I 
rAe 

fa =Co;k +Dlilk. (15) 

OnttChIBaeMaH cpopMynaMH (13) H (14) 3aBHCHMOCTh CilHHOBOro COCTOHHHH OAHOH 

H3 qaCTHU OT xapaI<Tepa H3MepeHHH, npOBOAHMhlX HaA Apyroii '-laCTHUeii, HBJIHeTCH 

npOHBJieHHeM o6mero KOppeJUIQHOHHOro 3cpcpeI<Ta npu perHCTPaUHH MHOrD'-!aCTH'-1-

HblX KBaHTOBhlX COCTOHHHii OAHO'-!aCTH'-IHbIMH AeTeI<TopaMH, npeACKa3aHHOro B 3Ha

MeHHTOH pa6oTe 3iiH111TeiiHa, IloAOJihCKoro u P03eHa [5]. 
M1,1 BHAHM, '-!TO BBHAY T-HHBapuaHTHOCTH 3aBHCHMOCTh 3cpcpeKTHBHOro ce'-!eHHH 

npxMoii peaKUHH a+ b -+ c + d OT noru1pu3auuii Ha'-!anhHhIX '-!aCTHU )KeCTKO onpeAeJIH

eT CilHHOBhle KoppeJIHUHH TeX )Ke '-!aCTHU a o6paTHOii peaKQHH c + d -+ a+ b c HeilOJIH-

4 

,,) 

i. 

pH30BaHHbIMH Ha'-laJihHhIMH '-laCTHQaMH. * l1HBapuaHTHOCTb OTHOCHTeJibHO o6pame

HHH apeMeHH npHBOAHT TaK)Ke K npocTOii CBH3H ( 11) Me~y K03lplpHUHeHTaMH ne

Bo-npaaoii a3HMYTaJibHoii acttMMeTPHH A(E,0) H B(E,0) npu CTOJIKHOBeHHH 

noru1pH3oaaHHhIX '-laCTHU a H b B np»Moii peaKUHH a+ b-+ c +du aeI<TopaMII noru1pu-

3auuu Tex )Ke '-laCTHU, o6pa3yIOIUHXCH B o6paTHOH peaKQHH C + d - a + b C Henoru1pu-

30BaHHhlMH '-!acnm,aMH CH d. 

3. l1ccneAyeM Tenepb IlOJIHpH3aUHOHHbie 3cpcpeI<Tbl B peaKUHH 

p+
3 

He-+ :rr+ + 
4

He u o6paTHOM npouecce :rr + + 
4

He-+ p+3 He. ~aHee 61,mo noKa3a-

Ho, '-!TO 3cpcpeKTHBHOe Ce'-!eHHe peaKQHH p+
3 

He-+ :rr ++ 
4

Hea CHJlhHOll CTeneHH 3aBH

CHT OT IlOJIHpH3auuii npoToHa H HApa J He, H B CBH3H C 3THM npouecc 

p ( 3 
He, 

4 
He) :rr + Ha non»pH30BaHHOll BOAOPOAHOii MHllleHll MO)KHO, B npHHUHile, HC

IlOJlb30BaTb AJIH H3Mepem1x nonHpH3aum1 ny'-!Ka HAep 
3 

He [6]. ** C y'-!eTOM T-ttHBa

pttaHTHOCTH • IlOJIHpH3aUHH npOToHa H HApa 
3 

He B o6paTHOii peaKUHH 

:rr + + 
4 

He - p+ 3 
He AOJI)l(Hbl 6bITb )KeCTKO CKoppenupoaaHhl. 

)],eiiCTBHTeJibHO, H3 coxpaHeHHH yrnoaoro MOMeHTa H npocTpaHCTBeHHOll '-leTHO

CTH CJieAyeT, '-!TO a peaKUHHX THila 1/2 + 1/2-+ 0 + 0 ( ABa cpepMHOHa co CilHHOM 1/2 npe

BpamaIOTCH B ABa 6eccnHHOBbIX 6o30Ha) npu ycJIOBHH, qTo npOH3BeAeHHH BHYTPeH

HHX '-!eTHOCTeii Ha'-laJihHblX H KOHe'-!HhlX '-!aCTHU npOTHBOilOJIO)KHbl no 3HaKy, nepexo

Ahl H3 CHHrJieTHOro COCTOHHHH cpepMHOHOB (nOJIHhlll CilHH s = 0) 3anpemeHbl 

[11-13]. ITocKOJihKY :rr+ - nceBAOCKan»pHbiii Me30H, 
4

He - 6eccnuttoaoe HAPO, 

CilHHhl npOTOHa H HApa 
3 

He paBHbl 1/2 ' HCHO, '-!TO peaKQHH p+ 3 
He - :rr + + 

4 
He B03-

MO)l(Ha TOJihKO npu IlOJIHOM CilHHe CHCTeMbl (p, 3 
He), paBHOM l. 

*B craTbe [2] nptt aHaJIH3e cne,!J;CTBHH T-CHMMeTJ)HH ,!J;JIJI npllMblX tt o6paTHblX fornapHblX 
peaKUHH ,nonymeHbl HeTO'-IHOCTH. <l>OpMYna (46) ,nom1rna HMeTb BH,11; 

f ➔ -f f ➔ -f j,(a) ➔ _,:(a) j,(b) ➔ _,:(b) a a, c c, ~ , ~ · 

JJ:anee ,!J;OJllKH,.SJ cne,noBaTb: «npH )TOM ii ➔ ii». B COOTBeTCTBHH c 3THM, B cj>OpMYnax ( 4 7), ( 49) H 

(50) TeH3op M;k cne,nyeT 3aMeHHTb Ha Temop M;k 'BXO,!J;JIIUHH B BbipalKem1e (44), a cj>yHKUHH A 

H B B3JITb co 3HaKOM «~HHyc». BbipalKeHHe (47) cne,nyeT YMHOlKHTb Ha K03cpcpttuHeHT l / 4: 
Onpe.neneHtte TeH3opa M ik Ha CTp. 51 cne.nyeT onycTHTb. 

**PeaKUHH p+3He ➔ ;r + + 4He H n + + 4He ➔ p+3He 6e3 aHantt3a nom1pmau110HHbIX 3cp

cj>eKTOB H3}"1aJIHCb 3KCnepttMeHTaJlbH0 B pll,ne pa6oT (CM., HanpnMep, [7-10]). CornacHo 3KC
nepttMeHTaJlbHblM ,naHHblM, B cnytJae, Kor,na TI}"I0K H MHllleHb He TI0Jillp1130BaHbl, ,n11cj>cj>epeH

UllaJibH0e cetJett11e npouecca 3He + p➔ 4He +n + B c.u.11. npn KHHeT11'lecK11x 3Hepmllx npoTo-

Ha 300-600 M3B B n.c. 11 MaJiblX yrnax BbIJieTa CIICTeMbl (n + ,4He) C0CTaBJIJleT 

10+15 MK6apHlcTep. 
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Bb16epeM och KBaHTOBaHIDI z 11onHoro cmrna anonh Ha11paanemui / = k P I k P, 

me k P- HMIIYJihC 11poTOHa B c.u.11. peaKUHH, och x- snonh Ha11paaneHIDI in, a och 

y- B)lOJlh Ha11paBJieHml ii; e)lHHH'-IHhle BeKTOphl in H ii 011penemUOTCJI 110 q>OpMynaM 

( 1) c /'=kn I kn, rne kn - HMIIYJihC n + -Me30Ha B c.u.11. Tp1111neTHh1e cocTOJIHHJI CH-

cTeMhI (p' 3 He) C 11poeKl..{HJIMH CIIHHa Ha OCh KBaHTOBaHHJI, paBHhlMH + 1, - 1 H 0, HMe

lOT BH)l 

I + 1,7) = I + 1/2,i/p) I + 1/2,/) (He\ 

I - 1, 7) = J - 1/2, 7) (p) J- 1/2, 7) (He) ; 

J 0, 7) = ~<I+ 1/2, 7) (p) J-112, 7) (He) +J-112, 7) (p)J + 1/2, 7) (He)). 

(16) 

TiyCTh p(P) H p(He)_ He3aBHCHMhJe BeKTOphl IIOJIJIPH3al..{HH IIpOTOHa H Jl)lpa 

J He. Torna .1lBYX'IaCTH'-IHaJI CIIHHOBaJI Marp11ua IIJIOTHOCTH Ha'IaJihHOro COCTOJIHHJI 

OIIHChJBaeTCJI q>opMynoii 

f/p,He) =_!.(J(p) +fa(P)a,(P))®(](He) +fa(He)a,(He)) (17) 
4 . 

06o3Ha'IHM R;_ (E,0)aMIIJIHTY.1lY 11p.11Mott peaKUHH p+3He ➔ n+ + 4 Hea c. u. H. 

H3 COCTOJIHHJI JJ,7). 3nech E - IIOJIHaJI 3HeprIDI IIpOTOHa H Jl)lpa 3 He B C.l..{.H., 0-

yron Me)K,lly BeKTopaMH k P H kn ,A MO)KeT IIpHHHMaTh 3Ha'IeHIDI + 1, -1 H 0. ,[(n.11 )J.Hq>

qiepeHUHaJihHOro Ce'IeHHJI peaKl..{llll p+ 3 He ➔ 1f + + 4 He IIOJiy'IaeM Bh!pa)KeHlle 

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

= LL R;_ (E,0)(JJJ,o (p,He)jJ •,7) R;,(E,0) = ( tfJj,o (p,Hc) jtfJ ), (18) 
l l• 

rne 

I tjJ) = LR; (E,0)1 A,/) 
l=±l,O 

HMeeT CMhJCJl HeHOpMHpOBaHHOro Ha'IaJihHOro .1lBYX'IaCTH'IHOro CIIHHOBOro COCTOJI
HHJI, KOTOpoe «OT6HpaeTCJI» paccMarpHBaeMOH peaKl..{Hett. 

C Y'IeTOM Toro, 'ITO 1IpOM3Be)J.eHHe BHyTpeHHHX 'IeTHOCTeii 'IaCTHU, yqaCTBylO

IUHX B 11pouecce p+ 3 He ➔ 1f + + 4 He, 1J = -1, a IIOJIHhJe CIIHHhl B Ha'IaJihHOM ll KOHe'I

HOM COCTOJIHHJIX paBHhl COOTBeTCTBeHHO 1 ll 0, coxpaHeHHe 11pocrpaHCTBeHHOH 'IeT
HOCTH IIpHBO)lllT K paaeHCTBY 

R;_ (E,0) = (-1fl R_;_ (E,0), 

6 

(20) 

) 

\ 

·~ 

KOTOpoe nerno MO)KHO IIOJIY'IHTh C IIOMOll..{h!O a1111aparn CIIHpaJihHhlX aMrurnryn 

(14,15]. TaKHM o6pa30M, 

R+ 1 (E,0) = -R_ 1 (E,0) = R1 (E,0). (21) 

l13 cooTHOllleHHtt (19) H (21) cnenyeT, ;TO peaKUHJI p+3 He ➔ n+ + 
4

HeB03MO)K

Ha TOJihKO B TpHIIJieTHhIX cocTOJIHIDIX Ha'IaJihHOtt CHCTeMhI I+ 1, ii) H I- 1, ii), cooTBeT
crny10mHx 11poeKUIDIM IIOJIHOro CIIHHa Ha HOpMaJih K IIJIOCKOCTH peaKl..{llll, paBHhIM + 1 

ll - l; IIpH '.HOM • 

lt/J) = (R; (E,0)-~ R~ (E,0))1+ l,ii) + 

* ; • I -) +(R1 (E,0)+ ..fi R0 (E,0)) -1,n . (22) 

CocToJ1HHJ1 I A, ii) c 11poeK_UHJ1MH 11onHoro CIIHHa Ha HopManh A = ± 1, 0 11pencTa
BJIJ110T co6ott opTOroHaJihHhie ,/1.pyr npyry cy11ep1103lll..{llll rpHIIJleTHhIX COCTOJIHHH 

(16): 

11 -) i I -) 11 -) I + 1, ii) = 2 + I,/ + ..fi 0, I - 2 - I, / ' 

11 -) i I -) 11 -) I-Iii)=- +I/ -- 0/ -- -1/ '2' ..fi' 2 ,, 

10,ii)= ~<J+1.l)+l-1J)>-

re3ynhTaT (22) cornacyeTCJI C ll3BeCTHhIM 11paBMJIOM 0. Eopa [15]: 

17=(-l)M-M'. 

(23) 

3nech 1J - 1IpOM3Be)J.eHHe BHyrpeHHHX 'IeTHOCTett 'IeThipex 'IaCTHU, yqacrny10-
JUHX B 611HapHOH peaKUHH, M H M' - 11poeKl..{llll IIOJIHOro CilHHa B Ha'IaJihHOM ll KO

He'IHOM COCTOJIHIDIX Ha HOpManh K IlJIOCKOCTH peaKl..{Hll . 

3aMeTHM, 'ITO pa3JIO)KeHHe aMIIJIHTY)J.hl R;_ (E,0)110 IIOJIHhlM ymoBhlM MOMeHTaM 

HMeeT crpyKrypy 

R;_ (E,0) = I (2J + l)y<') (E)dai) (0). 

rne da? (0)- q>yHKUllll Bttrnep/( CM., HanpHMep, [15]). TipH O'IeHh MaJihIX ymax 

I dai\0)l~0lll ,a11pHd0=(n-0)<<1 HMeeM I dai)(0),~d0lll.BcoOTBeTCTBHll 

c 3THM 11ptt 0 ➔ 0 H 0 ➔ n aMIIJIHry)J.a R 1 ( E, 0) crpeMHTCJI K HYJIIO, 'ITO cooTBeTCTBYeT 

coxpaHeHHIO npoeKUHH ymoaoro MOMeHTa Ha och peaKUHH. 

,[(n.11 Bhl'IHCJieHIDI )J.Hq>q>epeHl..{llaJihHOro Ce'IeHIDI peaKl..{Hll p+3 He ➔ 1f + + 
4 

He c 

IIOMOll..{h!O q>opMyJihl ( 18) Hatt)leM cpe)J.Hlle 3Ha'IeHHJI MaTpHU TiayJIH ll IIX IIpJIMhIX npo-
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ll3Be.l(ettnii B .l(Byx11acTwrnoM cnnHoBoM cocToHHHH / tfl ). C y11ernM (16) H (21) Bhipa

)KeH,;e (19) wrn / t/J) MO)KHO nepenncaTh B BH.l(e 

/ t/J) = Ri* (E,0)(/ + 1/2, z)(p)/ + 1/2, z)<He) -/- l/2,z)'P)/-112, z)'He) )+ 

+ ~ R; (E,0)(/ + 1/2,z) (p)/-112,z) (He) +/-1/2,z) (p)/ + 1/2, z) (He)), (24) 

r,l(e OCh-Z, KaK y)Ke roBopHJIOCh, HanpaBJieHa B.l(OJih OCH peaKUHH /. JlerKO IlOKa3aTh, 

ncnonh3YH HBHhiii BH.i:t MaTpnu Ilaynn, 'ITO 

( t/J / &~) ®f (He)/ t/J) = ( t/J / J(p) ®a~He) /tfl) = 

= ( tfl/ a-t> ®i (He) /tfl) = ( t/J I j(P) ®a}He) I t/J) = 0, 

( t/J I a-Y1> ®i (He) /tfl) = ( tfl/ j(P) ®a~He) I t/J) = 
= 2✓2 Im(R1 (E,0)R; (E,0)); 

( tfl/ a-~> ®a~He)lt/J) = 2/ R1 (E,0)/
2 

-I Ro (E,0)/ 2 , 

( tfl/ aiP) ®aiHe)lt/J) = -21 i1 (E,0)/
2 

+I Ro (E,0) /2' 
( tfl/ a-Y1> ®a~Hc)lt/J) = 2/ R1 (E,0) 1

2 
+I Ro (E,0) 12 ; 

( tfl/ aiP) ®a~Hc)lt/J) = ( tfl/ a-Y1> ®a}He)lt/J) = 

= ( t/J I a~P) ®a~Hc)lt/J) = ( t/J I a-Y1> ®a~Hc) I t/J) = 0, 

(25) 

(26) 

(tfl/ a-~> ®a}He)lt/J) =(tfl/ a}P) ®a~Hc)lt/J) = 
= 2✓2 Re(R1 (E,0)R; (E,0)). (27) 

IlO.l(CTaBJijJjJ Bhlpa)KeHHH (17) n (24) - (27) B COOTHOUleHne {18) ,l(JijJ 3q>q>eKTHB

HOro Ce'leHlljJ peaKUHH p+3
He ➔ :T[+ + 4He H npHHHMM BO BHHMaHne, 'ITO no onpe-

,l(eJieHHIO 0-z = a, f, ax= 3- in H Uy = 3- ii, Mhl npHXO~HM K CTpyKTypHOH cpopMyJie 

(2), B KOTOpoii pOJih '1aCTHUhl a HrpaeT npOTOH, pOJih '1aCTHUhl b- H.l(po 3 He, pOJih 

11acrnuh1 c-n + -Me3oH, pOJih 11acrnuhl d - H.l(po 4 He, a cpyHKUHH a 
O 

, A, B, CH T . .l(. 

HBJIHIOTCH 6nnnHeiiHhIMH KOM6ttHaUlljJMH aMnnttry.l( R 
1 

( E, 0) n R
O 

( E, 0 ): 

a o (E,0) = _.!_ (t/JI t/J) = _.!_ (/ R0 (E,0)/
2 

+ 2/ R1 (E,0) /2 ); 4 4 
I * A(E,0) =B(E,0) = ~ Im(R1 (E,0)R0 (E,0)); 

v2a0 (E,0) 
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C(E,0)=1; D(E,0)=-/Ro(E,0)/2; F(E,0)= /R1(E,0)/2 
2a 0 (E,0) a 0 (E,0) 

I * G(E,0) = H(E,0) = ~ Re(R1 (E,0)R0 (E,0)). 
v2a 0 (E,0) 

(28) 

Tipn 0 = 0 H 0 = 1' aMnJIHry.l(a R1 (E,0) = 0, H 3aBHCHMOCTh 3cpq>eKTHBHOro ce11e

HHH peaKUHH p+ 3 He ➔ :Tl++ 4 
He OT BeKT~pOB noJIHpH3aUHH npOTOHa H H.i:tpa 3 He cy

mecTBeHHO ynpomaeTcH [6,2]: 

a 3 4 =_.!_I Ro /2 (I+ (P(p) fa(He) )- 2 (fa(P)l )(fa(He)7)). · (29) 
p+ He➔;,r+ + He 4 

TiponHTerpnpyeM 3cpq>eKTHBHoe ce11ettne peaKUHH p+3 He ➔ n + + 4 
He no a3H

MYTaJihHOMY yrny. C y11ernM coornollleHntt (6) II (28) nony11aeM ( CM. TaK)Ke [6]) 

a 3 4 (Eefa(P) j>(He))=!!._IRo(E0)/ 2 (1+(P(p)j>(He))-
p+ Hc➔n+ + He ' ' ' 2 ' 

-2(fa(P)/)(P(He)7))+n I R 1 (E,0) /2 (I+ (fa(P)/)(P(Hc)7)). (30) 

Mhl BH,[{HM, 'ITO npn HHTerpupoBaHHH no a3HMYTaJihHOMY yrny '1JieHhl B 3cpcpeK

THBHOM ce11ettnn peaKUHII, nponopunoHaJihHhie A(E,0), B(E,0), G(E,0)1I H(E,0) II 
COOTBeTCTBYIOUlHe HHTepcpepeHUIIH COCTOHHHH C pa3HhlMH npoeKUHHMH noJIHOro 

cnHHa Ha HanpaBJieHHe HMnynhca, HC'1e3aIOT. 51CHO, 'ITO CTpyKTypa (30) coxpaffjJeTCH 

H .l(JIH noJIHOro Ce'leHIIH peaKUHH. 

4. Tiepeii.l(eM Teneph K o6paTHoii peaKUHH n + + 4 He ➔ p+ 3 
He. B 3TOH peaKUIIII 

nepeXO.l( B CHHrJieTHOe KOHe'1HOe COCTOHHHe 3anpemeH II nOJIHhlH cnHH CHCTeMhl 
3 - -(p, He) paBeH I. MhI coxpaHHM o603Ha'-leHHH k P n kn MH HMnyJihCOB nporntta II 

:T[ + -Me3OHa B c.u.n. peaKUHH H 6y.l(eM C'-IHTaTh, '-ITO OCh KBaHTOBaHHH z noJIHOro cnnHa 
3 -

cncTeMhI (p, He) HanpaBJieHa B.l(OJih KOHe'-!Horo IIMnynhca k P . BBe,l(eM TY )Ke cncTe-

MY B3aHMHO nepneH,l(HKYJIHpHhlX e.l(HHH'1HhlX BeKTopoB, 'ITO H B cJiy'-lae npHMOH peaK-
3 + 4 - -

unn p+ He ➔ :Tl + He:/ = k P I k P, in II ii onpe.l(eJIHIOTCH no cpopMynaM (I) c 

/'=kn I kn. 

C y'-leTOM o6mnx COOTHOUleHHH (8)-(12), CJie.i:ty10mnx H3 IIHBapnaHTHOCTH OT

HOCHTeJihHO o6pameHHH BpeMeHH, n Bhlpa)KeHHH (28) .l(JIH cpyHKUIIH, onpe,neJIHIOllllIX 

cnHHOBYIO 3aBHCHMOCTh 3cpcpeKTHBHOro ce'leHHH npouecca p+3 He ➔ :Tl++ 4 
He, Ha-

XO,[{HM 3cpcpeKTHBHOe Ce'leHHe peaKUHH :Tl++ 4 
He ➔ p+ J He B c. u. H. , npocyMMHpO

BaHHOe no npoeKUHHM cnnHa B KOHe'1HOM COCTOHHHH, H nOJIHpH3aUHOHHhie napaMe

Tphl CHCTeMhl (p, 3 
He)' 06pa3y10mettCH B 3TOH peaKUHH: 
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an:+ +4Hc-+ p+JHc = (k~ lk; HI Ro (E,0) l2 
+ 2j R1 (E,0)1 2 ); 

j,(P\£,()) = j,(Hc) (E, 0 ) = _2✓2 Im(R1 (E,0)R; (E,0)) n; 

IRo (E,0)1
2 

+21 R1 (E,0)1 2 

T;k(E,0)=o;k- 2 2 2[1Ro(E,0)j21;1k+ 
.. · jR0 (E,0)I +2jR1(£,0)j · · 

+2j R1 (E,0)j
2 

m;mk -✓2 Re(R1 (E,0)R; (E,0))(/;mk +m;fk )]. 

(31) 

(32) 

(33) 

3,necb R0 (E,0) H R1 (E,0) - Te )Ke aMrumry,nh1, 'ITO H JJ.JUI npouecca 

p+ 
3 
He ➔ ;c + + 

4 
He, npH'IeM no-npe)KHeMy E - no1ma11 3HeprHR, a 0- yron Me)K,ny 

+ . . 
HanpaBJieHHRMH HMllYJibCOB lC -Me30Ha H npOTOHa B C.L{.H. peaKL{HH. Tio,n'IepKHeM, 

'ITO cornaCHO (32) H (33) nompH3aL{HH RJJ.pa 
3 

HeH npOTOHa BJJ.OJib HOpMaJIH K llJIOCKO

CTH peaKL{HH OJJ.HHaKOBbl, a TeH3op T;k (E,0), OllHCbIBaIOIIJHH CllHHOBble KoppeJIRL{HH a 

CHCTeMe (p, J He), CHMMeTpH'IeH. '.:ho CBR3aHo C TeM, 'ITO CHCTeMa (p, 3 He )pO)KJJ.aeT

CR B onpe,neneHHOM TPHllJieTHOM COCTORHHH, CHMMeTPH'IHOM OTHOCHTeJibHO nepecTa

HOBKH CllHHOBbIX KBaHTOBblX 'IHCeJI npOTOHa H RJJ.pa J He. TipH 3HeprHH £ H yrne BhIJie

Ta npOToHa 0 a C. L{. H . .naHHoe CllHHOBOe COCTORHHe, HOpMHpoBaHHCie Ha e,nHHHLty, c 
Y'leTOM (21) HMeeT BH,n 

jtp)= 2 l 2 [R1(E,0)(/+ll2}/p)/+ll2,i/Hc)_ 
(jR0 (E,0)I +2IR1(E,0)I ) 112 

-l-112,l/p)/-112,7/Hc) + ~ R0 (E,0)(/ + 112,lfp)/- 1/2}/Hc) + 

~ -112,7/P) / + 1/2}/Hc) ) ] (34) 

H COOTBeTCTByeT cynepnOJHL{HH COCTORHHH (23) c npoeKL{HRMH llOJIHOro CllHHa Ha 

HOpMaJib K llJIOCKOCTH peaKL{HH, paBHbIMH + 1 H -1: 

/tp) = 1 X 

(I R0 (E,0)j
2 

+21 R1 (E,0)1 2 )'/2 

x[(R1(E,0)- ~R0 (E,0))j+l,ii)+(R1(E,0)+ ~R0 (£,0))j-l,ii)). (35) 

Tio,n'IepKHeM, 'ITO a OTJIH'!He OT qiopMyJI (22) H (24), COJJ.ep)KaIIJHX KOMnJieKc-
. * * 

HO-conpR)KeHHble aMnJIHTY.nbI Ro (E, 0) H R 1 (£, 0) H OllHCbIBalOllJHX Ha'laJibHOe CllH-

HOBOe cocTORHHe / tp) , KOTopoe OT6Hpacrc11 peaKL{Heii p+ 3 He ➔ n + + 4 He, Bhlpa)Ke-

IO 

HHR (34) n (35) OTHOCRTCR K KOHe'IHOMY COCTORHHIO a o6pameHHOM BO BpeMeHH npo

uecce n + + 4 He ➔ p+ 3 
He. 

KaK RCHO HJ coornoweHHH (34) - (35), B peaKLtHH n + + 4 He ➔ p+ 3 
He cnnHhI 

npOTOHa H 11,npa J He CHJibHO CKOppennpoaaHbl, H B CBR3H C 3THM B03HHKaeT npHHL{H-

11HaJibHaR B03MO)KHOCTb npHroTOBJieHHR ny'!Ka 11,nep J He C perynHpyeMOH CllHHOBOH 

110JIRpH3aL{Heii 6e3 HenocpeJJ.CTBeHHOro CHJIOBOro 803.JJ.ettCTBHR Ha 3TH RJJ.pa [2]. 
·+ 4 · 3 

TiycTb npoTOH, po)K,neHHblH B peaKL{HH lC + He ➔ p+ He, paccenaaeTCR JaTeM Ha 

6eccnHHOBOH HJIH Hel10JIRpH30BaHHOH MHWeHH ( HanpHMep, Ha RJJ.pe 
12 

C), H COOTBeT

crny10ma11 aHaJIHJnpy10ma11 cnoco6HOCTb xapaKTepHJyeTCR aeKTopoM 

'(p) =ap(kp,0p )r<P>, (36) 

r.ne a P ( k P , 0 P )- K03qJqJHLtHeHT neao-npaaoii aJHMYTaJihHoii acnMM~HH, JaBHCR

mnii OT yrna BTOpH'IHOro pac~eRHHR 0 P , t (p) _ eJJ.HHH'IHblH BeKTop BJJ.OJib HOpManH K 

nJIOCKOCTH pacceRHHR [16]. Tor.na CllHHOBOe COCTORHHe HepacceRHHOro RJJ.pa 
3

He, 

o6pa30BaBweroc.ll BMeCTe C pacceRHHblM npOTOHOM B TOM )Ke aKTe CTOJIKHOBeHHR 

lC + -Me30Ha H RJJ.pa 
4 

He, JaBHCHT OT aHaJIH3npy10meii cnoco6HOCTH npOTOHa. 

KOMllOHeHTbl BeKTopa llOJIRpH3aL{HH RJJ.pa 
3 

He JJ.alOTCR qiopMynoii (13), B KOTO

poii llOJJ. ,(a) nOHHMaeTCR aHaJIH3Hpy10mm1 cnoco6HOCTb npoTOHa (36), llOJJ. fa(b)H 

j,(a) - aeKTOpbI non11pHJa1.tHH 11.npa 
3 
Hen npornHa npn OTCYTCTBHH BTOpH'IHoro pac

ceRHHR (CM. Bbipa)KeHHe (32)), a 110.JJ. T;k (E,0)- KOppeJIRL{HOHHblH TeH30p (33). 

Cny'laii BbIJieTa npOTOHa HJIH RJJ.pa 
3 

He llOJJ. HyJieBblM yrnoM K OCH peaKL{HH aHa

JIH3HpOBaJICR paHee B pa6ornx [2,4]. TipH 0 = 0 npoTOH H RJJ.pO 
3 

He pO)KJJ.aIOTCR He

nompH30BaHHbIMH, a KoppeJIRL{HOHHblH TeH3op (33) npHHHMaeT BHJJ. 

T;k(E,0)=o;k -2/;fk· (37) 

EcJIH npoTOH pacceHBaeTCR Ha MHWeHH H3 RJJ.ep 
12 

C' TO o6pa30BaaweecR BMeCTe 

C HHM RJJ.PO J He CTaHOBHTCR BBHJJ.Y CllHHOBOH KoppeJIRL{HH llOJIRpH30BaHHblM: 

fi(Hc) = a P (E P ,0 P )(t(p) -27 (/t(p) )). (38) 

Tipn 3TOM I fi(Hc) I= I a P (E P ,0 P) I, 'ITO coorneTcrnyeT MaKCHMaJibHoii cnuHo

BOH KoppeJIRL{HH. 

HacTORIIJa.ll pa6oTa BblllOJIHeHa npH llOJJ.JJ.ep)KKe PoccniicKoro qJOH,na qJYHJJ.aMeH

TaJibHblX Hccne.noaaHnii ( rpaHT N2 97-02- 16699 ). 
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