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I4. t3OPBEI71* a 3. H. ~[OSIHHCKFIITI 

HHCTHTYT 5:Ij:IEPHOITI r MOCKOBCliOFO FOCY~APCTBEHHOFO YHI/IBEPCHTETA, 
MOCI<BA, CCCP 

(FIocTynn~o 10. VIII .  1967) 

BblBeReHbI l~p0CT~m ~oprayJ]b~ II03B0YI~IIOIIIHe yqFITblBaTb 06MeHHbIe 9qb~eKTbl B aM- 
nJmTy/Ie a~eprio~ pea~llHH T(a, b)F B o6u~e~ c~Iyqae. 

1. XOTfl paccMoTpeHIitO o‰ 3qbqbeKTOB B ~~epHblX peaK~H~•  n o c ~ n -  

mello £ qncJm pa60T (CM. [1, 2])~ co~ep~amHec~ ~ HUX CCbIJ~KU), ~0H- 
KpeTHb~e pe3y~bTaTbb no~]yqeHHbm B 3TrlX pa£ np~MeHUMb~ ~nmb ~ c.~yqae 
na~£ npOCTbiX peaKtln~ (p, p'), (n, p) H (d, p).** HrI ~ O3HO~ ~3 pa£ HeT 
IlpOCTblX ~opMyn, H03B0s y~�91 0£ 3qbqbeKTbI ~ aMn~nTy~e 
~~epH0fi peaK~an T(a, b) F B o£ cnyqae. B HaCT0~ll~efi pa£ ncxo~~ n3 
pe3y~mTaTO~ 3KmTefiHa [3], Mb[ Bbme~ln TaKne qbopMy~m~ ~ B KaqecTBe rlpnMepa 

npnMenmm ~• K peav:~nn (d, ~). 
2. Coramcno 9~mTefi~y [3], a~n~nTy~a pea~Imn i~ f Mii, C~~3aHHa~ 

C MaTp~qH~~M 3~eMeHTOM S-MaTpn~bl C00THOmeHHeM (~Ÿ ---- C = I) 

Syi=~y,-- i(2~)'�91 (i)- 2p~~')Myi, (1) 

~aeTc~ qbop~yna~a 

Mri = ((H -- E) ~~] ~~.+)> (2a) 

(2b) 

r ~ e  H - -  IIOMHblH raMVlYlbTOHI4aH CI4CTeMbl, E - -  n o a H a a  ~HeprH~,  ~~ H ~bj - -  

II0YIH0CTbI0 aHTHCHMMeTpIJqHbIe YI0 HepeMeHHblM T0)K/[eCTBeHHblX qaCTHl[ H0pMH- 

* l-loCT05qHH0e MeCT0 pa60Tbl: L[eHTpaIlbHblt~ I/IHCTHTyT QbH3HqeCKHX HCCJ]e~10BaHHiŸ 
A H  BHP.  

** 3aMeTHM, qTO Bbipan<eHHe (A.32) Z~~~ aMnaHTy~LI pea~I~H~% np~me~eHHoe B ~HHre 
TO6OKMaHa [2], cnpaBe~atmo Jmmb B TOM cnyqae, Kor~Ia BHyTpeHHue BO~~OBbte qbyHKILHH 
~;~ep IIpe,~CTaB.rI~IOTC~[ B BvI~e rlp0H3Be,~eHHH 0,~H0qaCTHqHbIX 0pTOH0pMHp0BaHHbtX BOJIHOBbIX 
qbymmu~i. B o6meM cJlyqae orto OTanqaexc~ OT rlpHBe;~em~blX HH~<e m,~pa~e~H~ (12) na rI0CT0- 
~IHHbIH MHO)'~ltTe.qb, CBYI3aHHbI.~ C H0pMHpOBKO~I B0..rIHOBbIX ~byHKL~H~I. 
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p0BaHHble <~‰ B0aHOBble qbyHKIiIJrl ~~rpynn KaHaYIOB~) i r~ [ (onpeaeneH~e 
~~rpyrirt KaHaaom cM. B [3]), 

~!+) = [ 1 + (E  --  H + i~])-~ (H --  E)  ]~bi, 

T}-)  = [  1 + ( E - - H - - i ~ ] ) - ~ ( H  - E)] ~b~, 

~/-+ + O. 

(3 

j~nqbdpepemlna~bHoe ceqeHne peaKunn i --~ ] c ~ByMn qacTmlaMr~ • Haqant,- 
H0M 14 KoHeqHoM C0CTO~IHI4fl• Bbipa)~aeTc~ qepe3 M]i c n0M0UlbtO qb0pMyn~t 

dD 4~r ~ k~. 

r~te m~(m~) ~ k~(k]) - -  1-IpI~Be2~eHHa~l Macca ~ nMny~bc 0THOCrITeYlbHOF0 ~Brl~eHri~! 
B HaqaJ~bHOM (KoHeqHOM) COCT0fIHHH. 

Pa3o£ raM~nUTOHnaH H 0£ 0£ Ha ;tBe qaCT~ H = H; + 
-~ Vi = H]-4-  Vf  ti BBe;~eM ~yHKIlrlrl q)i ti ~$, y~IoBneTBop~romne ypaBHeUn~M 

(H~ - -  E) ~ ,  = O, (Hf - -  E)  r  = 0, (4) 

H ripe~cTaBJ]~totKHe co£ ripoH3BeAeHHe H0pMHp0BaHHbIX aHTttC~MMeTpH30- 
BaHHblX BHyTpeHHHX BOJIHOBbIX ~yHKIII4H fI~ep B HaqaJtbHOM 14 KoHeqHoM C0CT0- 
~tHI, I~tX, C00TBeTCTBeHH0, H rlJI0CKI, IX BOJIH C e~I4HI4qtt0~ aMIIJlI4Ty/~0~, 0rIIIr 
tOKIHX HX 0TH0CHTeJ]bH0e ~BHYt(eHHe. 

Hama ~eJ~b COCT014T B H0CTp0eHHI, I H3 rIepeCTaHOB0qHbIX 0HepaT0p0B Pn 

0HepaT0p0s P i  ~ P f  TaK~x, UT0 

,hi = c,P~e,., ~~= c j ee f  (5) 

( t i  14 C! - -  H0pMllp0B0qHbIe K03~qbHiiI4eHTbl). IdcnoJm3y~ 3TH C00THOIIIeHI• 
Mbl npeo£ qbopMy~bI (2) K BH~y, y~0‰ R3]~a 1]paI~THqecKHx pacqeTOB. 

3. PaCCMOTpHM peaKttH~ 

a + T ~ b + F .  

~ n n  onpe~eJ]eHHOCTn £ pa£ B qbopMann3me n3ocnnHa, T0-eCTb ‰ 
cq!4TaTb, qTO nMeeTcft TOJIbKO OAI4H C0pT qaCTHLI. Ylpe~noJ]o~nM, qT0 nRpa a 
H T C0CT0nT n3 a n (A --  a) HytCn0HOn n o£ •epe3 i C0BoKynHoCTb np0- 
cTpaHCTBeHHNX, CrtHHOB0n H n3OCrtHHOBOH Ko0pAgHaT i-ro HyKaona. l-Ipe~- 
nonon<nn, aaaee,  qT0 BHyTpetmHe B0YIHOBMe dpyHKatiH n~ep a u T 3aBnCflT OT 
C0BoKynH0cTe~ I]epeMeHHblX (I,  2, . . . ,  a) u (a + 1, a + 2, . . . ,  A), C00TBeT- 

C T B e H H 0 .  
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OnepaTop PaT, IIp0H3BORfltRI4~ aHTHC~rr nO Hepe~eHHbIM Bcex 
ny~~0nOB (1, 2, . . . ,  A) nMeeT ~~~ (c~., uanpu~ep [4], rJ~. 6) 

P~+r = . ~  a,~ P,~, (6) 
/2 

rae P ,  - -  onepaTop riepecTaHOB}�91 KoopanHaT Hy~3]OHOB, ~n = 1(~-1)aJ~9 qeT- 
no~ (HeqeTH0~Ÿ nepecTauOB~Z ~ cy~~Hponau~e I~XeT nO BceM Al nepecTanoB- 
r~a~ ~00panHaT (1, 2 , . . . ,  A). Oupeae~uM aHa~or~qHo onepaTop~t P~ ~ P~, 
npou3~oaau~ze aHTUCn~eTpu3armro no nepe~eHH~m (1, 2 , . . . ,  a) ~ (a + 1, 
a + 2), . . . ,  A) COOTBeTCTBenH0. TorJIa ouepaTop P~+r M0~eT ‰ npe~cTaB- 
sien B BHRe 

rae 
P~+r = Par" P~ " P r  , (7) 

t,~ i <  j i < j < k  
~<~ =<~<~ 

P i e ,  - -  

i H ~r 

ouepaTop TpaHclIO3HIIHH, nepecTaBn~mttln~ nepe~eHHbIe napbt HyKJ/OHOB 
np~qeM 

i , j , k = l ,  2 . . . . .  a ;  ~, ti, 7 = a + l ,  a + 2 , . . . ,  A, 

T0-eCTb onepaTop P a r  ocyu~eCTB~geT aHTHCI4MMeTpH3aIXHtO nO nepeMeaHbtM 
HyK~0HOB, BXOX~mHX B C0CTaB pa3HblX ~9,ep a H T. B cHpaBeR.qHBOCTH COOTH0- 
trteHH~ (7), (8) ~erKo y£ nyTeM np0BepK~, qT0 B npou3neReHHH P a r  " P~ 

" P r  ue  BCTpeqamTCa RBa~I~RbI orna ~ Ta ~Ke nepecTaHom~a ~ o£ quc~o qZleHOB 
pauH0 A! 3a~eTnM, qTO ~ (7) n0p~RoK onepaTopo~ Hecyu~ecT~eHeH, T0-eCTb 

/'~+~ = ~ ~ . E . P ~  = ~ . e ~ . ~ ~ .  (73 

B cnny apM~tTOB0CTH o~epaTopoB P~ onepaTop P~r TaK~:e 3pM•TOB: P+r = Par. 
BBOR9 onepaTopbt P~ H PF, upoHaBoR~mne aHTUCHMMeTpH3aRHm nO nepe- 

MenubtM ( 1 , 2 , . . . , b )  ~ ( b + l , b + 2 , . . . , A )  t~yKJmHO~ ~aep b H F COOT- 
BeTCTBeHHO, MO~I~eM npeRCTaBHTb onepaTop P a + r  B BHae 

P~ + r = Pb ~ " Pb " Pe  , { Ÿ " 

rRe onepaTop PaF onpeaeJmeTc~ COOTHOIIIeHHeM, aHa330rHqHbINl (8): 

e~~= 1 - _ye , ,  + 27e,  e j e - . . . ;  
i,~ z</ 

~<~ 

i , j  . . . . .  1,2 . . . . .  b; 

or f l , . . . = b +  l ,  b 4 - 2  . . . . .  A. (8') 
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r (8) n (8') onpeRe~n~OT ORHy ~3 B03MO)KHbIX qbop~ ~CKOM~IX onepaTopoB 
P~ ~ P]  B (5) ~~a peaKIm¡ c AByMn qaCTHIlaMH B Haqa~bHOM ~ KoHeqHOM COCTO- 
~IHH~IX. I/[crI0~tb3yg BMeCT0 IUI0CKI, IX B0./IH 0TH0CHTeYlbHOF0 ~B~)I<eHI{~ B BOZIH0- 
m,IX qbyHI<I~I,I~X ~,  ~ ~Z H0pM~p0BaHHb~e Ha eAnHm W I<Ba3H~0H0Xp0MaT~qecI<He 
FiaKeTbI, HeTpy,~H0 IIoKa3aTb, qT0 ripaBH~bH0 H0pMHp0BaHHble II0.YIHOCTbIO aHTH- 
C~MMeTpllqHbIe BOYlHOBtJe qbyHvann (~i n (~~ rlMelOT BH~, 

r~le 
(I)i = Nx{. P~Tr ~ ~ =  N~~I~P~F.q)r (9) 

~o~ = (• N~~ = (~1. (lO) 

3aMeTnM, qT0 HHOFXa rlpH BblrlOJIHeHHH aHTHCHMMeTpH3aHHH y~0£ n0J]b- 
30BaTbC~/ ~op~y~o¡ 

P a T ' P a : / 1 - -  ~ ' P ~ ~ i ( 1 - - k P ~ # ) ' - . . ' [ 1 - -  ~ Paz}, 
ti=3 ca=a+1 

(11) 

KOTOpa~ flo~yqaeTc~ 143 cpaBHeHn~ C00TH0meHH~[ (7) c COOTHOmeHneM, nony- 
qenHMM B pe3y~bTaTe a-KpaTHOFO T0)K]~ecTBa 

Pa+T= 1 - -  ~ P• 

r~e P~+~r ~ P£ --  aHTIICHMMeTpH3aTopbI rio nepeMeHHb1M (1, 2 , . . . ,  A) 
(2, 3,  . . . ,  A ) ,  C00TBeTCTBeHH0. 

4. Hcno~b3yz COOTH0UleHH~t (3), (9), (10) ~ yqnTbma~, qTO raMmqbTOHHaH 
H cn~~aeTpHqeH 0TH0CnTenbn0 nepecTaHOBOK K00panHaT qacTmL H3 (2) n o n y -  
qaeM neTblpe mmnBa~eHTHbIX Bblpanr ~~~ MaTpnqH0r0 3neMeHTa peaKtlnrI 
T(a, b) F c yneTOM 0‰ 3~qbeKTOB: 

= I r  i t . (12a)  Mfi (NŸ ~/2 (q~1 I�91 ~(+)~ 

= (NdNI)I/2 (g)f [~~ l  ~r,p > (12b) 

--  .~NffNi) ( T  i-)  (12c) 

= ( N i q 2 3 7  112 <~~-) [  Pf V/I~Ÿ , ( 1 2 a )  
F~e 

N i = N a - c ,  N i  = Nbp , Pi = PaT , Pf = PbF 

H B0.rlHOBble qbyHKIIgH ~~+) H kP'Ÿ -)  ~aIOTC~t BbIpa~<eHn~MH 

kv!+) = [1 -4- (E -- H + i~)-i V,.] ~bi, 

~}-) = [I + ( E -  H --i~)-~ ~] ~bj. 
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I-Io/ICTaBJI~I~ B (12) KOHKpeTHble Bbipa~<eI-IHn (8) ti (8') .~~~ orlepaTopoB Pi I~ PI 
n co£ O]UJHaKOBb~e q~eHbI, BO3H~Ka{ottI~e £ aHTHCHMMeTpHqHOCTH 
dpyHKI/~I~ ~bi rl }P~+) (q)l ~I }i~… -)) I30BHy TpeHHttM Koop~IHHaTaM ~/Iep a ~ T (b n F), 
M0~<HO noayqrlTb y~0£ qb0pMynb~ /IJ~~ npaKT~qecKrtX pacqeTOB. Hpe/Inoao- 
Z<nM, qTO a < b. Tor~Ia onepaTop Pi = Par B MaTpHqHOM 3JIeMeHTe (12a) M0~H0 
3aMeHHTb Ha onepaTop 

TO-eCTb 

Pt'-+[A;-b) (abo}-- (A?b}(ab 

--'"~-(--l)n(A--b)[an --b n}P1AP2(A--X)'''''Pn(A--'~+I)' 
n = m i n ( a ,  A--b), a ~ b ,  

[ / Ÿ  O~ M]i= (1,2 . . . .  , a , . . . ,  btb + 1 . . . . .  A)[- 

�9 Vj(1, 2 , . . . ,  b [b + 1 . . . .  ,A) [ [A O- b} (a b O) - (A -1 b)( a _bx}PIA ~- 

A-'"-k(--1)n(A--b}{an --b n) P1AP2(A--I)'''''Pn(A--n+I)]" 
�9 lT-t} +) (1,  2 . . . . .  al a + 1 . . . . .  b . . . . .  A ) > .  

1}P~A+{A2b}(ab21P~AP2(A-~) - 

(14) 

(15) 

3~leCb B03IHOBble ~yHKIIHH aHTHC~MMeTp~qHbl, a HOTeHIII4a3I Vf CHMMeTp~qeH H0 
OT~e~bHbIM COBOKyIIHOCT~IM HepeMeHHblX, pa3~eJIeHHbIM BepTHKa3IbHO~ qepTo~. 
AHaYIOI'HqHble BblpaH<eHI/I~I M0)KHO Ha[IHCaTb /UI~I MaTpI4qHbIX 9.rleMeHTOB (12b), 
(12C) I~ (12d). 

EcnH MbI paSoTaeM He B ~bopMa~n3Me ~I30CIIHHa, T0-eCTb HMeeTC~ RBa C0pTa 
qacTHIi, TO no.']yqeHHble Bblme ~0pMy~bI HaRo npI, INieH~tTb 0TRe,rlbHO R.~~I npo- 
TOHOB H OT,~eJm~o ~~~ He.~TpOnOB. 

5. B KaqecvBe npnmepa paccMoTpHM peaKi~mo T(d, ~)F. 
a) ~opMa~rl3M I43ocrII4Ha. B ~)TOM c~yqae a----2, b = 4 n c noMommo 

~opMy~SI (15) nonyqaeM 

Mji=[ (A--2)(A- 3) ]l/2<q)j A) 3-4 (1,2,3,415 ,. .., I ,~(1,2,3,4[5,. .  

[ I (A--4)(A--5)P~AP2(a-I)]" �9 6 - -  4 ( A  - -  4)P~A + -~- 

. }/_t} + )(1,213, 4, 5 , . . .  ,A)~. 
/ 

.,A). 

(16) 
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B) B c~yqae aHTI4CHMMeTpri3alIHH OT~,e31bHO rio rlpOTOHaM I40T~e3IbHO rio 

He.~TpOHaM uMee~ ap = 1, bp = 2 ~ a~ = 1, bn = 2,  COOTBeTCTBeHHO. B 9TOM 

cnyqae c nOMOU4b~O qbopMyJ~b~ (15) noa~yqaeM 

1 
Myi = - ~ - [ ( N  -- 1)(Z -- 1)]~/2 (Oy (ni, n2iPl, P2 I n ~ , ,  n~ Ip~ . . . . .  p~)l  

�9 ~ ( n l ,  n2lpt ,  p2ln3 . . . . .  nN[P3 . . . . .  p z ) [ 2 - - ( N - - 2 ) P ( ~ N ) ] .  (17) 

�9 [ 2  - -  ( Z  - -  2 )  P(Vn I ~P~+) (n~ I p~ ] n 2, n 3, nN l  P2 ,  Pa,. Pz)> 1 Z I  . . . .  ~ " "~ 

r~e n~(pi) - -  C0BOKyrIH0CTb np0cTpaHCTBeHHblX H CnI4HOB0~ K00p~I4HaT /-ro 

~e~Tpona (npOTOHa), N ( Z )  - -  no~noe  qac~o He~TpOHOB (npOTOHOB) B CHcTeMe 

d -}- T, ouepaTopbI Tpacno3Ht~H~ ~xND(n) I~I P(P)Iz nepecTaBn~~3T K00p;RI/IHaTb! He~Tp0- 

H 0 B  PI H p O T O H O B ~  C 0 0 T B e T C T B e H H 0 .  

ABT0pbI BbIpa)~aR)T 6JIar0~apH0CTb 3-I. ~[. BYtO•ItHIIeBy 3a noJIe3Hbie 

o6cy~~eriHz. 
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ON THE EFFECT OF PARTICLE EXCHANGE IN ~TUCLEAR REACTIONS 

By 

I.  BORB]~LY and E. I. DOLINSKY 

Starting from the general formulas of EKSTEIN which take into aeeount the effect of 
antisymmetrization, practically useful expressions ate given in this paper for the amplitudes 
of nuclear reaetions containing two nuclei both in the initial and final states. 
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