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S U M M A R Y 

The process (3) is under consideration in this paper. 
Experimental upper limit (3') was obtained in Dubna expe­
riment/1/. 

The neutron kinetic energy W in (3) is directly connect­
ed with effective mass of two gammas with the help of (4). 
Near W = 8,9 MeV one of the photons is soft. In this region 
the amplit~de of (3) M = Mp is given by contribution of 
diagramms 1 - 9 of fig. 1 in (5). 

Ward - Takachashi identity in form of (7) is used for 
off-mass shell compton amplitude (6) in order to demonstrate 
the gauge invariance of Mp in (5). 

When calculating the pole contribution in (6) it becomes 
clear, that nonpole part of (6) is also gauge invariant. 

It is necessary to take into account (9) in neutron 
energy region near W = 0.42 MeV. The total amplitude ior (3) 
in neutron energy region 0 - 8.9 MeV is given in (10). In 
laboratory frame of reference it takes the form of (11). The 
angular correlations of photons are given mainly by the 
first term in (13). 

For estimation of relative probability of the process 
(3) the amplitude for process (2) in form of (16) takes into 
account. With the help of (12)-(15) and (17) we obtained 
(18)-(21) for neutron spectra in process (3). The functions 
~~~) are given in appendix, and y is a ratio of neutron 

impuls momenta to its maximum value. The signs in (20) cor­
respond to signs of rr 0 ~ 2y amplitude. 

We consider three energy regions of neutron in (3) sepa­
rately 

I 0 _:::; r :::; 0 . 3 6 5 , I I 0 . 4 ::; r ::; 0 . 6 , 
III 0.6s.r::; I. 
For these regions relative probabilities are given by 

(23),(24) and (25), respectively. From (23) it is clear, that 
the result in region I is very sensitive to the sign of 

rr 0~2y amplitude. The amplitude (II) is dominated in 
region II. The contribution of (9) is neglegibly small in III. 
In this region main contribution is given by M which is 
determined with accuracy of order m~/m: . Theptotal ratio of 
probabilities of process (3) to t2) is equal to (I.94+0.06) 
lo-4. The figure is close to the early Baldin's estimition. 



BaegeHHe 

DpH OCTaHOBKe OTpHUaTenhHbiX UHOHOB B BOJlOpone UOMHMO XOpOlliO H3-

BeCTHbiX npoueccoa 

(1) 

H 

TT +p->n+y (2) 

C Manoii. BepOSITHOCTh!O HJleT npouecc paJ:{I18UHOHHOrO 2 y 38XB8T8 UHOHa 

TT +p->n +2y. 
(3) 

Uenbro HacroSirneii pa6oTbi SIBnSieTcSI paccMoTpeHHe npouecca ( 3), AHa-

nn3npyercSI cneKTP Heii.rpoHoa, yrnoaoe pacnpeneneHne y -KB8HTOB, 

PaHee npouecc (3) TeopeTH"'eCKH paCCMaTpHBancSI EannHHbiM. nony-

'LfeHHbie HM pe3ynhT8Tbi nnSI OOnHOH BepOSITHOCTH H yrnOBbiX KOppenSIUHll 

) -KBaHTOB B HeKoropLIX o6nacTSIX cneKTpa npnBeneHhi a pa6ore BacnneB­
/1/ . 

CKoro 11 np. , rne 3KcnepnMeHTanhHO nony"'eH BepXHHli npenen oTIIOllieHIISI 

DepOSITHOCTeli UpOUeCCOB (3) H (1) 
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W ( 17- p -> n 17 ° ) :S 8,5 0 JO - 4 . ( 3') 

B CBR3H c rrporpeccoM 8KcrrepHMeHTanbHOi1 TeXHiiKH aBTOpbi HaCTOSI!Uel! 

pa60Tbi 06pa!U810T BHHM8Hiie Ha B03MOMHOCTb IlOJI)''feHHSI Ilp!i 8KCilepliMeHTanb­

HOM HCCneAOB8Hiili Cll8KTpa Hei1TpOHOB OT rrpouecca (3) B6nH31i 9Hepi'Iili 

Hei1Tp0d0B 420 K8B CBeUeHHll 0 3H8Ke 8MllnliTYUbi pacrraua d8HTpanbHOI'O 

IlHOHa Ha UB8 ~OTOHa. 

/2-4/ 
P aHee 6bWO rroKa3aHo , '!TO rrpli pasnH'fHhiX rrouxouax K y'feTy 

::>lj1q1eKTOB CHnbH"IX B381iMOUellCTBiiH ung 3H8K8 8TOH 8MllnliT)'Uul rrony'!a!OTCSI 

/5/ 
pasnH'fHhie saKnJO'!eHHR. EapaHoB H up. rrpH 9KcrrepliMeHTanbHOM Hccne-

uoBaHHH IlpOTOHHOI'O KOMilTOti-8~~eKT8 Ilpli!UnH K Bb!BOAY, '!TO 

3H8K 8MllnHTYAbl pacrraaa Hei1TpanbHOI'O IlHOHa H8XOAiiTCSI B COOTBeTCTBiili C 

/3/ I 
peaynbTaTaMH pa6oTbi • BBiiAY liHTepeca K 8TOMY saKnJO'!eHHJO uenecoo6-

pa3HO orrpeaenHTb 8TOT 3HaK H838BHCHMbiM o6pa30M. 

00Ap06HOe TeopeTH'!eCKOe paCCMOTpeHiie rrpouecca (3) IlpeUCTaBnSieT-

CSI He06XOAiiMbiM T8KMe B CBSI31i C AanbHelllllliMii IlOilbiTK8MR 8KCilepHMeH-

TanbHOI'O IlOHCKa peAKRX pacrraAOB Hei1TpanbHb!X IlliOHOB. 

Ope MAe '!eM rrepei1TH K paccMoTpeHHJO aMrrnRTYAhi rrpouecca (3), OTMe­

THM, '!TO KliHeTH'f8CK8SI 9Hepi'HSI Hei1TpOHOB OT IlpOUeCCOB (1)-(3) CBSI38H8 

c 8~~eKTHBHOi1 Maccoi1 m x CHCTeMhi, o6pa3yJO!Uei1cg BM8CT8 C Hei1TpOHOM 

B KOHe'fHOM COCTOSIHRH COOTHOllleHHeM 

W = ( m -!!.) 2 - m! 
2(M+m) 

(4) 

rue m M MaCChi OTpHuaTenhHOI'O llROHa H rrpoTOHa, a !!. = Mn -MP 

Opoueccy (1) R (2) COOTBeTCTBYJOT, :3Hepi'HH Hei1TpOHOB 

420 K9B H 8,9 M8B. CrreKTp Heii:TpOHOB OT npouecca (3) rrpoCTHpae'PCH oT 

Hyng ao 8,9 M8B. MaKCHManbHbiH HMrrynbc Heii:TpOHOB p' B npouecce 
MaKC 



(3) cocTaanSieT 129 Maa/c, B aanbHeil:rueM ,Mbi RcrronbayeM '!acTo Y 

paBHbiH OTHOllleHRIO RMIIynbCa p HeHTpOHa K MaKCRManbHOMY RMIIynbCy 

p 
MaKe' 

B paanR'lHbiX o6nacTSIX aua'!eHRil: W llOMHHRpy!OT paanR'!Hbie llRai'paM-

Mbi, B6nR3R W =8,9 Maa OllRH R3 ucrrycKaeMbiX <iJoTOHOB SIBnSieTCSI MSII'KRM, 

R B 8TOH o6naCTR aMIInRTyt:ta rrpouecca ( 3) aaeTCSI BKnat:tOM llRai'paMM J-9 

(pRe, 1). B o6nacTR auepi'Rit ueil:Tpouoa 420 K8B aua'!RTeneH BKnat:t t:tRai'paM­

Mbi 10. B rrpoMe*YTO'lHOit o6nacTR auepi'uil: Heil:TpOHOB RMeeTCSI ueorrpet:teneu-

HOCTb, CBSI3aHHaSI C IIROH-HyKnOHHbiM R IIROH-IIROHHbiM B3aRMOlleHCTBReM, 

EcnR arrrrpoKCRMRpoaaTb aQxlleKT CRnbHbiX aaauMot:teil:CTBRH R3BeCTHbiMR peao-

HaHCaMu p (760 ) A (10tr)) , A (1236) , TO Heorrpet:teneHHOCTb oKa3biBaeT-

CSI rropSitlKa 0 ( w 2 I m 2 ) ( w - auepi'RSI <iJoToHa) no OTHOllleHRJO K aKnaay 
p 

llRai'paMMbl } pRC, }, 3Ta Heorrpet:teneHHOCTb MaKCRManbHa IlpR W = W '= m /2. 

C ymaaiJHOit Bbillle TO'lHOCTbJO aMrrnRTyaa rrpouecca (3) onpeaenSieT­

CSI BKnallOM llRai'paMM }-}0 pRC, }, 

AMrrnuTyt:ta npouecca 

/6/ 
HuaKoauepi'eTR'leCKaSI TeopeMa a BRae, rrpeanmKeHHOM At:tnepoM u 

171 
DoTaHoM , noaaonSieT nony'lHTb aMIIllRTYtlY RcnycKaHRSI 'MSII'KOI'o" ~oTo-

ua, DnSI 8TOI'O Bbi}:lenRM BKnaa nonJOCHb!X t:tRai'paMM 1-9 Ha PRC, I. npe.n­

CTaBRM aMIInRTYllY rrpouecca (3) B BUlle 

M = MP + M, 

I't:te BKnat:t IIOnJOCHbiX llRai'paMM 

M = ( '* ( .. .;-2 f e 2 u ' I 
p I' ll 

_; )ys 

( ' ) 2 2 p -p -m 

5 

17 

;TIL"+ 

+ 



a 

+ y y 
11 5 

(2q-k)!1 

-2qk 
---(y +~!1 ;-f· -M v P 

a 
v p 

k ' ) + 
p 

(2 q -k ')v 1 
2 qk, + Y/1 Y5 ,-,~,.-- (y +~!1 a k ' ) + 

v p vp p 
P -k '-M 

(2q-k ') 

2qk' 
v + 

+ y y + -:---,.-,.---- q y 5 ~ .. -.~, -- ( y a k ' ) + 
p '+ f- M v 5 p '+ k - M p- k '-M v 

Fp p 

+ ( 11 , k ... v ,k 'J l ! u . 

(5) 

- 8MITJ1HTYAbl KOMITTOH-s!jJ!jleKTa Ha 

ITHOHe, HeHTpOHe H rrpOTOHe, COOTBeTCTBeHHO, BHe MaCCOBOll ITOBepXHOCTH, 

f - nepeHOpMHPOB8HH8H nceBAOBeKTOpHaH KOHCTaHTa ITHOH-HYKJJOHHOPO 

B3aHMOAeilcTBHH, ~ 11 = 1, 79 , 11 = _ -...1!!__ . 
rp 2'M rn 2M 

Y6eAHMCH B rpaAHeHTHOH HHBapHaTHOCTH aMrrJJHTYAbi Mp llnH 9Toro 

Bbl'IHCJJHM CBepTKH k T 17 k T " H k T P 
/1 /lV /1 /lV /1 /lV /8/ 

I1pHMeHHM T02KAeCTBo YopAa B BHAe, npeAJJ02KeHHOM TaKaxalllH , 

AJJH qero npeacraBHM aMrrnHTYAbr T 
11

v B BHAe 

; T " 
/lV 

J 
-lq'x lky 

= e e 
... 
K x < 0 I T ( ¢ (x) i (y) i (0) )\TT ( q}» 

1T 11 v 

6 

(6a) 



"' N -lp X lky -+ 

iT =fe e D <0 p.v x 
T(t/J(x)j (y)j (O))!N(p)> 

p. v (66) 

H Bbi'IHCnHM k p. T p.v , HCIIOnh3ySI KOMMyTaTOpbl 

[ ;
0
(0) 1 cp _ (X) ] = - cp _ 3 -+ 3 -+ 

(x )8 (x);[j (O),t/JN (x)] =e t/J o (x), 
17 x

0
=0 17 0 x

0
=0 N N 

rne • I p. • ¢ H - raH3eH6epi'OBCKHe OITepaTOpbi 9neKTpOMarHHTHOI'O 

TOKa, IIHOHOB 1 llpOTOHOB H HeHTpOHOB. 

Dony'IHM 

; k T 
17 

p. p.v 

( q ,2 _ m2) 
------ (2q-k ')v 
( q-k ') 2 -m 2 

ik T P =-(p"-M) l (y +llp. a k') 
p. p.v p -1.: , _ M v p vp p 

n 
ik T = 0. 

p. p.v 

· (7a) 

(76) 

(7B) 

C llPYI'OH CTOp0Hbl 1 MOMHO Bbl)lenHTh BKnaA IIOn!OCHbiX JlHarpaMM 1,2, 

3,4,5 (pHC. 2) B aMIInHTyJle KOMIITOH-9<jl<jJeKTa 

-
T PT + T 

p.v p.v p.v 

rne 

'

• P T 17 (2 q - k) (2 q ' + k ' ) v 
= - 2 g + ----L'--7""--:--- + 

p.v p.v ( q _ k) 2 _ m 2 
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+ 
(2q -lc ')v (2q '+ lc) /l 

(Sa) 

(86) 

( 8s) 

TipH 9TOM nonyqaeM, 'ITO 

T.e. 

-lc T = 0. 
11 /lV 

8hi'IHcneHHSI csepToK lc ' T 
v llv llpOBOilSITCSI T8KHM lKe 00p830Mo fl Oil-

cTasnsrsr (7) B (5), y6eJKilaeMcsr, 'ITO M 
/7/ p 

COOTBeTCTBHH C 

rile 

M = 0 ( w2 / m 2 ) , 
R 

m -m 
R p 

8 

rpallHeHTHo-HHBapHaHTHa. B 



r 
I 

H 

B o6naCTH 9HepPHA HeATpOHOB W 1 6nH3KOA K 8,9 M9Bo 

OpH W 1 6nH3KOA K 420 K9B 1 OK83biB8eTCSI He06XOJlHMbiM y'leCTb 

BKnSJl JlH8Pp8MMbl 7 ( pHC, 1 ) , 

M =-M-
0

(q'2-m2+iym J- 1
e2Fc c'* c lc lc' 

rro p. 11 p. 11 p a p a (9) 

rile y - w&pHHa " 
0 

-Meaoaa, q '= lc + lc' - -1 
, a i M 0 =2m - aMnnHryJla 

nepeaapSIJlKH n&oaa B nopoPoaoA o6nacrH. 

F = - -
5
- • y 2 I 0,96 m 

4~ 

KOHCT8HT8 p8Cll8Jl8 HeArpanbHOPO llHOH8 Ha JlB8 ¢QTOH8o 0pH WHpHHe pacna­

Jl8 10 9B Is! =1. 

0onH8SI 8MllnHTYil8 npouecca (8) BO BCeA o6naCTH 3HS'leHHA MO*eT 

6biTb npeJlcraaneHa B BHJle 

( 10) 

Yrnoawe KOppengyHH WoTOHOB. cneKrp HeATpOHOB H BepOHTHQCib pacnaAa 

0pH 3 8XB8Te OCTSHOBHBWHXCSI llHOHOB nonHhiA yPnOB08 MOMeHT H 'l~T-

HOCTb H8'!8nbHOPO COCTOSIHH51 paBHbl J P = J/2 - o CHCT9M8 llBYX cPOTOHOB 

p) t. 2± MO*BT H8XOilHTbC51 B COCT051HH51X CO CllHHOM H 'I~THOCTbiO (J ·y = 0 1 ••• 

Ha rpe6oaaHHA coxpaHeHH51 MOMeHra H 'l~THOCTH cneJlyeT, 'ITO npH op6H­

ranhHOM MOMBHTe CHCTeMw llBYX cPOTOHOB OTHOCHT9nbHO He8TpOH8 f =0 

( J,y ) = 0 - 1 npH f =1 ('J P }y =0+, 2 +... o ~CH01 'ITO 8MllnHtyll8 

- + 
npouecca (8) C cPOTOHSMH B 0 (0 ) COCT051HHH He COJlep~HT (coJlep*HT) 

oneparop cnaaa HyKnoaa. 

OepeXOJlOM K ABYXKOMllOHeHTHbiM. cPyHKUH51M MO*HO fi0K838Tb 1 'ITO B 

n.c. aMnn&TyJla npouecca (S) &Meer BHJl: 
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2 Jln .( 2M+m 
M =v 2 f e 2 l [- -------- +------1 Cap 'JCe 'e_. )+ 

P m2+ P -2 _ ~2 M 2M 2 (2M -m) 

J 
J1 = - + ~Jl 

P 2M P 
s 

-+ 

(p'k') (-;-; ') l+ 
M w' 

[( e] 
= --, 

w 

-+ ' s = 
[k~ e] 

w 

lln51 KBaApaTa MaTpi:I'IHOI'O <JneMeHTa (10) HMeeM 

(11) 

I M 12 =I M 12 +I M 1
2 +I M 12 

P rr 0 ' HHT,' (12) 

rne TpeTbe cnaraeMoe rrpencTaBnHeT HHTep~epeHuH~ aMrrnHTYA (9) H (10), 

OpH 9TOM 

2 4AD 
1 2 A a ( (" 1 (" , J( 1 1 cos o J t -- cos e . 

M 
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rlle 

+ 2 [a 
2 

+BD cos e ( ~J 1 ( 3 + 2 cos e- cos 2 e J 
M 

+ 0 ( m 2/ 2M2 ) I . 

' A 

+_!!!_(p -p) 
2M P n 

C= /1 -p + _!!!....( 11 +p ); D=-p . 
p n 2M P n n 

nnSI llPYI'J!IX cnaraeMbiX B ( 12) HMeeM 

!M o 12= I Mjj 12 (e2F)2 ± q'4 
17 

. (q'2-m2)2+y2m2 

,2 
q ( 1c + 1c , J 2 = 2 wed , ( 1- cos e J 

X 

11 

(13) 

(13') 

(14) 



1: 

qA [ m 
X --'-'--- c - 2 D -.,..... (I -

2 wcu' M 
q' ~ _....:..__)]. 

2ww' (15) 

nnSI oueHKH OTHOCHTellbHOH sepOSITHOCTH R npellCTaBnSieM aMnnH­

TyllY npouecca (2) H3 S -COCTOSIHHSI B BHlle 

( 16) 

Toraa 

{17) 

nenSI Bb!p8)KeHHSI (12)-{15) Ha (17) H npOBOllSI 06bi'IHbie Bbl'IHCneHHSI1 nony­

'IHM Bblp8)KeHHe JlnSI CTieKTpa HeHTpOHOB B BHlle 

JR JRp JR17 JR HHT. --= -- + --- + 
Jy Jy Jy Jy (18) 

JRp 2 JY = 0,28 • 10- 1 Ill 
4 

-0,362 11>5 - 0,021 11> 6 

(19) 

JR.fiHT. ( 00 )10-5, ___ _..:_ = ~ 1,24 11>2 + , 44 11>3 
Jy (20) 

a 
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I 
i 
1~ 

' 

~ 

clRTT 

ely 
-6 

= 0,487 <I>, (y) 10 . 

3il8Cb SSeJJeH 
! -J>" I I -+ y = p p MaKe., a cpyHKUiflf 

(21 ) 

= <1>. (y) 
I 

SbiiTil:CaHbl S 

0pHJI0)K8Hiflf • .Qsa 3HaKa S (20) COOTS8TCTSYIOT IJSYM 3H8K8M ali.IITJllfTYilbl 

pacnaaa rr o ~ 2 )' 

OnpeaeJI!fli.J JJJIH aaJibHeuwero Tpll: o6nacTH cneKTpa HeHTpoHos no Ha-

3HaqeHHJO nepeMeHHOH Y 

0 < y ::; 0,365 (lp'j_547 Mas/c) 

II 0,4 < y < 0,6 (51,5 _< i p""' ' [ ::;77 Mas/c (22) 
Ill 0,6 :: y :::; (77SIP'i < 129 Mas/c ) . 

.QJIH 3Til:X Tpex 06JiaCTeH OTHOCHT8JlbHb!8 sepOHTHOCTif IIpouecca (3) paSHbl 

R 
1 

= (3,3 + 2,12 + 3,07 J. ,o-6 
= o,6 • 10 -s (I + o,5J - -

II _ -6 -4 _ 
R = (65 + 3,98 + 4,3) • 10 = 0,69 • 10 (7 + 0,06 ) 

R 
111 

= (125 + 0,08 + 0,714) • 10-
6 

= 1,25 • 10- 4 (1 +0,006). 

(23) 

(24) 

(24) 

KaK SlfJJHo lf3 (23), s o6naCTif 1 pe3yJibTaT sec~:.Ma qyscTsll:TeneH K 

3HaKy aMIIJIHTYJJhi pacrraaa HeiiTpaJibHoro IIHoHa. B o6naCTif II JlOMil:Hil:pyeT 

sKnaa aMIIJIIfTYJlhi ( 11) • B o6naCTif Ill 
SKJI8JlOM 8MIIJlll:TyJlbi ( 9) If 

IIOPHJlKa m 
2 I m ~ 

lfHTepcpepeHuHeH: MO)I(HO rrpeHe6peqb, TaK KaK R P coaep)I(HT HeorrpeaeneHHOCTh 

, CSSl38HHyJO CO CTpyKTypHbiMH a«!J«!JeKT8MHo 

00JIHasr OTHOCil:TellbH8Sl sepOSlTHOCTb, OIIpeaensreMasr, S OCHOSHOM
1 

BK1l8JlOM R II H RIll 
1 COCT8BJISleT 

( - ) -4 R = 1 ,94+0,06 .10 (26) 
H 6JIH3Ka K OUeHKe, IIOJiyqeHHOH 081IJlHHhiM. 
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ABTOpbi 6naroaapHbi A.n. 3y6apeBy.faa noMOlllb npH 'IHCneHHbiX pac-· 
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rne 

a 

IlpHnO)I{eHHe 

2 2 -2 
¢, = ., y ( ., - 0,83) 2 2 - 1 

<Ill =., y ( 1J - 0,83) ¢1 

!fJ = Tf3 y2 ( Tf - 0,83) -I cp 
3 2 

<ll =A2 (l- 1J ¢ + 0,5 1J 2¢ ) y 4 
4 I 2 

¢6 ~ A I 2 - Tf ( 4 - ., ) ¢I + ., 2 (2 - ., ) ¢ ] y 2 
2 

1J 7 l- I, 147 y 2 + 0,005y4 

A= (1,97 -0,03y2 )(1,02 + y2) -I 

)( 
¢

1 
= y arctg )( • y 

3 
¢ 

2 
= ; arc tg )( • y 
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