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CROSS SECTIONS FOR THE PHOTODISINTEGRATION OF A DEUTERON AND 

NEUTRON CAPTURE BY A PROTON CALCULATED FOR THE CASE OF 
NONLOCAL POTENTIAL 

B. B. Dotsenko and V. M. Salasyuk 

I zves t iya  VUZ. Fiz ika ,  No. 5, pp. 80-85,  1965 

The processes of deuteron photodisintegration by a gamma-quantum 
and the radiative capture of a neutron by a proton with the emission 
of a gamma-quantum are considered. Interaction between nucleons 
is described by a nonlocal potential of the Yamaguchi type but 
allowing for repulsion due to the nucleon cores. In contrast to other 
potentials, the ScI~oeding~ equation is solved exactly for the 
proposed potential, The potential is more exactly defined in com- 
parison with ~he previously obtained values for the parameters; 
information on this potential is important in solving certain fun- 
damental problems in nuclear theory, The effective cross sections 
for photodisintegration of a deuteron and for radiative capture are 
computed, Caleulations show that the proposed potential makes it 
possible to describe the photodisintegration processes quite accurately 
for intermediate (up to 20 MeV) energies. The cross section com- 
puted for radiative capture is in somewhat better agreement with 
experiment than is the same cross section determined for other 
potentials, 

To d e t e r m i n e  the total  deu te ron  photodis in tegra t ion  
c ro s s  sec t ion  it  i s  n e c e s s a r y  to compute the ma t r ix  
e l emen t s  of the t r a n s i t i o n  of two nucleons f rom the 
bound s ta te  (deuteron) to the f r ee  state.  To ca lcu la te  
the r ad ia t ive  capture  of a neu t ron  by a proton it is 
n e c e s s a r y  to know the ma t r ix  e l emen t s  of the r e v e r s e  
t r a n s i t i o n  f rom the f ree  to the bound s tate .  F o r  this  
purpose  we mus t  know the deuteron  and nucleon wave 
funct ions in  the s ca t t e r i ng  case .  These funct ions a re  
obtained by solving the Schroedinger equation with a 
nucleon-nucleon potential interaction whose exact 
form is unknown. Many of the forms proposed for 
the approximate description of this potential quali- 

tatively allow for the fact that i t  cons i s t s  of a com-  
pa ra t ive ly  s h o r t - r a n g e  in t e rac t ing  part ,  c o r r e s -  
ponding to the meson cloud of the nucleon, and an 
even more short-range repulsive part, corresponding 
to the nucleon core, which possesses high rigidity 

with respect to high-energy nucleon-nucleon collisions. 

However, in addition to its clear participating in 
high-energy processes, the nucleon core plays an 
important role (although not as clear) in low-energy 
processes and in problems of the nucleon bound stas 

Thus, Weisskopf and his colleagues [I] showed thai 
for justification of the cloud model it is necessary to 
take into account the presence of the repulsive nucleon 
core, while in the opposite case the nucleus must 
undergo "collapse". It proves to be essential to allow 

for the core when considering the problem of three 
and four nucleons [2]. In analyzing experimental data 
on the polarization of scattered nucleons, we should 

also consider the repulsion between nucleon cores, 

where the allowance for repulsion in accordance with 

the simple model of solid spheres surrounded by 

strong forces of attraction does not yield a satis- 
factory result; better agreement is obtained if there 

i s  a hor izonta l  "a rea"  connect ing  the two par t s  of 
the potent ial ,  be tween  the a t t r ac t ive  and r epu l s ive  
pa r t s  of the e m p i r i c a l  potent ia l  [2]. This  forces  us to 
a s sume  that in  the t r a n s i t i o n  f rom the r epu l s ive  to 
the a t t rac t ive  paxt of the potent ia l  there  is no sharp  
b r e a k  such as is obtained upon in t roduc ing  the core  
model  in  the case  of a sol id sphere ,  and that it  is  
more  accura te  to cons ide r  r e p u l s i o n  as a ve ry  rap id  
but  smoothly  d e c r e a s i n g  d is tance  function.  F o r  the 
ma jo r i t y  of potent ia ls  al lowing for the qual i ta t ive  
fea tu res  of nuc leon  in te rac t ion ,  the Schroedinger  
equat ion is solved only approx imate ly .  Yamaguchi [3] 
has proposed a specif ic  fo rm of nonlocal  potent ia l  for  
which the Schroedinger  equat ion is  solved exact ly .  
However,  the r epu l s ive  core  is not taken into account  
in  this  potent ia l .  In [4] the p r e s e n t  authors  cons ide r  
the Yamaguehi  type of potent ia l  but with an addit ional  
r epu l s ive  par t  to allow for  the core ;  the co r r e spond ing  
Schroedinger  equat ion is  solved, and the p a r a m e t e r s  
of the potent ia l  in  ques t ion  a re  de t e r mi ne d .  Here, we 
shal l  give the completed  and adjus ted* bas ic  data of 
[4] and then use them to de t e r mi ne  the pho to -d i s in t e -  
g ra t ion  and rad ia t ive  cap ture  c r o s s  sec t ions .  

Cons ider  a potent ia l  of the fo rm 

k,, 
( p ] V l p '  ) = - - - : ; g ( p ) g ( p ) + - ~ . v ( p ) v ( p ' )  (1) 

i V /  M 

in  the m o m e n t u m  r e p r e s e n t a t i o n .  This is a nonlocal  
potent ia l  with sepa rab le  var iab les ,  where  

g (p) = ll(p-' -~ ~) ,  ~ ( p ) ~  l l(p ~ -t- "~e). (2) 

The Schroedinger  equation with such a potent ia l  
has the form 

(P "-k2) 9 (P) =.x, g (p) ~ g (p') ~ (p') dp' - -  

- -  ~,~ v Ip) ~ v (p') ~ (p') @ '  (3) 

in the momen tum r e p r e s e n t a t i o n  (k is the in i t i a l  
momentum,  p and k a re  vectors) .  Taking k 2= _~z,  

*In [4], f o rmu la s  for nuc l e on - nuc l e on  sca t te r ing ,  
through an overs ight ,  were  not copied exact ly  as  they 
appeared in the ca lcu la t ions .  The n u m e r i c a l  values  
of the potent ia l  p a r a m e t e r s  computed accord ing  to the 
t rue  fo rmulas  which were  given e a r l i e r  in  [4] a r e  
c o r r e c t .  In place of the fo rmulas  for a and r0 in  [4], 
Eqs (15)-(18) of the p r e se n t  paper  should be used.  
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where  a2 /M is the deuteron  binding energy,  we im-  
media te ly  obtain an express ion  for  the deuteron  wave 
function (allowing only for  the s - s t a t e ,  cons is t ing  of 
96% of the total s ta te) :  

+M f (p IV IP"  ) < p ' l T I k >  dp' .  
k=' - -  p'" + i~ 

Allowing for  (1) we give <p]TIk> in the fo rm [5] 

9 (P) = N g(P~--~v (P) ,  ~ = , N = const. (4 )  

Allowing for  (2) and changing to a coordinate  r e p r e s e n -  
tation, we obtain the deuteron wave function as a func- 
t ion of  the re la t ive  dis tance between nucleons :  

< p IT I k > = A g  (p) g(k)  -!- Bg  (p) v (k) + 

+ B 'g  (k) v (p) q- Cv (p) v (k). (14) 

Substituting (14) into (13) and allowing for  (1), (9), 
and (8), we obtain af ter  ce r t a in  manipulat ions 

( r ) = ( = / 2 ) m N  = ' "  r 

~] e =r e "  
~ - ~ 7- " (5 )  

This function r e s e m b l e s  the Hulthen wave function 
but with a smal l  addition introduced by the repuls ive  
pa r t  of the potential in (1). In accordance  with the 
sense  of the introduced repuls ive  pa r t  of the potential,  
we have 

(0) = O. (6) 

~P(r) m a y b e  rewri t ten  in the fo rm 

f ( $ ,  p) = - -2=~M < p l T J k  ). :-- 

= 2~ ~- {k,  g~ (k) --  1~ v ~- (k) - -  

- 2 ( , + ~ )  ,~ 

X { - - i k . 2 ~ I ~ , g O - ( k ) - - L , v ~ - ( k  ) -  

~2~-~,).~g " (k) v ~- (k) (P--v)2 M--p~] 
2(p-Fv) I~ j +  

M - -  V ~ k 2 - -  "; 
"~. v ~" (k) +1 + 2 n  -~ k, g2 (k) 27 2v 

N g . =r Fr  ' v t  ~r = - -  re- - - T , e -  ~-T~e- ) ,  
r 

~''-= , 72 = -  (7)  ~ - - p  v - - p  

Turning to the sca t t e r ing  case,  we seek a wave 
function with initial momentum k in the fo rm 

% (p) = ~ (p - -  k )  - -  f ( k ,  p) 
2~..,(k2__p., fl_i~) �9 

(8)  

In the sca t t e r ing  case  ,I~k(p) sa t i s f ies  the following 
in tegra l  equation obtained f rom the Schroedinger  
equation [5]: 

and  

�9 - 2 ~ % ~ , ~  g~" ( , )  v : (k )  ( ( k ~ -  ,-~) (k -~ - ; )  _ 
\ 4,~'; 

( , ~ + ~ ) " / J J  ' 

k 2  - -  0 2 
I + ~,g~ (k) ~ '  x~ v ~ (tO - -  /ectg60= ~ 2p 

~ 2  - -  V2 

--2*r -~ k).., g "~. (k) v 2 (k) I (k" -- 'U~)41Jv(F" -- ' ;) _ 

, + .  / j jr )',g~(k)-k'v~(tO- 

(15) 

~ (p) = ,p, (p) + 

M f < P[ VIp' > *,k (p') dp', (9 )  
+ ~2 _ p', + i~, 

Tk (p) = a (p-k), ( l O )  

( p [ VI p" > = J' ?r (q) < q l V[ q' > ~p, (q') dq dq'.  (11 ) 

We take [5] as the sca t t e r ing  opera to r  de te rmined  
as follows: 

< p l T I p ' )  = fcp.~ ( q ) < q l V i q '  ) 9p,(q ' )dqdq' ,  (12) 

which, in accordance  with (9), c l e a r l y  sa t i s f ies  the 
equation 

<plTIk> -- < p l V i k >  + (13) 

- -  2~  2 ),1"~.2 g~ (k )  v ~ (k )  (" - -  ")~" k'~ - -  ~ }-1 (16)  
2(,~ + ~) p~ " 

Hence we obtain the p a r a m e t e r s  of the effective 
radius  theory  a and r0, 

k cig 6 o = - - - -  + rok2 + . . .  (17)  
a 

m , - ' ,  
a =  l ' m"/  

where  

+ J , (  (.1', 

m = , ' 7 -  ,~- + ~,x,~,., (~ , ) ' ,  ( 1 8 )  - ~ + ~ (,~v) 4 



SOVIET PHYSICS JOURNAL 

~2 
n - -  2 -[- ?~" 

~2 
- -  ~'-! ~ (.2 - -  2u e) - -  ) ' - '  (?: _ 2.,:) -a- 

i 'J 3 ' ~ 3  * 

+ 4r~ k,i'_. ( V-' -~- f 21.~ ) ]j ~?-4-' 
p~,~2 47', (~ + p)2 2 

_~ (,, - -  p)'- } p = 2 ).,~2 _ h.,~,..o __ l,k, " . (18) 
- - 2p~ ~ + P (con t 'd )  

Then  the  q u a n t i t i e s  g, v, kl, k 2 a r e  c o m p l e t e l y  
d e t e r m i n e d ,  s i n c e  oz 2, a, r0 and cond i t i on  ffqr) lr=0 = 
= 0 due to the c o r e  a r e  k n o w n ;  i t  fo l lows  that  

) ' , t - -  ?t '~ i l't (,s t + a ) 2 ,  

)'at v, *t + Vt (~t + ~)~'. (19) 
~:2 v t _  l~ t 

Using  the e x p e r i m e n t a l  v a l u e s  of a ~, ai ,  and rot [2] 
(t i s  a t r i p l e t ,  s a s ing le t ) ,  we ob ta in  

1.45.10'a(cm) - '  ~ Vt ~ 1.48.10 'a ( e m ) - ' ,  

3" 10 '4 (cm)-~< ' , t<oo .  

It i s  c l e a r  tha t  the  v a l u e s  of the p a r a m e t e r s  p and v 
p r e v i o u s l y  d e t e r m i n e d  [4] l ie  wi th in  the  a s s i g n e d  
l i m i t s .  It  t u r n s  out that  if v a l u e s  for p and v a r e  
chosen  wi th in  the l i m i t s  ind ica ted ,  the v a l u e s  of 
v a r i o u s  q u a n t i t i e s  c o m p u t e d  f r o m  p and v a g r e e  with 
e x p e r i m e n t  wi th in  the l i m i t s  of e x p e r i m e n t a l  e r r o r .  
F o r  m o r e  a c c u r a t e  va lues  of p and v, we should 
t u r n  e i t h e r  to h i g h e r  e n e r g i e s  o r  to m o r e  r e f i n ed  
t e s t s .  In  a c c o r d a n c e  with [4], we t ake  

}'t =: 1.453.10 ':~ (em) - ' ,  ~s = 87.3- 10':' ( c m ) - ' .  

qhe  s i n g l e t  v a l u e o f  u s i s  v t and that  of ~ s  is  g t ;  
we a l so  le t  ~s = 1 .56  �9 1013 e m  -1. Knowing  the  p a r a m -  
e t e r s  ind ica ted ,  we c an  w r i t e  the  wave  fu n c t i o ns  ex -  
p l i c i t l y  both for  the  bound  s t a t e  and for  s c a t t e r i n g  
and,  c o n s e q u e n t l y ,  we c a n  d e t e r m i n e  the p h o t o d i s -  
i n t e g r a t i o n  and r a d i a t i v e  c a p t u r e  c r o s s  s e c t i o n s .  

Let  us t u r n  to c a l c u l a t i n g  the d e u t e r o n  pho tod i s -  
i n t e g r a t i o n  p r o c e s s  when a m o v i n g  photon ( g a m m a -  
quan tum) ,  by t r a n s m i t t i n g  i t s  e n e r g y  to a d e u t e r o n ,  
c a u s e s  the l a t t e r  to sp l i t  in to  a p r o t o n  and a n e u t r o n .  
The to ta l  c r o s s  s e c t i o n  for  th i s  p r o c e s s  has  the f o r m  
[2] 

e ~ h',N~, lisp] "~ + ( ~ ? _  p.)2 [Kss]=' (20) 
o -- -3- hc k A4t: 2 " 
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Here  hv is  the photon e n e r g y ,  e=  oz2/M i s  the  d e u t e r o n  
b i n d i n g  ene rgy ,  p p  and Pn  a r e  the m a g n e t i c  m o m e n t s  

of the  p r o t o n  p and n e u t r o n  n, I sp  and Kss  a r e  i n t e -  - 
g r a l s  of the  wave  func t i ons  

ro co 
I,p-- t' ra~. 03 ll, (r) &', 1<.. = ,t'ru~. (r)v~, (r) dr, (21) 

'u u 

ug(r)  = (r/Ng)ff 'd(r),  qd is  the d e u t e r o n  wave  func t ion  
Ng a n o r m a l i z a t i o n  cons t an t ,  u s ( r  ) i s  the  w a w  func t ion  

of the t r i p l e t  s - s t a t e  and is  a s y m p t o t i c  as  s i n ( k r  + 
+ 7r/2 +61) , v0(r) i s  the s i n g l e t  wave func t ion  of the 
s - s t a t e .  D e t e r m i n i n g  ug( r )  f r o m  (6), Ng f r o m  (7) 
and u s ( r  ) f r o m  [2] (Eq.  (39.8)) with51 = 0, s i n c e  we 
only  a l low for  i n t e r a c t i o n  in  the s - s t a t e ,  and t a k i n g  
v0(r ) in  a c c o r d a n c e  with [2] bu t  a l lowing  for  r e p u l s i o n ,  
we have  

u g ( r ) = e  -~ - 7 ~ e - t ~ , + 7 2 e -  % (22) 

sin k r  
u~(r)  k 7  - -  coskr ,  (23) 

v o (r) = sin kr  cos ;os + 

4- cos k r  sin ~o~ (1 --Yl, e - ' ' '  + 7~s e- ' r ) ,  

v s a s - -  I 
TIs , 72S = ~'ls - -  1. 

at (~s - -  ~,~) 
(2r 

S u b s t i t u t i n g  t h e s e  q u a n t i t i e s  in to  (21), we have  

Lp = 2k ~- [',,2 (~) -- "~,,,;-(,o) + >_,, ~-~ (,,)1, 

Ks~ = sin ~os {kctg ~os [9(a) -- 7~t P(I') + 72t (, ('~)1 -~- 

+ ~,~ (a) - -  ~' .  t, P (~) + 72, v (~ ) - -  

- -  "m l(P. + ~z) ~ (t,. + ~) - ",',, (,% + ~,,) o (l~. + ~,) + 

---,',, (~s + :,,) :,(~ + t,,) + 7-~ (~, + ,~) P (~, + *AlL 

1 
f,(a) -- k 2 ~-a" ' (25) 

k ctg 60 is  g iven  by  (16). 

Subs t i t u t i ng  al l  the q u a n t i t i e s  in to  (21) and p e r f o r m -  
i ng  the n e c e s s a r y  c o m p u t a t i o n s ,  we o b t a i n  the fo l -  
lowing  va lues  for  the to ta l  p h o t o d i s i n t e g r a t i o n  c r o s s  
s e c t i o n  Crtheo r for  v a r i o u s  v a l u e s  of the photon e n -  
e r g y  (see the  tab le ,  w h e r e  for  c o m p a r i s o n  e x p e r i -  
m e n t a l  v a l u e s  for  s i m i l a r  photon e n e r g i e s  a r e  a l so  

E T (iVleV) 

2.504 
2.504 
4.46 

4.45_+0.04 
17.8 
17.6 

atheor 
lO-t* (cm) z 

10.08 
I0.08 
24,34 

6.497 

: e x p  
10-'-'~ ( c m )  z 

1 0 . 6 ~ z .  1 
1 1 . 9 •  

24.3&1 7 

I 7.1~1.5 

E(MeV) 

7.39• 15 
7.4 

12.5• 
12.5 

20 

%heor 
10 - ~  (cm)Z 

18.3 

10.39 
5.51 

% x p  
lO_~S(crn )z 

18.4_-k1.5 

1o.4• 

5. I• 
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given [2]). F o r  i n t e r m e d i a t e  va lues  of photon ene rgy ,  
the  a g r e e m e n t  of the t h e o r e t i c a l  va lues  fo r  the c r o s s  
s ec t i on  with the e x p e r i m e n t a l  ones i s  no w o r s e  than 
that  g iven  above.  

Thus, we m a y  a s s u m e  tha t  the p r o p o s e d  po ten t i a l  
(1) m a k e s  i t  p o s s i b l e  to d e s c r i b e  the  pho tod i s in t e -  
g r a t i on  p r o c e s s  qui te  a c c u r a t e l y  at  i n t e r m e d i a t e  
e n e r g i e s .  This  c a s e  i s  now be ing  s tud ied  for  h ighe r  
e n e r g i e s .  

To d e t e r m i n e  the c r o s s  s ec t i on  of r a d i a t i v e  c a p t u r e  
of a neu t ron  by a p ro ton  as  a r e s u l t  of which a deu-  
t e r o n  i s  f o r m e d  and a photon c a r r y i n g  the e x c e s s  
e n e r g y  i s  emi t t ed ,  we use  the  formula,  [2] ( ignor ing 
the v e r y  s m a l l  con t r ibu t ion  of the t e n s o r  f o r c e s )  

e 2 8 " 2 -~- 

_ ~.)~aN~a~[~o ug(r)us(r)dr ]2. (26) 

H e r e  ~ = ~2 /M i s  the deu te ron  b ind ing  energy ,  M 
the nuc leon  m a s s ,  p p  and Pn the magne t i c  mome n t s  
of the p ro ton  and neutron,  r e s p e c t i v e l y ,  a s the s ing le  
s c a t t e r i n g  length,  and Ng a n o r m a l i z e d  cons t an t  of 
the  deu t e ron  wave funct ion,  u s ( r )  i s  g iven by  

as 

Subst i tu t ing  a l l  t h e s e  fo r  # and v into (26) and 
p e r f o r m i n g  the n e c e s s a r y  ca lcu la t ions ,  we obtain for  
# t  = 1.453 �9 10tacm - t  

whi le  for  

Ps = Pt = 1.453. 1013cm -1 altheor----- 0.3222.10-2~ cm 2. 

At the s a m e  t ime,  the e x p e r i m e n t a l  value  of the 
. c a p t u r e  c r o s s  s e c t i on  i s  

aexp = (0.329 _+ 0,006). l0 -~4 cm", 

whi le  the t h e o r e t i c a l  value given in [2] i s  

atheor = (0,3137 ___ 0.010). 10 -2~'cm 2 . 

The b e s t  value  fo r  ~ computed  by  Yamagnchi  i s  
0.321 �9 10 -24 c m  2. C o m p a r i n g  the above r a d i a t i v e  
c a p t u r e  c r o s s  s ec t ions ,  we m a y  conclude  that  the 
c r o s s  s e c t i on  computed  in th is  p a p e r  is  in somewha t  
b e t t e r  a g r e e m e n t  with e x p e r i m e n t  than a r e  the o the r s .  
This ev iden t ly  means  that  the p r o p o s e d  po ten t ia l  has  
c e r t a i n  advan tages  ove r  o the r  f o r m s  of the  pheno-  
meno log ica l  po ten t i a l  of nucleon i n t e r a c t i o n .  
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