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The total neutron c r o s s - s e c t i o n  on nuclei is calculated from 5 to 21 GeV/c  and compared with exper i -  
ment.  One can only to lera te  a modest  amount of regenera t ive  amplitudes,  following diffract ive produc-  
tion. Arguments  are  given for  including only in te rmedia te  N* s ta tes  in the diffract ive production com- 
ponent. 

R e c e n t l y  t h e r e  h a v e  b e e n  m e a s u r e m e n t s  [1 ] 
p e r f o r m e d  of n e u t r o n  t o t a l  c r o s s - s e c t i o n s  on 
Be ,  C, A1, Cu a n d  P b  w i t h  one  p e r  c e n t  a c c u r a c y  
a t  a v e r g a g e  n e u t r o n  m o m e n t a  of 8, 11, 14 a n d  
21 G e V / c .  F o r  a l l  e l e m e n t s  t h e r e  i s  a s m o o t h  
d r o p  of a b o u t  3% b e t w e e n  8 a n d  21 G e V / c ,  v e r y  
s i m i l a r  to  t h a t  fo r  the  c o r r e s p o n d i n g  p - p  and  n - p  
t o t a l  c r o s s - s e c t i o n .  N o r m a l i z i n g  the  c r o s s - s e c -  
t i o n s  to  the  n - p  t o t a l  c r o s s - s e c t i o n ,  no  m o m e n t u m  
d e p e n d e n c e  i s  o b s e r v e d .  T h i s  i s  a l i t t l e  p u z z l i n g  
f o r  the  h e a v y  n u c l e i  s i n c e  one  e x p e c t s  to  be  a p -  
p r o a c h i n g  the  p h y s i c a l  s i t u a t i o n  of a '~olack t a r -  
ge t "  w i t h  a g e o m e t r i c a l  c r o s s - s e c t i o n ,  f o r  a nu -  
c l e u s  a s  h e a v y  a s  l ead .  On the  o t h e r  hand ,  t he  
e n e r g y  d e p e n d e n c e  u n d e r  c o n s i d e r a t i o n  i s  r a t h e r  
w e a k  a n d  the  b l a c k n e s s  of the  h e a v y  n u c l e u s  i s  
w e a k e n e d  if one i n c l u d e s  the  r e g e n e r a t i v e  a m -  
p l i t u d e  r e s u l t i n g  f r o m  f i r s t  p r o d u c i n g  d i f f r a c t i v -  
e l y  n u c l e o n  i s o b a r s  on  one  n u c l e o n  and  t h e n  
h a v i n g  t h e m  r e g e n e r a t e  a n e u t r o n  ( s e e  f ig.  l c ) .  
To  w h a t  e x t e n t  the  r e g e n e r a t i o n  c o n t r i b u t e s  i s  a t  
t h i s  po in t  to  b e  a n s w e r e d  t h r o u g h  c a l c u l a t i o n .  

T h e  o b j e c t  of t h i s  l e t t e r  i s  to  d e s c r i b e  the  r e -  
s u l t s  of d e t a i l e d  c a l c u l a t i o n s  of the  e l a s t i c  s c a t -  
t e r i n g  of n e u t r o n s  f r o m  n u c l e i  w h i c h  i n c l u d e s  r e -  
g e n e r a t i v e  e f f e c t s .  P u m p l i n  and  R o s s  [2] h a v e  
s u g g e s t e d  t h a t  r e g e n e r a t i v e  e f f e c t s  a r e  qu i t e  
s t r o n g ,  d e p l e t i n g  t o t a l  c r o s s - s e c t i o n s  of h e a v y  
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Fig. 1. The one-s tep and two-step p roces se s  contr ibuting 
to neutron-nucleus  e las t ic  sca t ter ing.  

n u c l e i  by  s o m e  2 0 %  a t  e n e r g i e s  of the  o r d e r  of 
20 to  30 GeV.  T h e  d a t a  do no t  b e a r  t h i s  out ,  h o w -  
e v e r ,  a n d  we s h a l l  r e t u r n  to  a d i s c u s s i o n  of t h i s  
q u e s t i o n  be low.  

We h a v e  m a d e  c a l c u l a t i o n s  of t he  e l a s t i c  s c a t -  
t e r i n g  of n e u t r o n s  f r o m  n u c l e i  u s i n g  a c o u p l e d  
c h a n n e l  e i k o n a l  a p p r o a c h  [3] t a k i n g  in to  a c c o u n t  
r e g e n e r a t i o n  of n e u t r o n s  a f t e r  p r o d u c t i o n  of t he  
n e u t r a l  c h a r g e  s t a t e  of the  i s o s p i n  ½ i s o b a r s  

N1400,  N1520,  N1688,  N2190.  T h e  m e t h o d  a l -  
l ows  f o r  any  n u m b e r  of b a c k  a n d  f o r t h  t r a n s i -  
t i o n s  b e t w e e n  the  n e u t r o n  a n d  t h e s e  i s o b a r s .  
T h e  f o r w a r d  a m p l i t u d e  f o r  t h e s e  p r o c e s s e s ,  r e -  
q u i r e d  in  the  c a l c u l a t i o n s  a r e  t a k e n  f r o m  r e f .  [4]. 
S p e c i f i c a l l y ,  we c a l c u l a t e  the  e l a s t i c  s c a t t e r i n g  
a m p l i t u d e  [3]. 

ik f e x p ( i q . b ) [ l _ ~ b l ( b , o ~ ) ] d 2 b  (1) F(q) : ~ -  

w h e r e  ~b 1 (b ,  z)  i s  o b t a i n e d  f r o m  n u m e r i c a l  s o l u -  
t i o n  of the  c o u p l e d  wave  e q u a t i o n s  
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Fig. 2. Calculated and experimental  values of neutron- 
nucleus total c ross -sec t ions .  The experimental  data 
are  from refs.  [1], [13] and [14]. The solid lines are 
obtained using nuclear parameters  from ref. [5]. The 
dotted lines are  calculations using values of the nuclear 
radii at the upper and lower values of the experimental  
uncertainties.  The effect of omitting the N* contribution 
is shown for C and Pb. The effects of regenerat ion from 

ref. [2] are  several  t imes as large. 

d a-~4)vt (b, z ) : 

_ L ~  
- 2 ikc  ~ Uoz fl (b, z )  exp{ i (kB-ka)z}dp f l (b ,  z )  

The  op t i c a l  p o t e n t i a l s  a r e  g iven  by 

(2) 

U~fl ( r )  = - 4~ f~f l  (0) Ap ( r )  (3) 

In the  above  equa t i ons ,  q i s  the t h r e e - m o m e n t u m  
t r a n s f e r  and f ~  (0) i s  the d i f f r a c t i v e  a m p l i t u d e  
fo r  p a r t i c l e  c~ p r o d u c t i n g  p a r t i c l e  fl on a nuc l eon  
in the  f o r w a r d  d i r e c t i o n .  P a r t i c l e  1 i s  the  i n -  
c iden t  neu t ron .  The  quan t i ty  p ( r )  i s  the  s i n g l e  
p a r t i c l e  nuc l eon  d e n s i t y  a s s u m e d  the s a m e  for  

n e u t r o n s  and p r o t o n s .  To  a l low f o r  the d i f f e r e n c e  
b e t w e e n  p r o t o n  and n e u t r o n  a m p l i t u d e s ,  one t a k e s  
the w e i g h t e d  m e a n  f o r  fcxfl (0). We have  t aken  
the  n u c l e a r  shape  to be  W o o d s - S a x o n  in f o r m  wi th  
p a r a m e t e r s  a s  g i v e n  by T i n g  e t  a l .  [5]. Our  two-  
body p a r a m e t e r s  a r e  g i v e n  in the t ab le  1. We have  
t aken  the  r a t i o  of r e a l  to i m a g i n a r y  p a r t s  of f o r -  
w a r d  p - p  and n - p -  s c a t t e r i n g ,  a ,  to be  equa l .  We 
have  a l s o  a s s u m e d  the  s a m e  p h a s e  fo r  the d i f -  
f r a c t i v e  p r o d u c t i o n  a m p l i t u d e s .  

The  r e s u l t s  of ou r  c a l c u l a t i o n s  a r e  shown in 
fig.  2. T h e  m e a s u r e m e n t s  and c a l c u l a t i o n s  a g r e e  
v e r y  we l l .  T h e  e f f e c t s  of r e g e n e r a t i o n  as  i n c l u d -  
ded  h e r e  a r e  s m a l l  a s  shown in fig.  2. We note  
now u n c e r t a i n t y  in  n u c l e a r  r a d i u s ,  the s m a l l  but  
n o n - n e g l i g i b l e  e x p e r i m e n t a l  e r r o r s  in n u c l e o n -  
nuc l eon  t o t a l  c r o s s - s e c t i o n s  and ~ (which cou ld  
change  o u r  r e s u l t s  by ± 1 to 2 %) and the n e g l e c t  
of n u c l e a r  c o r r e l a t i o n s  (+1 to 2 % f o r  s h o r t  r a n g e  
c o r r e l a t i o n s ,  0 to 2 % f o r  d e f o r m a t i o n  e f f ec t s ) .  
G iven  a l l  of th i s ,  i t  i s  not  c o m p l e t e l y  c l e a r  tha t  
the  e f f e c t  of N* i s  m a n i f e s t  at  p r e s e n t  e n e r g i e s .  
H o w e v e r ,  f o r  the  h e a v i e s t  nuc le i ,  a s  s e e n  in f ig.  
2, r e g e n e r a t i o n  c o n t r i b u t e s  in an e n e r g y  d e p e n -  
dent  way  to i m p r o v e  the  e n e r g y  d e p e n d e n c e  of the 
c a l c u l a t i o n s  w h e n  c o m p a r e d  wi th  e x p e r i m e n t .  
The  f ac t  tha t  the w e a k e n i n g  of the n u c l e a r  shadow 
in  the heavy  nuc le i  i n c r e a s e s  a p p r e c i a b l y  wi th  
e n e r g y  fo l lows  f r o m  long i tud ina l  m o m e n t u m  
t r a n s f e r  c o n s i d e r a t i o n s .  The  only i m p o r t a n t  r e -  
g e n e r a t i o n  a m p l i t u d e  c o m e s  f r o m  d i a g r a m  c) 
of h g .  1 and i n t e r f e r e s  d e s t r u c t i v e l y  wi th  the  
~ d i r e c t "  G l a u b e r  s c a t t e r i n g  a m p l i t u d e  [6]. 

The  a u t h o r s  of re f .  [2] i nc lude  v i r t u a l l y  the 
who le  m i s s i n g  m a s s  s p e c t r u m  as  c o n t r i b u t i o n s  
to the r e g e n e r a t i v e  a m p l i t u d e .  The  f o r w a r d  d i f -  
f e r e n t i a l  c r o s s - s e c t i o n  f r o m  th is  s p e c t r u m  is  
about  ha l f  the f o r w a r d  e l a s t i c  d i f f e r e n t i a l  c r o s s -  
s e c t i o n .  T h e  f ac t  that  the r e g e n e r a t i v e  a m p l i t u d e  
i s  not  n e a r l y  so  s t r o n g  as  s u g g e s t e d  in re f .  [2] 
cou ld  be  the  r e s u l t  of the  fo l lowing.  

a) T h e r e  a r e  m a n y  d i f f r a c t i v e  a m p l i t u d e s  but  
wi th  d i f f e r e n t  p h a s e s  and t h e r e f o r e  m u c h  c a n c e l -  
l a t ion .  

Table 1 

Nucleon lab, momentum fpp (rnp 
(GeV/c) (rob) ( rob) 

5 4 1 . 0  4 0 . 5  - 0 . 3 5  
8 40.3 39.7 -0.33 

14 39.4 38.7 -0.27 
21 39.0 38.5 -0.20 

fpp and ot from ref. [10]; 
flap from refs.  [11] and [12]. 

223 



Volume 33B, number  3 P H Y S I C S  L E T T E R S  i2 October 1970 

b)  T h e  n o n - r e s o n a n t  b a c k g r o u n d  i n c l u d e d  in  the  
w o r k  of r e f .  [2] i s  l a r g e l y  n o n - d i f f r a c t i v e .  

c) N o n - r e s o n a n t  d i f f r a c t i o n  p r o d u c t s  s p r e a d  
too  m u c h  b e f o r e  t r a v e l l i n g  a d i s t a n c e  of the  o r d e r  
of i n t e r - n u c l e o n  s p a c i n g  to r e g e n e r a t e  a n u c l e o n .  
M u c h  s p r e a d i n g  i s  e x p e c t e d  f r o m  the  l a w s  of 
t r a n s v e r s e  m o m e n t u m  d i s t r i b u t i o n s  [7]. 

In  c o n n e c t i o n  w i t h  t h e s e  p o s s i b i l i t i e s ,  a c a r e -  
ful  s t u d y  of i n c o h e r e n t  s c a t t e r i n g  of n u c l e o n s  f r o m  
d e u t e r o n  t a r g e t s  i s  of i n t e r e s t  [8, 9]. I n c o h e r e n t  
r e g e n e r a t i o n  on  t he  d e u t e r o n  c a n  s t i l l  b e  e x p e c -  
t e d  to b e  r a t h e r  s t r o n g  if  t he  w e a k n e s s  of c o h e r -  
e n t  r e g e n e r a t i o n  r e s u l t s  f r o m  e f f e c t s  a) a n d / o r  
b) a b o v e .  I t  w i l l  b e  w e a k  if  e f f e c t  c) i s  r e s p o n -  
s i b l e  f o r  the  w e a k n e s s  of c o h e r e n t  r e g e n e r a t i o n ,  
s i n c e  t he  two n u c l e o n s  in  the  d e u t e r o n  a r e  r e l a t -  
i v e l y  f a r  a p a r t  ( ~  2 fro). A t  t he  m o m e n t  t he  d a t a  
a r e  no t  qu i t e  good  e n o u g h  to  b e  d e f i n i t i v e .  

We  p o i n t  out ,  a s  a f i n a l  r e m a r k ,  t h a t  t he  
q u e s t i o n  of w h e t h e r  o r  no t  one  h a s  on ly  to c o u p l e  
r e s o n a n c e s  a n d  not  b a c k g r o u n d  in  h i g h  e n e r g y  
c o h e r e n t  p r o c e s s e s  i n  n u c l e i  i s  a n  i n t e r e s t i n g  one.  
If  i n  f a c t  t h i s  i s  the  c a s e ,  t h e n  one  c a n  e x p e c t  to 
ge t  a good d e a l  of new i n f o r m a t i o n  a b o u t  h i g h e r  
u n s t a b l e  r e s o n a n c e s  f r o m  c o h e r e n t  p r o d u c t i o n  
s t u d i e s  [3] a t  S e r p h u k o v  a n d  NAL e n e r g i e s .  

We  t h a n k  P r o f e s s o r  H. S c h o p p e r  f o r  c o m m u n i -  
c a t i n g  t he  e x p e r i m e n t a l  r e s u l t s  b e f o r e  p u b l i c a t i o n .  

One  of us  (B. M.)  w i s h e s  to t h a n k  the  T h e o r e t -  
i c a l  S tudy D i v i s i o n  a t  C E R N  f o r  the  h o s p i t a l i t y  
e x t e n d e d  to h i m .  

R e f e r e n c e  s 
[1] J. Engler ,  K. Horn, F. MSnnig, P. Schludecker,  W. 

Schmidt -Parzefa l l ,  H. Schopper, P. Sievers ,  H. Ull- 
r ich,  R. Hartung, K. Runge and Yu. Galaktionov, 
Phys.  Le t te r s  32B (1970) 716. 

[2] J. Pumplin and M. Ross,  Phys.  Rev. Le t te rs  21 
(1968) 1778. 

[3] G. B. Bochmann and B. MargoHs. Nuclear  Phys. 
B14 (1969) 609. 

[4] E. W. Anderson,  E . J .  B lese r ,  G.B.  Collins, T. 
Fujii ,  J .  Menes, F Turkot ,  R. A. Carr igan,  R.M. 
Edeis tein.  N. C. Hien, T . J .  McMahon and H. Nadel- 
haft, Phys.  Rev. Le t t e r s  19 (1967) 198. 

[5] H. Alvensleben,  U. Becker ,  W.K. Be r t r am,  M. Chen, 
K. J .  Cohen, T. M. KnaseI. R. Marshal l ,  D.J.  Quinn. 
M. Rohde, G. H. Sanders ,  H. Schubel and S. C. G. 
Ting, Phys.  Rev. Le t t e r s  24 (1970) 786. 

[6] R .J .  Giauber,  Boulder  Lec tures  in Theore t ica l  
Physics  Vol. 1 ( Interscience Publ. Inc., New York 
1959). 

[7] G. Coeeoni, Nuovo Cimento 57A (1968) 837. 
[8] J .  V. Allaby, A.N. Diddens, R .J .  Glauber,  W. Klov - 

ning, O. Kofoed-Hansen, E . J .  Sacharidis ,  K. Schlilp- 
mann, A. M. Thorndike and A. M. Wetherell ,  Phys.  
Le t te r s  30B (1969) 549. 

[9] R. J .  Glauber ,  O. Kofoed-Hansen and B. Margol is ,  
On momentum loss spec t ra  in proton sca t t e r ing  
on deuter ium,  to be published. 

[10] K.J .  Foley, R.S. Jones,  S . J .  Lindenbaum, W.A. 
Love, S. Ozaki, E.D.  P la tner ,  C.A. Quar ies  and 
E.H. Willen, Phys. Rev. Le t t e r s  19 (1967) 857. 

[11] J. Engler ,  K. Horn, F. M~nning, P. Schludecker,  
W. Schmidt -Parzefa l l ,  H, Schopper, P. Sievers .  
H. Ullrieh,  R. Ha rtung, K. Runge and Yu. Galak- 
tionov, Phys. Le t t e r s  31B (1970) 669. 

[12] L. Di Lella,  in Proc.  of the Heidelberg l~tern.  
Conf. on E lementa ry  par t i c les .  (North Holland 
1968) p. 164. 

[13] J.  Engler ,  K. Horn, J .  Kbnig, F. MBnning, P. 
Schiudecker,  H. Schopper, P. Sievers ,  H. Utlr ieh 
and K. Runge, Phys .  Le t t e r s  28B (1968) 64. 

[14] E. F. Pa rke r ,  T. Dobrowolski, R.R.  Gustafson, 
L. W. Jones,  M.J .  Longo, F. E. Ringia and B. Cork, 
Phys.  Le t t e r s  31B (1970) 250. 

224 


