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A SURVEY OF THE ANGULAR DISTRIBUTION DATA ON n -p  SCATTERING BELOW 10 MeV

T. C zibók
C e n t r a l  R esea rc h  I n s t i t u t e  f o r  P h y s ic s ,  B u d a p e s t, Hungary

I n  v iew  o f th e  n -p  s c a t t e r i n g  in v e s t i g a t i o n s  now i n  p r o g r e s s  In  
t h i s  l a b o r a to r y  th e  b u lk  o f  th e  p u b l i s h e d  e x p e r im e n ta l  d a t a  c o n c e rn in g  th e  
ra n g e  below  10 MeV have b e e n  a n a ly s e d .  C o n tra ry  t o  th e  g e n e r a l ly  assum ed 
i s o t r o p y  o f  th e  a n g u la r  d i s t r i b u t i o n s  in  t h i s  e n e rg y  r a n g e ,  a n a ly s i s  o f  th e  
a v a i l a b l e  s p a r s e  d a ta  s u g g e s ts  th e  p re s e n c e  o f  a  more com plex  s t r u c t u r e  i n  
th e  d i f f e r e n t i a l  c ro B S -s e c t io n .

I n t r o d u c t io n

The a n g u la r  dependence o f  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  o f  th e  
n -p  s c a t t e r i n g  a t  low e n e r g ie s  i s  a s  a r u le  d e te rm in e d  fro m  a n g u la r  d i s t r i ­
b u t io n  o f  th e  x 'e c o i l  p r o to n s ,  s in c e  th e  r e c o r d in g  o f th e  s c a t t e r e d  n e u t ro n s  
in v o lv e s  more d i f f i c u l t y .  F o r d e t e c t i n g  th e  p r o to n s  t h e i r  i o n i z in g  pow er i s  
u t i l i z e d ,  e i t h e r  by v i s u a l i z a t i o n  o f  th e  i o n i z a t i o n  t r a c k s  o r  by c o n v e r t in g  
th e  i o n i z a t i o n  e n e rg y  i n t o  e l e c t r o n i c  p u ls e s .  To re a c h  a  good r e s o l u t i o n  i s  
p ro b le m a tic  w ith  b o th  m ethod a ro u n d  th e  C.M. a n g le s  0° and 180°.

W orking w ith  th e  t r a c k  v i s u a l i z a t i o n  m ethod / c lo u d  cham ber, n u c le a r  
e m u ls io n / w h e th e r  t h i n  p r o to n  r a d i a t o r  o r ,  p r e f e r a b l y ,  p r o to n s  d i s p é r s e d  
i n  th e  s e n s i t i v e  volum e o f  th e  d e t e c t o r  a re  u s e d  as t a r g e t ,  a l l  p r o to n s  
s c a t t e r e d  a f t e r  c o l l i s i o n  i n t o  th e  t o t a l  s o l i d  a n g le  a r e  d e t e c t e d .  T h e r e f o re ,  
th e  a n g u la r  d i s t r i b u t i o n  o f  th e  p r o to n s  g iv e s  th e  d i f f e r e n t i a l  c r o s s - s e c t i o n  
m u l t i p l i e d  b y  th e  f a c t o r  s i m ^  c m ' have a good r e s o l u t i o n  ev en  f o r
a n g le s  a b o u t th e  C.M. a n g le s  г^=  0 ° ,  180°, a  c e r t a i n  num ber o f e v e n ts  i s  
n e c e s s a r y ,  im p ly in g  a r e l a t i v e l y  t o o  g r e a t  d e a l  o f  e v a lu a t io n  e f f o r t .  I n  th e  
b u lk  o f m easu rem en ts  th e  s t a t i s t i c s  I s  n o t good enough t o  r e s o lv e  t h e  f i r s t  
and th e  f i n a l  a n g u la r  ra n g e  o f th e  w id th  At?1 = 20° o r  r a t h e r  40° .

W ith  th e  s c i n t i l l a t i o n  and  i o n i z a t i o n  / p r o p o r t i o n a l /  c o u n te r s  th e  
sm a ll e n e rg y  p a r t  o f  p r o to n s ,  i . e .  t h e  a n g u la r  ran g e  a b o u t t̂> _ M = 180° ,P , U . IVi . c
i s  n o t  d e t e c t a b l e  b e c a u se  o f  th e  e l e c t r o n i c  n p i s e .  A lso  a ro u n d  t?> c  M = 0  
th e  a n g u la r  r e s o l u t i o n  i s  s t r o n g ly  r e s t r i c t e d .  Namely, t h e  a n g u la r  d i s t r i -
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b u t io n  i s  d eterm ined  from th e  en ergy  d is t r ib u t io n  by the e q u a tio n
Ep = Eo c o s 2Op / a l l  q u a n t i t ie s  i n  la b o r a to r y  system , &0 i s  the n eu tron
en ergy  b e fo r e  th e  s c a t t e r i n g / .  The вате eq u a tio n  g iv e s  th e r e la t io n s h ip

ft 2 Ab etw een  th e  an gu lar and th e  energy r e s o lu t io n  a s  Av> r  M ** H ----- •р ,и .м . ьо e in vp fC . M.
Thus th e  a n g u la r  r e s o lu t io n  grows r a p id ly  worse when 7* g o e s  to  0 °  , which  
can  be i l l u s t r a t e d  w ith  th e  fo l lo w in g  remark. F or Ae /E=10% th e  an gu lar  
r e s o lu t io n  a t  г* c M = ° °  i 0 M =37° and ®ven fo r  AE/E=1% the an gu lar
r e s o lu t io n  i s  n o t b e t t e r  th en  ЛЛ, .. = 12°.С . M.

Survey o f th e  Data

W ith in  th e  range con cern ed , m easurem ents w ith  r e l a t i v e l y  good  
en ergy  r e s o lu t io n  are p u b lish e d  o n ly  f o r  the n eu tro n  e n e r g ie s  2 .5 t  5 .2 7  and 
8 .8  MeV, r e s p e c t i v e ly .  A v a ila b le  d a ta  are d is c u s se d  fo r  each  group se p a r a te ­
l y .

2 .5  MeV

At t h i s  en ergy , m easurem ents were c a r r ie d  out w ith  n eu tron s ob­
ta in e d  from th e  r e a c t io n  D /d ,n / f o r  d eu teron  energy E  ̂ = 100 -  200 keV 
and neutron  d ir e c t io n  0n = 90 , The e a r l i e s t  exp erim en ts were perform ed
w ith  tra ck  v i s u a l i z a t i o n  o f  th e  r e c o i l  p r o to n s . M ention m ust be made o f  the  
works o f Bonner [ 1 ] ,  Dee and G ilb e r t  [2 ] and Lampson [33 . Angular d i s t r i ­
b u tio n  o f  th e  n -  p s c a t t e r in g  was found in  each  o f th e s e  in v e s t ig a t io n s  
a n is o tr o p ic  f o r  En = 2 .5  MeV due t o  th e e x c e s s  o f the sm a ll angle p ro to n s  
o v er  th o se  o f  medium a n g le s .  In  r e f .  [21 t h i s  d ep artu re i s  g iv en  as 
/10+10/% . In  r e f s .  [21 and [ 3З th e  departure was in te r p r e te d  as a consequ­
en ce o f th e  lo n g  range component o f  th e  n u c le a r  f o r c e s ,  w h i le  in  r e f .  Eli 
m erely  as an e r r o r  in  th e  background c o r r e c t io n .  A ccording to  the f r e q u e n t ly  
quoted  work o f  B a r sc h a ll and Kanner [ 4 ] ,  one o f  the f i r s t  m easurem ents 
w ith  io n iz a t io n  c o u n tin g , th e  d i f f e r e n t i a l  c r o s s - s e c t io n  i s  i s o t r o p ic .
However, t h i s  v ery  measurement y ie ld e d  also f o r  th e  n-d s c a t t e r in g  an 
i s o t r o p ic  d i f f e r e n c i a l  c r o s s - s e c t io n  and we le a r n t  from a number o f l a t e r  
exp erim en ts / e . g .  r e f s .  153» [6 3 / a s  w e ll  as from  w e ll e s ta b l is h e d  t h e o r e t ­
i c a l  c o n s id e r a t io n s  / s e e  r e f .  173/ th a t  the d is t r ib u t io n  i s ,  a c t u a l ly ,  by 
f a r  not i s o t r o p i c .  I t  i s  t h i s  why p r e se n t  au th or q u e s tio n s  th e  r e l i a b i l i t y  
o f  r e f .  [4 3 . A l a t e r  r e p e t i t io n  o f  th e  experim ent by Coon and B a r sc h a ll [ 5З 
e x h ib ite d  a d e f i n i t e  e x c e s s  o f  th e  forw ard s c a t t e r e d  p ro to n s  w ith  a r e l a t i v e l y  
good s t a t i s t i c s .  A lso , th e  d e v ia t io n  .from is o t r o p y  seems t o  in v o lv e  a f in e  
s tr u c tu r e ,  to o  / F i g . l / ,  F in a l ly ,  we r e f e r  to  th e  measurement o f C aplehorn  
and Rundle [63 w ith  a c lo u d  chamber. T h eir d a ta , grupped i n t  10 ra n g es  o f
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a n g le ,  show an i s o t r o p i c  a n g u la r  d i s t r i b u t i o n  w ith  an e r r o r  o f  + 10% / s e e
F i g .2/ .
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5 .2 7  MeY

At t h i s  e n e rg y  o n ly  a s in g le  e x p e r im e n t i s  known [8 1 , [9 ] .
Hamouda and M o n tf to llin  c a r r i e d  o u t t h e i r  m easurem ent in  two r u n s .  At th e  
p e r p e n d ic u la r  p o s i t i o n  o f  a  f l a t  W ilso n -ch am b er th e y  m easu red  th e  p ro to n s  
s c a t t e r e d  backw ard i n  C.M. sy s tem , w h ile  th e  fo rw a rd  s c a t t e r e d  p r o to n s  
w ere m easured  a t  a le n g th w a y s  p o s i t ! ön . The w hole m easurem ent gave an  
i s o t r o p i c  a n g u la r  d i s t r i b u t i o n  w ith  good enough s t a t i s t i c s  o v e r th e  whole 
a n g u la r  ra n g e  th o u g h  th e  f i r s t  and f i n a l  p a r t  b e in g  u n re s o lv e d  / F i g .  3 / .
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8 .8  МеУ

In  th e  work Champion and P o w e ll ,  n eu tron s were o b ta in ed  from 
B ^ / d ,n /  r e a c t io n  and th e  r e c o i l  p ro to n s  were recorded  by em u lsion  te c h ­
n iq u es  [101 . P ro ton s from th e s c a t t e r in g  o f  th e  8 .8  MeV neutron  group were 
s e le c t e d  and a n a ly se d . Averaged over la r g e r  an gu lar ra n g es , an e x c e s s  o f  
about 20 p .c .  was found in  the d i f f e r e n t i a l  c r o s s - s e c t io n  a t  sm a ll p roton  
a n g le s  as compared to  th e  medium an gu lar ran ge. What was, how ever, co m p le te ly  
new, an o s c i l l a t i o n  o f  th e  p eriod  o f  2 4 ° in  c.M . an g les was to  be e x tr a c t ­
ed fo r  th e  an gu lar dependence o f d i f f e r e n t i a l  c r o s s - s e c t io n .  The s t a t i s t i c a l  
e rr o r  p erm its  a smooth f i t ,  but th e r e  i s  a good in d ic a t io n  f o r  p e r io d ic i t y .

The r e s u l t  i s  shown in  F ig .  4  as norm alized  to  an i s o t r o p ic  angular  
d is t r ib u t io n  o f  same in te g r a te d  c r o s s - s e c t io n .  In  t h i s  c o n n e c tio n  one may 
r e f e r  to  th e  measurement o f Coon and B a r sc h a ll a t  2 .5  MeV [ 5 ] ,  w ith in  which  
a s im ila r  p a tte r n  to  th a t  o f  F ig . 4 was found w ith o u t b e in g , how ever, such a 
pronounced one as t h a t .
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P r io r  to  I 968  no o th e r  measurem ents were a v a i la b le  on th e  s u b je c t .

D isc u ss io n

T h e o r e tic a l p r e d ic t io n  fo r  th e  upper l i m i t  o f  a p o s s ib le  co n tr ib u ­
t io n  from p a r t ia l  waves w ith  £ > о to  th e  in te g r a te d  c r o s s - s e c t io n  o f  
th e  n-p s c a t t e r in g  below 10 MeV i s  about 1 %o t i l ] . 8uch an estima*- 
t io n  su g g e st  th a t  when d is c u s s in g  th e  n-p s c a t t e r in g  w ith in  t h i s  energy  
range c o n s id e r a t io n s  can be c o n fin e d  to  s -w a v es . In  o th er  w ords, th e  
d i f f e r e n t i a l  c r o s s - s e c t io n  a t  a g iv e n  energy sh ou ld  be independent o f  th e  
s c a t t e r in g  a n g le . M easurements in  th e  neu tron  energy range 10 -90  MeV con firm  
t h i s  p r e d ic t io n  s in c e  an gu lar d is t r ib u t io n s  become more and more I s o tr o p ic  
when n eu tron  energy i s  d ecre a se d  [1 21 . N e v e r th e le s s ,  based  on th e  low  
energy d a ta , we i n s i s t  on s t a t in g  th a t  an gu lar d is t r ib u t io n s  below  10 MeV 
do n ot e x h ib it  th e  p r e d ic te d  sim p le p ic t u r e .  A c tu a lly ,  a n iso tro p y  was found  
even below  10 MeV to  be im p o rta n t. Only a s in g le  measurement a t  .3.27 MeV
[8 ] ,  [9 I r e s u lt e d ,  w ith in  ex p er im en ta l e r r o r , in  an i s o t r o p ic  angular  
d is t r ib u t io n .  At 2 .5  and 8 .8  MeV alm ost each  o f  th e  measurem ents showed 
a n iso tr o p y . What i s  more, a t  8 .8  MeV an even  more com plex s tr u c tu r e  seems 
to  be p r e se n t  in  th e  d is t r ib u t io n .
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