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I ,  In t roduct ion  -- - 

In i n t e r p r e t i n g  f a s t  neutron s c a t t e r i n g  experiments, i t  has 

genera l ly  been assumed t h a t  the d i f f r a c t i o n  of  t he  neutron waves by 

the  nucleus accounts f o r  a p a r t  of the  t o t a l  c r o s s  s ec t ion  equa l  t o  

t h e  p ro j ec t ed  c o l l i s i o n  a rea  of t h e  nucleus.  (,See, f o r  example, refs. 

( 1 )  and ( 2 )  and e a r l i e r  work r e f e r r e d  t o  i n  these  papers.)  This  i s  

( 1 )  R.  Cherr, Phys-, Rev. 68 240 (1945) - 
( 2 )  E. Pmaldi, D. B p c c i a r i l l i ,  B .  H, Cacciapuoti ,  and G. C .  Trabacchi,  

Nuovo Cimento 3 203 (1946) ... 

a  very reasonable assumption, p a r t i c u l a r l y  i n  cases  where the neut ron  

w.me leng.t;h i s  s h o r t  compared t o  t he  nuc lea r  dirmeter,  s ince  the 

d i f f r a c t e d  i n t e n s i t y  i s ' m o s t l y  i n  the  fomrnrd d i r e c t i o n  and the  s i t u a -  

t i o n  approximates t h a t  of d i f f r a c t i o n  by a d isk- l ike  obs t ac l e .  Com- 

pa r i son  wi th  the  we 11-known equ iva l en t  o p t i c a l  problem shows t h a t  t h e  

t o t a l  d i f f r a c t e d  f l u x  i s  indeed equal  t o  the f l u x  i n t e r c e p t e d  by the  

obs t ac l e ,  and t h a t  i t s  angular  d i s t r i b u t i o n  i s  given by: 

wherebd (8) i s  the c r o s s  s e c t i o n  per  u n i t  s o l i d  angle f o r  d i f f r a c t i o n  

n t  the angle 8, R i s  t h e  c o l l i s i o n  r ad ius  of the nucleus,  k  i s  2 Pt imes  



t h e  r e c i p r o c a l  of t h e  n e u t r o n  wi.velength, and Jl i s  a  E e s s e l l  f u n n t i o n .  

The t o t a l  c r o s s  s e c t i o 2  - t  shou ld  t h e n  be made up of t h e  i n t e -  

g r a t e d  cros-s s e c t i o n  f d  f o r  d i f f r a c t i o n  p l u s  an e q u a l  m o u n t  t o  t a k e  

c c r e  of t h e  n e u t r o n s  t h a t  a c t u a l l y  s t r i k e  t h e  nucleus ,  g i v i n g  t h e  

u s u a l l y  assumed r e l a t i o n :  

This  shou ld  be s t r i c t l y  v a l i d  when kR?J1, i f  t h e  nuc leus  csln be 

c o n s i d e r e d  as an opaque o b s t a c l e .  I f  t h e  nuc leus  i s  p a r t i a l l y  t r a n s -  

p a r e n t ,  a s  i s  a p p a r e n t l y  t h e  c a s e  f o r  l i g h t e r  n u c l e i  a t  90 Mev 

n e u t r o n  energy,  t h e  s i t u a t i o n  i s  more complicated,  and b o t h  t h e  magni- 
- 

t u d e  and G T u l a r  of t h e  d i f f r a c t i o n  can be a l t e r e d .  One 
\ -%_ - - 

can  however s t i l l  t r e c t  ( 2 )  iis a d e f i n i t i o n  o f  R i n  these  c a s e s ,  and 

use  t h e  d i f f r a c t i o n  fo rmula  ( 1 )  LS a f i r s t  ~ p p r o x i m a t i o n ,  w i t h  t h e  

unders tand ing  t h a t  t h e  R s o  d e f i n e d  may be s m a l l e r  t h a n  t h e  a c t u a l  

nuc le  hr r a d i u s  

I n  t h e  c a s e s  t o  be c o n s i d e r e d  here ,  we a r e  d o a l i n g  w i t h  90 Mev 

n e u t r o n s ,  f o r  which k = 2 . l 5  x 1013 cm-1; t h o  c o l l i s i o n  r a d i u s  found 

f o r  t h e  uranium n u c l e u s  i s  9.0 x 10-l3  cm., g i v i n g  kR = 19. According 

t o  eqnr ( 1 )  t h e  d i f f r a c t i o n  p a t t e r n  f o r  urznium f a l l s  t o  h a l f  i n t e n s i t y  

r.t O = Oi085 radiam, w h i l e  t h e  p a t t e r n s  f o r  o t h e r  e lements  w i l l  be 

wider .  

A t  smal l  v a l u e s  of 8, t h e  d i f f r a c t i o n  p e r  u n i t  s o l i d  ang le  i s  

g i v s n  approximately  by t h e  f i r s t  two terms i n  t h e  s e r i e s  e x p a n s i o n  f o r  

t h e  Bessel  f u n c t i o n ,  t h u s :  n 

.- L 

'5; (0) - . 1 / 4  k2 ~4 11 - 1/8 (kl? s i n  0) 2 -'I 
6 .- - I 
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11. Dif f r ac t ion  E r r o r  i n  an At tenuat ion  Experiment 

Yi th  tha  above pre  liriiinorios tFm con e s t ima te  t h e  i n t e n s i t y  

d i f f r a c t e d  i n t o  the  d e t e c t o r  i n  a t y p i c 2 1  a t t enua t ion  experiment (3), 

(3)  CP-122; Phys. Rev. Dec. 15, 1947 

s e t  up as  i n  Fig.  1. Tha method of ca lcu la t i .on  i s  s imi lh r  t o  t h a t  of  

r e f .  (2),  appendix 11. The source and d e t e c t o r  ara  t r e a t e d  a s  p o i n t s ,  

s ince  they subtend angles smnlL cornpured t o  t h s  width of the c e n t r a l  

d i f f r z c t i o n  p e d r .  

Let I = nelltrnn i n t e n s i t y  per  u n i t  :*re& o t  de t ec to r ,  i n  absence 
0 

of s c t t t e r s r .  Then the  i n t e n s i t y  a t  the p o s i t i o n  of the s c u t t o r e r  i s  

from tho inverse  square law, and the numbor 1 ( x l  + X 2 l 2  / x1 9 

s t r i k i n g  the  s c a t t a r e r  between r and r + d r  i s :  

Uow t h e  p r o l a b i l i t y  t h a t  s neut ron  w i l l  pass  through the  s c a t t e r c r  

w i th  no c o l l i s i o n s  i s  ,-'/A, where i s  the mean f r e e  path. The 

p r o b a b i l i t y  of making j u s t  one d i f f r a c t i o n  c o l l i s i o n  i s  1/2 (!/A) e-  - 9 ~  

the f a c t o r  of 1/2 corning from the  f e c t  t h ~ t  h a l f  the  t o t a l  c r o s s  

s e c t i o n  i s  due t o  d i f f r a c t i o n .  The probaT, i l i ty  of making j u s t  n 

d i f f r a c t i o n  c o l l i s i o n s  i s  (@N" ( l / n l )  e - l / ~ ,  assuming t h a t  the  

paths remain n e m l y  p s r a l l e l  t o  the a x i s .  This assumption becomes 

i n v a l i d  i n  the p r e s e n t  case only f o r  va lues  of n  t oo  l a rge  t o  have 

any impcrtance , 

The next  s t e p  i s  t o  compute the  i n t e n s i t y  d i r e c t e d  tavard the  

d e t e c t o r  f o r  each number o f  c o l l i s i o n s .  For  one c o l l i s i o n ,  t h i s  i s  

very  simple. Combining eqn. ( 4 )  wi th  t h e  r e s u l t  of the l a s t  para- 

graph, vre ge t  the number of c o l l i s i o n s  occuring a t  each value o'f r; 
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t h i s  must be m u l t i p l i e d  by the i n t e c s i t y  p e r  u n i t  s o l i d  angle i n  t h e  

d i r e c t i o n  of the d e t e c t o r  pe r  c o l l i s i o n  which i s  e q u d  t o  $,-j(@)/~, and 

f i n a l l y  by the s o l i d  angle of u n i t  m e n  at  t h e  d e t e c t o r  as seen  from 

2 the  s c a t t e r e r ,  which i s  equal  t o  l/x2 , Then t h e  i n t e n s i t y  d i f f r a c t e d  

i n t o  the  de t ec to r  by s i n g l e  c o l l i s i o n s  i S  given by: 

a '  
P u t t i n g  i n  the approximation ( 3 )  f o r  G;i (8) ,  and not ing  t h a t  

1 s i n  8 -(- + ) r ,  t h i s  i s  e a s i l y  i n t e g r a t e d .  
"2 

Using t h e  r e l a t i o n s  (2 ) ,  t he  r e s u l t  om be wr i t ten . :  

Thus K can Ge neg lec t ed  i n  the  pa ren thes i s  i n  ( 6 ) ,  which means t h a t  

t h e  angles in t roduced  by the  f i n i t e  width of the s c a t t e r e r  a r e  no t  

important.  

The computation of t h e  i n t e n s i t y  due t o  mul t ip le  s c a t t e r i n g  i s  

more involved i f  c a r r i e d  ou t  t o  t he  second order  as done a.bove, and 

we s h a l l  content  ourse lves  w i th  a  f i r s t  o rder  conputat ion which w i l l  

be of s  ufi ' icient aocurecy. The f r sauency  of mvl t ip le  c o l l i s i o n s  i s  

a s  given a50ve; t h e  wid th  of the c e n t r e 1  peak afJ6er n c o l l i s i o n s  

inc re s ses  ahout es  n 2 ,  and t h e r e f o r e  t h e  oerl t re l  i n t e n s i t y  v a r i e s  

about as '/n. Thus t h e  c o n t r i b u t i o n  of i n t e n s i t y  due t o  the va r ious  

numbers o f  s c a t t e r i n g s  a re  p ropor t iona l  t o  (-$/2Aln / (nen:)and the  

t o t a l  in tens i ty  is:  



This s e r i e s  can be summed as  an e x p o n e n t i d  i n t e g r a l ,  Su t  t h i s  i s  

hard ly  j u s t i f i e d  s ince  the ~ l i g h e r  terms e r e  c e r t a i n l y  n o t  accura te  

and are  n o t  important  i n  the p r e s e n t  case,  where 21 .-.I. 

To f i n d  the  e r r b r  l ~ h i e h  t h i s  e f f e c t  produces i n  the  a t t e n u a t i o n  

meesurement, we cons ide r  t h a t  the c ross  s e c t i o n  i s  computed from t h e  

r e  l n t ion :  

and t h a t  t h e r e f o r e  t h e  f r s c t l o n e l  e r r o r  i s  given Sy the d i f f e r ence  of 

the  b r a r k s t  f r sa  ir.'ct.':y, T h i s  f 3mu2.a was u:,cJ. -Is;: computing t h e  

cor iwst ions  a p p l i c d  t o  t;ne a t t o c u a t i o n  exper'm?:~ts; the c o r r e c t i o n  i s  

3.1$ i n  the case of lecd,  l e s s  f o r  l i g h t e r  elements Secause of the  

smal le r  value of G;, and i e s s  f o r  U becnuse i n  t h i s  c t s e  the  r ad ius  

o f  the  s c a t t e r e r  was only 1". 

111. Direc t  Measurement of D i f f r a c t e d  I n t e n s i t y  

In order  t o  check t o  some e x t e n t  t h e  v s l i d i t y  of the  assumptions 

used above, m experiment w,as s e t  up ~s shown i n  Fig.  2 .  

The cyc l inde r  P i s  o f  cooper, 10" lonq, and ~ b s o r h s  over 9% of 

t he  d i r e c t  beam, The r iny  B i s  l e ,  d  o r  copno;,, v'. ih  ? . Three 

measurements were rr,i.de, usj.ng the  s m e  tzchnigl:.~ a ;  i n  the a t t e n u a t i o n  

experiments : 

I1 = i n t e n s i t y  ~t d e t e c t o r  wi th  P cnd 3 cwzy 

12 = l~clqy-ou_n.d = i n t e n s i t y  w i t h  P i n  p l m e  

Ig = i n t e n s i t y  with both P and B i n  place - 
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Then the r s t i o  of the i n t c n s l t y  s c a t t s r e d  by B t o  the  i n i t i a l  

i n t e n s i t y  i s  given ' y (I3 - I ~ )  (I1 - 12). This i s  t o  be oompsred 

t o  the t h e o r e t i c a l  r n t i o ,  o p , t ~ i n e d  from equs.tions ( 6 )  and ( 7 )  : 

where the two va lues  of K corraspond t o  t he  two r a d i i  til and a2. 

Since o i l  = 1.5", a2 31 8", f o r  l e a d  K1 = 0.036, K2 0.142, and f o r  

Cu K1 = 0.018, K2 = 0.070. The expected r a t i o s  a re  then  0.036 f o r  

Pb, 6.019 f o r  Cui 

The measured values,  w i t h  mean e r r o r s  from the  counting statistics, 

are : 

12 = 0.21'7 0.003 

Eg (Pb r ing)  0 .SO4 2 0  .OO4 

Ig ( C u  r i n g )  = 0.259 -' 0.004 

These give IJI, = 0.035 0.002 f o r  Pb and 0.017 2 0.002 f o r  Cu, i n  

e x c e l l e n t  agreainent w i t h  t h e  computed vn lues  . 
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