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The total c ros s  sect ions for 27 GeV/c neutrons on eight heavy e lements ,  Be through U, has been measured 
and found to obey the empir ical  relationship (l T = 48A 0.75 mb. 

T h e  t o t a l  c r o s s  s e c t i o n s  f o r  27 GeV/c n e u t r o n s  
on v a r i o u s  n u c l e i  w e r e  m e a s u r e d  in an e x p e r i -  
m e n t  p e r f o r m e d  in a 1 ° n e u t r o n  b e a m  at  t h e  
B r o o k h a v e n  A l t e r n a t i n g  G r a d i e n t  S y n c h r o t r o n .  10 4 
T h i s  e x p e r i m e n t  w a s  a p a r t  of an e x p e r i m e n t a l  
p r o g r a m  which  i n c l u d e d  the  m e a s u r e m e n t  of np 
and  nd to t a l  c r o s s  s e c t i o n s  [1] and  np d i f f r a c t i o n  ff'T 
e l a s t i c  s c a t t e r i n g  [2]. P r e v i o u s  da ta  on n u c l e o n -  (mb) 
n u c l e u s  c r o s s  s e c t i o n s  a t  h igh  e n e r g i e s  i nc lude  
p r o t o n - n u c l e u s  c r o s s  s e c t i o n s  a t  19.3 GeV/c [3] 
and neutron-nucleus cross sections at 5.4 GeV/c 103 
[4], as well as measurements below 3 GeV [5,6]. 

The technique used in this experiment was 
identical with that used in the np and nd cross 
section measurements [1]. Briefly, a good-geo- 
metry attenuation measurement was made of the 
n e u t r o n s  p a s s i n g  t h r o u g h  t a r g e t s  of Be ,  C,  A1, 105 
F e ,  Cu,  W, Pb  and  U b e t w e e n  10 and 30 g / c m 2  
th ick .  The  n e u t r o n  d e t e c t o r  w a s  a s i m p l e  i o n i z a -  
t i on  c a l o r i m e t e r  26.5 m f r o m  the  t a r g e t .  At t he  
f r o n t  of t he  c a l o r i m e t e r  a 5 c m  th i ck  i r o n  s l ab  
c o n v e r t e d  a f r a c t i o n  of the  n e u t r o n s .  The  c h a r g e d  
particles formed were detected in circular coun- 101 
ters 7.0 and 12.1 cm in diameter and coaxial with 
the beam. These counters were separately placed 
in coincidence with the calorimeter output. Anti- 
coincidence counters just ahead of the target and 
the calorimeter insured that the incoming partic- 
les were neutral. Lead filters and sweeping 
magnets in the incident neutron beam removed the 
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Fig. 1. The total c ros s  section (l T for neutrons on var -  
ious nuclei at 27 GeV/c (solid c i rc les) .  Also indicated 
are  total c ros s  sect ions for protons on various nuclei 
f rom Bellettini et al. [3] (crosses) .  The solid line cor -  

responds to a T = 46AI0.75 mb. 
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p h o t o n s  and e l e c t r o n s  f r o m  the  b e a m .  The  n e u -  
t r o n  b e a m  w a s  3.4 c m  d i a m e t e r  a t  t he  t a r g e t  
p o s i t i o n  and 5.3 c m  d i a m e t e r  a t  t he  c a l o r i m e t e r .  
T h e  e f f e c t i v e  a v e r a g e  m o m e n t u m  of the  n e u t r o n s  
w a s  27 G e V / c  wi th  a r o u g h l y  t r i a n g u l a r  m o m e n -  
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r u m  s p e c t r u m  e x t e n d i n g  f r o m  22 to 29 .4  G e V / c  
( the  m o m e n t u m  of t he  b e a m  p r o t o n s  in  t he  A. G. S.). 
T h i s  m o m e n t u m  b a n d  w a s  in e f f e c t  t h e  f o l d i ng  of 
t h e  r e s o l u t i o n  f u n c t i o n  of t he  c a l o r i m e t e r  w i th  t h e  
s p e c t r u m  of t h e  s m a l l - a n g l e  n e u t r o n  b e a m .  
F u r t h e r  d e t a i l s  of t h e  e x p e r i m e n t a l  a r r a n g e m e n t  
a r e  g i v e n  in r e f .  1. 

T a r g e t - i n  a n d  t a r g e t - o u t  c o u n t i n g  r a t e s  N/M 
( n o r m a l i z e d  to t h r e e  i n d e p e n d e n t  n e u t r o n  b e a m  
m o n i t o r s  u p s t r e a m  of t h e  t a r g e t )  w e r e  t a k e n  and  
t h e  m e a s u r e d  c r o s s  s e c t i o n  ~ m  w e r e  found  f o r  
e a c h  e l e m e n t  f r o m  t h e  u s u a l  f o r m u l a  

(Nj/M) t a r g e t  ou t  
~Jm =lnx In tlvj//'--~M" t a r g e t  in  (1) 

f o r  e a c h  of t he  two d e f i n i n g  c o u n t e r s ,  j = 1, 2 a t  
t h e  f r o n t  of t h e  c a l o r i m e t e r .  T h e  m e a s u r e d  c r o s s  
s e c t i o n s  w e r e  s m a l l e r  t h a n  t h e  t o t a l  c r o s s  s e c -  
t i o n s  b e c a u s e  s o m e  of t h e  n e u t r o n s  a r e  s c a t t e r e d  
a t  a n g l e s  w i t h i n  t h o s e  a n g l e s  s u b t e n d e d  b y  t he  d e -  
f i n i n g  c o u n t e r s .  T h e  m e a s u r e d  c r o s s  s e c t i o n s  c a n  
b e  w r i t t e n  a s  

~ J  = ~w-f (~--~) K j ( 8 ) d ~  - E~ 2 (2) 
m el  

w h e r e  ~T i s  t he  t o t a l  c r o s s  s e c t i o n  andKj(O) i s  
t h e  c a l c u l a t e d  g e o m e t r i c a l  a c c e p t a n c e  of t he  7.0 
a n d  12.1 c m  c i r c u l a r  c o u n t e r s  o v e r  t h e  b e a m .  
T h e  v a l u e s  of Kj v a r y  f r o m  u n i t y  a t  e = 0 to  z e r o  
f o r  e of a few m r .  F o r  t h e  s m a l l e r  c o u n t e r ,  K 1 = 
= 0 .50 fo r  0 = 1.17 m r ,  a n d  f o r  t h e  l a r g e r  c o u n t e r ,  
K 2 = 0 .50 f o r  0 = 2.22 m r .  T h e  l a s t  t e r m  i s  a 
c o r r e c t i o n  f o r  i n e l a s t i c a l l y  s c a t t e r e d  n e u t r o n s  
f a l l i n g  w i t h i n  t he  a n g u l a r  r a n g e s  of t h e  two c o u n -  
t e r s .  T h i s  c o n t r i b u t i o n  i s  a p p r o x i m a t e l y  p r o p -  
o r t i o n a l  to  t h e  s o l i d  a n g l e  s u b t e n d e d  by  t he  c o u n -  
t e r  w i th  E a s m a l l  n u m b e r .  I t  i s  n e c e s s a r y  to  u s e  
t h i s  f o r m  in f i n d i n g  t h e  t o t a l  c r o s s  s e c t i o n  f r o m  
t h e  m e a s u r e d  v a l u e s  a s  t h e  e l a s t i c  d i f f r a c t i o n  
s c a t t e r i n g  c r o s s  s e c t i o n  v a r i e s  s i g n i f i c a n t l y  o v e r  
t h e  a n g l e s  s u b t e n d e d  b y  t h e  c o u n t e r s .  T h i s  i s  in  
c o n t r a s t  to  t h e  np c a s e  w h e r e  a s i m p l e  l i n e a r  e x -  
t r a p o l a t i o n  of 0 ° i s  a d e q u a t e .  T h e  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  w a s  t a k e n  to b e  

Ck T 2 
( d ~ ) e l  : ( 1  + a  2 ) \ ~ /  \ kRO--" (3) 

w h e r e  a i s  t h e  r a t i o  of t h e  r e a l  to  t h e  i m a g i n a r y  
a m p l i t u d e s  f o r  e l a s t i c  s c a t t e r i n g .  T h e  d a t a  w e r e  
a n a l y z e d  u s i n g  v a r i o u s  v a l u e s  of R c o n s i s t e n t  
w i t h  e x i s t i n g  d a t a ,  v a l u e s  of a f r o m  0 to - 0 . 3 0 ,  
a n d  s m a l l  v a l u e s  of E. T h e  r e s u l t s  f o r  ~T a r e  r e -  
l a t i v e l y  i n s e n s i t i v e  to  t h e  c h o i c e  of R and  E. B e s t  
f i t s  to t h e  d a t a  w e r e  o b t a i n e d  f o r  E ~ 0 ( c o n s i s t e n t  
w i th  t h e  p r o t o n - n u c l e u s  d a t a  of re f .  3), a n d  R = 

= 1.3 A 0 . 3 7 5 f m .  T h e  v a l u e s  of ~T a r e  a l s o  i n s e n s i -  
t i v e  to  a o v e r  t h e  r a n g e  g iven ,  a n d  t h e  v a l u e  a = 
= - 0 .26 f r o m  pp s c a t t e r i n g  [7] w a s  u s e d  in  t h e  
t a b u l a t e d  v a l u e s  of eXT. T h e  q u o t e d  e r r o r s  i n -  
c l u d e  t h e  u n c e r t a i n t y  in  ~ T  r e s u l t i n g  f r o m  r e a s o n -  
a b l e  v a r i a t i o n s  in  R,  a and  ~ a s  we l l  a s  t h e  
s t a t i s t i c a l  e r r o r s .  

T h e  r e s u l t i n g  v a l u e s  of  ~T a r e  t a b u l a t e d  t o -  
g e t h e r  w i th  m e a s u r e d  v a l u e s  ~1 and  ~2 in  t a b l e  1. 
A l s o  t a b u l a t e d  a r e  v a l u e s  f o r  p r o t o n - n u c l e u s  
t o t a l  c r o s s  s e c t i o n s  f r o m  ref .  3 a t  19.3 GeV/c. It  
s h o u l d  b e  r e c a l l e d  t h a t  t h e  c r o s s  s e c t i o n  m e a s -  
u r e d  in p r o t o n - n u c l e u s  s c a t t e r i n g  c o n t a i n s  a 
s i g n i f i c a n t  c o r r e c t i o n  f o r  C o u l o m b  s c a t t e r i n g .  In 
e x t r a c t i n g  t he  n u c l e a r  s c a t t e r i n g  c r o s s  s e c t i o n s  
f r o m  t h e i r  d a t a ,  B e l l e t t i n i  e t  a l .  [3] s e t  a = 0 so  
t h a t  

( d ~ ) e l  =C 2 +I  2 , (4) 

w h e r e  C i s  t h e  C o u l o m b  s c a t t e r i n g  a m p l i t u d e  a n d  
1 i s  t he  i m a g i n a r y  p a r t  of t h e  n u c l e a r  s c a t t e r i n g  
a m p l i t u d e .  T h i s  p r o c e d u r e  i s  j u s t i f i e d  in  t h e i r  
a n a l y s i s  by  c o n s i s t e n c y  b e t w e e n  t h e  c a l c u l a t e d  
o p t i c a l  t h e o r e m  p o i n t  u s i n g  t h e i r  d e d u c e d  ~T and  
t h e  e x t r a p o l a t i o n  of t h e i r  d~/d~t  ( n u c l e a r )  to 0 = 0 o. 
H o w e v e r  m o r e  r e c e n t  d a t a  on  n u c l e o n - n u c l e o n  
s c a t t e r i n g  a t  s m a l l  a n g l e s  show a s i g n i f i c a n t  r e a l  
a m p l i t u d e  in  t h i s  e n e r g y  r e g i o n ,  a n d  t h i s  s h o u l d  
g ive  a c o r r e s p o n d i n g  r e a l  p a r t  in  t he  n u c l e a r  
s c a t t e r i n g  a m p l i t u d e .  We h a v e  r e c a l c u l a t e d  t h e i r  
d a t a  u s i n g  

(d~)e =C2+2CR+R2+12~l~- 1 
(5) 

=C 2 + 2aCl+ (1 + a 2 ) I  2 

w i th  a = - 0 .26 ( a s s u m e d  to  b e  i n d e p e n d e n t  of 0 ). 
S ince  a and  C a r e  b o t h  n e g a t i v e ,  t h e  i n t e r f e r e n c e  
t e r m  i s  p o s i t i v e .  T h u s  i n c l u d i n g  t h e  e f f ec t  of a 
r e a l  t e r m  wi l l  g ive  a n u c l e a r  c r o s s  s e c t i o n  v a l u e  
l o w e r  t h a n  o b t a i n e d  by  s e t t i n g  a = 0. F r o m  the  
e l a s t i c  s c a t t e r i n g  d a t a  p o i n t s  of r e f .  3 a n d  t he  
known  C o u l o m b  i n t e r a c t i o n ,  t he  v a l u e s  of I w e r e  
found  u s i n g  eq. (5). A B e s s e l  f u n c t i o n  a p p r o p r i a t e  
f o r  e a c h  n u c l e u s  w a s  c o m p u t e d  and  t h e  r e s u l t i n g  
1(0)  w e r e  e x t r a p o l a t e d  to 0 = 0 o. T h e  t o t a l  c r o s s  
s e c t i o n s  w e r e  t h e n  d e d u c e d  w i th  t h e  a id  of the  
o p t i c a l  t h e o r e m .  T h e s e  v a l u e s  of t h e  t o t a l  c r o s s  
s e c t i o n ,  l a b e l e d  ~T ,  a r e  a l s o  g i v e n  in t a b l e  1. T h e  
~ a g r e e  w e l l  w i t h  o u r  r e s u l t s ,  bu t  o u r  a t t e m p t  
to  c o r r e c t  the  p r o t o n  d a t a  f o r  t h e  i n t e r f e r e n c e  
t e r m  s h o u l d  b e  r e g a r d e d  w i th  c a u t i o n  a s  i t  d o e s  
not  m a k e  u s e  of t h e  i n d e p e n d e n t  i n e l a s t i c  c r o s s  
s e c t i o n  d a t a  of re f .  3. I t  i s  i m p o r t a n t  to  keep  in  
m i n d ,  h o w e v e r ,  t h a t  t h e  C o u l o m b  a m p l i t u d e  C and  
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Table 1 
Total nucleon-nucleus c ros s  sections.  

Neutron c ros s  sect ions (mb) Proton c ross  
at 27 GeV/c  a sect ions (mb) at 

(this experiment) 19.3 GeV/c b 

*e O-(m 1) O-(rn 2 ) O- w o" T O- T 

4 

Element  

Be 

C 

A1 

Fe 

Cu 

W 

Pb 

U 

245.6 ± 4.4 237.0 ± 4.2 250 ± 6 

294.7 ± 5.3 281.4 ± 5.2 300 ± 7 

551 • 13 516 ± 12 573 ± 17 

965 • 18 886 ± 17 1023 • 25 

1024 ± 22 932 ± 20 1090 ± 30 

2088 ± 111 1864 ± 104 2330 ± 200 

2313 ± 50 2051 ± 44 2630 ± 120 

2448 ± 55 2178 ± 51 2770 ± 150 

278 ± 

335 ± 5 d 

687 ± 10 

1360 ~ 20 

3290 ± 100 

250 

312 

570 

1100 

2850 

a. ~n~ 1) ~ and cr ,2,1~ are  measured beam attenuation c r o s s  sect ions for particular counters  and ¢7 T is the total c ross  
section detoured from these values (see text). 

b. From ref.  3. 
c. The values (rT* were computed from the elastic scat ter ing data or ref. 3 using the optical theorem and setting 

~= - 0.26. 
d. The carbon data of ref.  3 are  for 21.5 GeV/c. 

t h u s  t he  i n t e r f e r e n c e  t e r m  d i v e r g e s  at  0 = 0 ° .  
T h e r e f o r e  t h e  i n t e r f e r e n c e  t e r m  must be  s u b -  
t r a c t e d  out to e x t r a p o l a t e  t h e  m e a s u r e m e n t  to 

= 0 ° in a s e n s i b l e  way.  In m a k i n g  t h i s  s u b t r a c -  
t i on  we have  a s s u m e d  t h a t  anp = app and t h a t  t h i s  
s a m e  a a p p l i e s  to t he  e n t i r e  n u c l e u s .  T h e s e  a s -  
s u m p t i o n s  a r e  s o m e w h a t  a r b i t r a r y ,  so t ha t  t h e  
p r o t o n - n u c l e u s  c r o s s  s e c t i o n s  r e m a i n  u n c e r t a i n  
to t h i s  ex ten t .  It can  be  s e e n  f r o m  t ab l e  1 tha t  
o u r  r e s u l t s  d i f f e r  f r o m  the  p r o t o n  c r o s s  s e c t i o n s  
r e p o r t e d  [3] u s i n g  a = 0 by up to 2570 w h i l e  t he  np 
and  pp c r o s s  s e c t i o n s  a r e  equa l  to  wi th in  2% in 
t h e  s a m e  i n t e r v a l  [1]. The  d i s a g r e e m e n t  i s  l a r g -  
e s t  f o r  t h e  h e a v y  e l e m e n t s ,  wh ich  s u g g e s t s  t ha t  
a C o u l o m b  e f f ec t  i s  invo lved .  It i s  i n t e r e s t i n g  to 
no te  tha t  o u r  r e s u l t s  fo r  t he  to ta l  c r o s s  s e c t i o n  of 
n e u t r o n s  on d e u t e r i u m  [1] a g r e e  wi th  t h o s e  of 
B e l l e t t i n i  et  al. [8] f o r  p r o t o n s  to wi th in  470 and 
wi th  t h o s e  of G a l b r a i t h  e t  al.  [9] to about  2%. It 
i s  d i f f i cu l t  to th ink  of a Z - d e p e n d e n t  s o u r c e  of 
s y s t e m a t i c  e r r o r  in ou r  m e a s u r e m e n t s  l a r g e  
enough  to a ccoun t  f o r  t h e  d i s c r e p a n c y .  

Our  r e s u l t s  f i t  w e l l  the  s i m p l e  e x p r e s s i o n  
~T = 48A0"75 fo r  A > 7 (fig. 1). A s i m i l a r  f i t  to 
t he  da ta  of C o o r  et  al. [6] f o r  1.4 GeV n e u t r o n s  
g i v e s  ~T = 59A0"753" The  s m a l l e r  c o e f f i c i e n t  at  
t h e  h i g h e r  e n e r g y  i s  c o n s i s t e n t  wi th  the  d e c r e a s -  
ing  n u c l e o n - n u c l e o n  c r o s s  s e c t i o n .  

T h e  s i g n i f i c a n t  d i s c r e p a n c y  b e t w e e n  o u r  r e -  

s u l t s  fo r  n e u t r o n s  and  t h o s e  of B e l l e t t i n i  e t  al . [3]  
f o r  p r o t o n s  e m p h a s i z e s  t he  n e e d  f o r  cau t ion  in 
i n t e r p r e t i n g  s u c h  c r o s s  s e c t i o n  da ta  f o r  c h a r g e d  
p a r t i c l e s  on nuc le i .  T h e  p o s s i b i l i t y  of a l a r g e  
i n t e r f e r e n c e  t e r m  b e t w e e n  the  C o u l o m b  a m p l i -  
tude  and the  r e a l  p a r t  of t he  n u c l e a r  a m p l i t u d e  
can  l ead  to l a r g e  u n c e r t a i n t i e s  in the  to ta l  c r o s s  
s e c t i o n s .  F o r  t h i s  r e a s o n  n e u t r o n  b e a m s  o f f e r  a 
c o n s i d e r a b l e  a d v a n t a g e  f o r  s u c h  m e a s u r e m e n t s  
due to  the  a b s e n c e  of  C o u l o m b  e f f e c t s .  
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