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The np and nd total c ross  sect ions have been measured  directly with a neutron beam with momenta of 
4.0 i 0.6 and 5.7 • 0.6 GeV/c. The data are compared with the previous nucleon-nucleon and nucleon-de- 
uteron resul ts ,  and the deuteron screening te rm was also evaluated. The measured  total c ross  section 
are 43.1 ± 0.6 and 80.3 ± 1.9 mb at 4.0 GeV/c and 42.5 ~- 0.6 and 77.8 ± 1.3 mb at 5.7 GeV/e. 

The  np and  nd to ta l  c r o s s  s e c t i o n s  have  b e e n  
m e a s u r e d  d i r e c t l y  wi th  a n e u t r o n  b e a m  f o r  i n -  
c i den t  n e u t r o n  m o m e n t a  of 4.0 + 0.6 G e V / c  and  
5.7 ± 0.6 G e V / c .  The e x p e r i m e n t  w a s  p e r f o r m e d  
at  the  B e v a t r o n  of the  L a w r e n c e  Rad ia t i on  L a b -  
o r a t o r y .  T h i s  da t a  t o g e t h e r  wi th  tha t  f r o m  a 
p r e v i o u s  AGS e x p e r i m e n t  [1] show tha t  b e t w e e n  4 
and 27 G e V / c  the  np to ta l  c r o s s  s e c t i o n  has  about  
the s a m e  m a g n i t u d e  a s  the pp to ta l  c r o s s  s e c t i o n  
but  m a y  v a r y  m o r e  r a p i d l y  wi th  e n e r g y .  Da ta  on 
n - n u c l e u s  to ta l  c r o s s  s e c t i o n s  a r e  p r e s e n t e d  in 
an a c c o m p a n y i n g  l e t t e r .  

Th i s  e x p e r i m e n t  e m p l o y e d  the s t a n d a r d  good-  
g e o m e t r y  t r a n s m i s s i o n  t echn ique .  A w e l l - c o l -  
l i m a t e d  n e u t r o n  b e a m  p a s s e d  t h r o u g h  a l iquid  
h y d r o g e n  (or  d e u t e r i u m )  t a r g e t ,  and the f r a c -  
t ion  of the  b e a m  t r a n s m i t t e d  w a s  m e a s u r e d  by 
a to ta l  a b s o r p t i o n  s p e c t r o m e t e r  (TAS) [2]. R e -  
l a t i ve ly  good n e u t r o n  e n e r g y  r e s o l u t i o n  w a s  ob -  
t a i n e d  by a c c e p t i n g  only the  l a r g e s t  p u l s e s  f r o m  
the  TAS, thus  heav i ly  b i a s i n g  a c c e p t e d  e v e n t s  
t o w a r d s  the h igh  end  of the s p e c t r u m .  As  i s  we l l  
known the e f f i c i e n c y  of the  n e u t r o n  d e t e c t o r  d o e s  
not  a f f ec t  the  m e a s u r e d  to ta l  c r o s s  s e c t i o n s .  
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The e x p e r i m e n t a l  a r r a n g e m e n t  is  shown  in 
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Fig. 1. Experimental  layout. 
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fig.  ]. The  n e u t r o n  b e a m  was  t aken  off at an 
ang le  of 2.5 ° f r o m  an i n t e r n a l  b e r y l l i u m  t a r g e t  
in the B e v a t r o n .  M e a s u r e m e n t s  of the neu t ron  
s p e c t r u m  in a s i m i l a r  b e a m  d e m o n s t r a t e d  that  
the s p e c t r u m  peaks  s t r o n g l y  at  h igh e n e r g i e s  
cu t t ing  off r a t h e r  s h a r p l y  at the a c c e l e r a t o r  
e n e r g y  [3]. C h e a r g e d  p a r t i c l e s  w e r e  swept  out 
of the b e a m  by the m a g n e t i c  f i e ld  of the B e v a t r o n  
and by two s w e e p i n g  m a g n e t s  in the b e a m  l ine.  
Pho tons  w e r e  e f f e c t i v e l y  e l i m i n a t e d  by a 7.5 cm 
l e a d  f i l t e r .  R e l a t i v e  b e a m  i n t e n s i t y  was  m o n i -  
t o r e d  by a m o n i t o r  t e l e s c o p e ,  c o n s i s t i n g  of an 
a n t i c o u n t e r  f o l l owed  by a p o l y e t h y l e n e  c o n v e r t e r  
and t h r e e  s c i n t i l l a t i o n  c o u n t e r s ,  p l a c e d  in the n e u -  
t r o n  b e a m  jus t  ahead  of the def in ing  c o l l i m a t o r .  

The  b e a m  at the h y d r o g e n  t a r g e t  was  a p p r o x -  
i m a t e l y  3 cm in d i a m e t e r  wi th  a n e g l i g i b l e  halo.  
The  t a r g e t  c o n s i s t e d  of a 1.2 m long, 7.5 cm 
d i a m e t e r  m y l a r  v e s s e l  which  cou ld  be  f i l l ed  wi th  
e i t h e r  h y d r o g e n  o r  d e u t e r i u m .  A n t i c o u n t e r s  p r e -  
ced ing  and fo l lowing  the t a r g e t  v e t o e d  c h a r g e d  
p a r t i c l e s .  

The  neu t ron  d e t e c t o r  c o n s i s t e d  of a 1.25 cm 
i r o n  c o n v e r t e r  p l a t e  fo l lowed  by four  t r a n s m i s -  
s ion  c o u n t e r s  which  sub t ended  so l i d  a n g l e s  of 
2 . 6 ×  10 .5  , 7 . 1 ×  10 .5  , 2 . 3 ×  10 . 4  and 6 . 8 ×  10 .4  
s r  f r o m  the c e n t e r  of the t a rge t .  The  t r a n s m i s -  
s ion  c o u n t e r s  w e r e  fo l lowed  by the to ta l  a b s o r p -  
t ion s p e c t r o m e t e r ,  a s e r i e s  of 14 s h e e t s  of p l a s -  
t ic  s c i n t i l l a t o r  i n t e r s p e r s e d  wi th  3.2 cm th ick  
a l u m i n i u m  p la t e s .  The  to ta l  t h i c k n e s s  of the 
TAS was  130 g / c m  2 o r  about  2 c o l l o s i o n  l eng ths .  
The  l ight  f r o m  a l t e r n a t e  s c i n t i l l a t o r s  was  s u m -  
m e d  op t i ca l l y  and b rough t  to two 5" d i a m e t e r  
RCA 4522 p h o t o m u l t i p l i e r  tubes  (see  i n se t  in fig. 
1). The  output  of e a c h  of t h e s e  tubes  was  added  
to g ive  a p u l s e  w h o s e  a m p l i t u d e  was  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 the neu t ron  e n e r g y .  The  d i s c r i m -  
i n a t o r  on the TAS output  was  s e t  to a c c e p t  only 
the l a r g e s t  10% of the p u l s e s ,  thus heav i l y  
b i a s i n g  the r e s p o n s e  in f a v o r  of the h i g h e s t  e n e r -  
gy neu t rons .  T h i s  t o g e t h e r  wi th  the s t r o n g  
peak ing  of the  n e u t r o n  s p e c t r u m  on the high end 
y i e l d e d  an o v e r a l l  r e s p o n s e  s i m i l a r  to that  shown 
at  the bo t tom of f ig.  2 fo r  the 5.7 G e V / c  point .  
The  s h a r p  cutoff  on the high end is  s e t  by the 
p r o t o n  e n e r g y  in the B e v a t r o n ,  4.6 G e V / c  fo r  
the 4.0 G e V / c  poin t  and 6.3 G e V / c  f o r  the 5.7 
G e V / c  point .  

The  e n e r g y  r e s o l u t i o n  of the TAS was  c a l -  
c u l a t e d  f r o m  the p u l s e - h e i g h t  d i s t r i b u t i o n s  ob-  
t a ined  at d i f f e r e n t  B e v a t r o n  e n e r g i e s  t o g e t h e r  
wi th  a v a i l a b l e  da ta  on the n e u t r o n  s p e c t r u m  [3]. 

C o i n c i d e n c e s  b e t w e e n  the TAS and e a c h  of 
the fou r  t r a n s m i s s i o n  c o u n t e r s  w e r e  s c a l e d  
s e p a r a t e l y .  A t t enua t i on  c r o s s  s e c t i o n s  fo r  e a c h  

c o u n t e r  w e r e  ob ta ined  f r o m  the r a t i o  of r a t e s  
wi th  t a r g e t  e m p t y  and t a r g e t  full .  A typ ica l  da ta  
point  r e p r e s e n t s  da ta  f r o m  a s e r i e s  of 50 t a r -  
ge t  e m p t y - t a r g e t  ful l  c y c l e s .  The  s t a t i s t i c a l  
u n c e r t a i n t y  in the m e a s u r e d  c r o s s  s e c t i o n s  was  
l e s s  than 1%. To ta l  c r o s s  s e c t i o n s  w e r e  ob ta ined  
by e x t r a p o l a t i n g  the m e a s u r e d  a t t enu t ion  c r o s s  
s e c t i o n s  to z e r o  so l i d  angle .  T h r e e  e x t r a p o l a t i o n  
m e t h o d s  w e r e  used ,  and the to ta l  c r o s s  s e c t i o n s  
f r o m  a l l  t h r e e  w e r e  in v e r y  good a g r e e m e n t .  
The  u n c e r t a i n t y  in the e x t r a p o l a t i o n  was  about  
0 .2% of the c r o s s  s ec t ion .  

A c o r r e c t i o n  of a p p r o x i m a t e l y  2 % was  m a d e  
fo r  r a t e  e f f ec t s  c a u s e d  by pu l se  p i l eup  in the 
TAS. A c o r r e c t i o n  of 0.8 + 0 .4% was  m a d e  fo r  
gas  r e m a i n i n g  in the e m p t y  t a rge t .  The  t e m p e r a -  
t u r e  of both the l iqu id  hyd rogen  an l iqu id  deu -  
t e r i u m  was  d e t e r m i n e d  by l iqu id  h y d r o g e n  b o i l -  
ing in the  t a r g e t  r e s e r v o i r  a t  one a t m o s p h e r e .  
T h i s  gave  a h y d r o g e n  dens i ty  of 0.0707 + 0.0001 
g / c m  ~ and a d e u t e r i u m  dens i t y  of 0.1708 + 0.0003 
g / c m 3  [4]. The  r e s u l t i n g  to ta l  c r o s s  s e c t i o n s  
a r e  g iven  in tab le  1. 

The  e x i s t i n g  da ta  on np, nd, and pd to ta l  c r o s s  
s e c t i o n s  a r e  s u m m a r i z e d  in f igs .  2 and 3. Our  
r e s u l t s  fo r  cr n_ a r e  s o m e w h a t  h i g h e r  than those  
of E n g l e r  e t  a~. [1, 5, 6] at  s i m i l a r  e n e r g i e s .  
Th i s  m a y  be  p a r t i a l l y  due to the l a r g e r  s p r e a d  
in neu t ron  m o m e n t a  a c c e p t e d  in the l a t t e r  e x -  
p e r i m e n t  so  that  the r e l a t i v e l y  n a r r o w  peak  in 
the c r o s s  s e c t i o n  n e a r  4 G e V / c  was  not r e -  
so lved .  T h e i r  nd da ta  a l s o  a p p e a r s  s o m e w h a t  
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Table 1 
np and nd total  c ross  sect ions  and the deuteron s c r e e n -  

ing t e r m  at 4.0 and 5.7 GeV/c. 

Momentum 
(GeV/c) 

4.0 
5.7 

total  c ross  sect ions  
(rob) 

np nd 

43.1±0.6 80.3~1.9 
42.5 ~0.6 77.8±1.3 

PHYSICS LETTERS 

( r -2 > (l-Otnp~pn)/@r 

(mb-l) × 102 

3.4 ± 1.4 

4.0±1.0 

low r e l a t i v e  to t he  pd  d a t a  of G a l b r a i t h  e t  al .  
(fig. 2) [7]. O u r  5.7 G e V / c  nd  d a t a  a g r e e  we l l  
w i t h  the  6 GeV/c pd  d a t a  of G a l b r a i t h  e t  al .  [7] 
a n d  o u r  4 G e V / c  nd  d a t a  a g r e e  w i t h  the  4 G e V / c  
d a t a  of Bugg  e t  al .  [6]. 

T h e  G l a u b e r  [9] s c r e e n i n g  t e r m  f o r  the  d e u -  
t e r o n  w a s  e x p e r i m e n t a l l y  e v a l u a t e d  u s i n g  the  
n e u t r o n  d a t a  f r o m  t h i s  e x p e r i m e n t  a n d  the  p r o -  
t on  d a t a  of Bugg  e t  al .  [6]. T h e  s c r e e n i n g  t e r m ,  
( r - 2 ) ( 1 - ~ n p ~ p p ) / 4 ~  , i s  d e f i n e d  by  the  fo l l owing  
e q u a t i o n  

< r - 2 )  (1-°tnp°Ipp)~np~p/4~ : ~pp+ Crnp- ~nd 

where the ~'s are the ratio of the real to the 
imaginary part of the forward scattering am- 
plitude and <r -2) is essentially the mean in- 
verse square separation of the nucleons in the 
deuteron. The resulting values are given in 
table 1. Since the Glauber term is independent 
of particle type and momentum above 2 GeV/c 
[10] these values can be compared with the value 
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Fig. 3. np total  c ross  sect ion f rom this  exper iment  and 
the data in ref .  5. The solid l ine is the pp total  c ross  
aection. The pp data below 6 GeV/c  a re  those of Bugg 
et al. [6] and above 6 GeV/c a re  those of Galbrai th  et 
al .  [7] (lower curve) and Foley et al. [8] (upper curve).  
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0 .042 ± 0 .003 m b  -1 a n d  0 . 2 3 9 ± 0 . 0 0 1 4  m b  -1 o b -  
t a i n e d  f r o m  p i o n  d a t a  b y  G a l b r a i t h  e t  al .  [7] a n d  
B a k e r  e t  al .  [11] r e s p e c t i v e l y .  C a l c u l a t e d  v a l u e s  
of the  G l a u b e r  t e r m  r a n g e  f r o m  a b o u t  0 .025 to 
0 .035 m b  -1 d e p e n d i n g  upon  the  w a v e  f u n c t i o n  
a s s u m e d  f o r  the  d e u t e r o n  [6, 10] .  

As  c a n  b e  s e e n  in  fig. 3 t he  d a t a  s u g g e s t  t h a t  
the  np  c r o s s  s e c t i o n  o s c i l l a t e s  a r o u n d  the  pp  
c r o s s  s e c t i o n  w i t h  c r o s s i n g  p o i n t s  a t  a b o u t  3.5,  
10 a n d  27 G e V / c .  T h i s  wou ld  i n d i c a t e  t h a t  the  
p u r e  n u c l e o n - n u c l e o n  I = 1 t o t a l  c r o s s  s e c t i o n  
i s  l a r g e r  t h a n  the  I = 0 c r o s s  s e c t i o n  a b o v e  
10 GeV/c, in  c o n t r a s t  to the  s i t u a t i o n  fo r  the  
K - n u c l e o n  a n d  a n t i n u c l e o n - n u c l e o n  s y s t e m s  [7]. 
H o w e v e r ,  t he  s t a t i s t i c a l  s i g n i f i c a n c e  of any  
d i f f e r e n c e  b e t w e e n  the  np a n d  pp c r o s s  s e c t i o n  
i s  m a r g i n a l .  

T h e  a u t h o r s  wou ld  l ike  to e x p r e s s  t h e i r  a p -  
p r e c i a t i o n  to W. H a r t s o u g h  a n d  the  o p e r a t i n g  
c r e w  a t  the  B e v a t r o n ,  to  B. E d w a r d s  a n d  E. 
M c L a u g h l i n  of t he  L R L  M e c h a n i c a l  E n g i n e e r i n g  
G r o u p ,  a n d  to C. C o r k ,  O. H a a s  a n d  S. W i l s o n  
f o r  t h e i r  m o s t  v a l u a b l e  a s s i s t a n c e .  
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