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We measu red  the polar izat ion p a r a m e t e r  P m neutron-proton elast ic  sca t te r ing  near  the backward d i r ec -  
tion. using a polar ized proton target .  Measu remen t s  covered the range of incident neutron momenta  f rom 
1.0 to 5 5 GeV/e and of four -momentum t r a n s f e r  squared u f rom - 0 005 to -0.5 (GeV/c) 2. 

M e a s u r e m e n t s  of the  d i f f e r e n t i a l  c r o s s  s e c -  
t i on  fo r  np s c a t t e r i n g  n e a r  180 deg ,  s o m e t i m e s  
r e f e r r e d  to a s  np  c h a r g e - e x c h a n g e  s c a t t e r i n g ,  
h a v e  s h o w n  a v e r y  s h a r p  p e a k  n e a r  u = 0 [1]. 
T h e r e  h a v e  b e e n  m a n y  a t t e m p t s  to  e x p l a i n  the  
b e h a v i o r  of the  c r o s s  s e c t i o n  u s i n g  R e g g e  m o d e l s ,  
bu t  on ly  t h o s e  m o d e l s  e m p l o y i n g  c o n s p i r i n g  t r a -  
j e c t o r i e s  [2] o r  a b s o r p t i v e  c o r r e c t i o n s  [3] s e e m  
to h a v e  h a d  s o m e  m e a s u r e  of s u c c e s s .  T h e r e  h a s  
a l s o  b e e n  s o m e  s u c c e s s  u s i n g  m o d i f i e d  o n e - p i o n -  
e x c h a n g e  m o d e l s  [4]. We  t h e r e f o r e  d e c i d e d  to 
m e a s u r e  the  p o l a r i z a t i o n  in o r d e r  to p r o v i d e  
new i n f o r m a t i o n  a b o u t  t h i s  r e a c t i o n  and  to he lp  
to d i s t i n g u i s h  b e t w e e n  the  v a i n . u s  t h e o r e t i c a l  
m o d e l s .  

We m e a s u r e d  the  p o l a r i z a t i o n  p a r a m e t e r  
by  d i r e c t i n g  a n e u t r o n  b e a m  h a v i n g  a b r o a d  
s p e c t r u m  of m o m e n t a  f r o m  1 to 5.5 G e V / c  a t  a 
p o l a r i z e d  t a r g e t .  U s i n g  a m a g n e t i c  s p e c t r o m e t e r ,  
we d e t e r m i n e d  the  c h r e c t i o n  a n d  m o m e n t u m  of 
p r o t o n s  e m e r g i n g  n e a r  the  f o r w a r d  d i r e c t i o n .  
An a r r a y  of n e u t r o n  c o u n t e r s  w a s  u s e d  to m e a -  
s u r e  the  d i r e c t i o n  of the  o u t g o i n g  n e u t r o n  and,  
s o m e w h a t  c r u d e l y ,  i t s  v e l o c i t y .  By u s i n g  b o t h  
the  v e l o c i t y  of the  n e u t r o n  a n d  the  a n g u l a r  c o r -  
r e l a t i o n  b e t w e e n  the  d i r e c t i o n s  of t he  o u t g o i n g  
n e u t r o n  a n d  p r o t o n ,  we w e r e  a b l e  to  d e t e r m i n e  
w h e t h e r  a g i v e n  e v e n t  w as  e l a s t i c  s c a t t e r i n g .  
We u s e d  the  m e a s u r e d  m o m e n t u m  ot the  ou t -  
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go ing  p r o t o n  a l o n g  w i th  i t s  d i r e c t i o n  to c a l c u l a t e  
the  m o m e n t u m  of the  i n c i d e n t  n e u t r o n .  P w a s  
d e t e r m i n e d  f r o m  the  c h a n g e  in c o u n t i n g  r a t e  I 
of s c a t t e r e d  p a r t i c l e s  upon  r e v e r s a l  of the  t a r g e t  
p o l a r i z a t i o n  P T  a c c o r d i n g  to 

l l  } incident /~ final 
y 

I = I 0 + -P PT" neutron neutron 
s,n 0 final 

neutron 

T h e  e x p e r i m e n t  w a s  p e r f o r m e d  a t  the  B e v a t r o n  
in  a n e u t r o n  b e a m  p r o d u c e d  a t  0 deg  f r o m  a 
7.5 - c m - l o n g  Cu t a r g e t  l o c a t e d  in the  e x t e r n a l  
p r o t o n  b e a m .  T h e  d e f i n i n g  a p e r t u r e  of the  c o l l i m -  
a t o r  was  1.6 c m  in  d i a m e t e r  a t  4.6 m f r o m  the  
p r o d u c t i o n  t a r g e t ,  a n d  gave  a b e a m  s p o t  of a b o u t  
3 c m  d i a m  a t  o u r  t a r g e t ,  w h i c h  w a s  8.5 m f r o m  
the  p r o d u c t i o n  t a r g e t .  F o u r  and  o n e - h a l f  r a d i a -  
t i o n  l e n g t h s  of P b  w e r e  pu t  m the  b e a m  l i ne  1 m 
d o w n - s t r e a m  of the  p r o d u c t i o n  t a r g e t  to  c o n v e r t  
y - r a y s .  S w e e p i n g  m a g n e t s  b e f o r e  a n d  a f t e r  the  
c o l l i m a t o r  r e m o v e d  c h a r g e d  p a r t i c l e s  f r o m  the  
b e a m .  T h e  n e u t r o n  i n t e n s i t y  a t  o u r  t a r g e t  w a s  
a b o u t  3 × 106 n e u t r o n s  p e r  1011 i n c i d e n t  p r o t o n s .  

T h e  p o l a r i z e d  t a r g e t  c o n s i s t e d  of a b o u t  6 g / c m 2  
of L a 2 M g  3 ( N O 3 ) 1 2 . 2 4 H 2 0  in w h i c h  the  f r e e  p r o -  
t o n s  in  the  w a t e r  of h y d r a t i o n  (3 % by  we igh t )  
w e r e  p o l a r i z e d  by  d y n a m i c  n u c l e a r  o r i e n t a t i o n .  
T h e  a v e r a g e  p o l a r i z a t i o n  d u r i n g  the  e x p e r i m e n t  
w a s  50 %. T h e  s i g n  of the  p o l a r i z a t i o n  w a s  r e -  
v e r s e d  a b o u t  e v e r y  90 m i n u t e s .  T h e  NMR s i g n a l  
u s e d  to o b t a i n  the  p o l a r i z a t i o n  of the  t a r g e t  w a s  
m e a s u r e d  a f t e r  e v e r y  B e v a t r o n  p u l s e .  
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Fig 1 Stde ~lew ot the exper tmenta l  a r rangement  M2 ts the p o l a m z e d t a r g e t  magnet .  The neutron bema entered 
through a hole m the re turn  yoke of this  magnet.  M3 is the analyzing magnet m the proton spec t romete r .  

Flgo 1 i s  a d i a g r a m  of the  a p p a r a t u s  u s e d  to 
d e t e c t  the  f i n a l - s t a t e  p a r t i c l e s .  Ou tgo ing  p r o t o n s  
w e r e  d e t e c t e d  in  a m a g n e t i c  s p e c t r o m e t e r  c o n -  
s i s t i n g  of t h r e e  c o u n t e r s  P1 ,  P2 ,  P3 ,  a n d  s ix  
w i r e  s p a r k  c h a m b e r s ,  SC1 SC6, w i t h  m a g n e t o -  
s t r l c t l v e  r e a d o u t ,  t h r e e  b e f o r e  a n d  t h r e e  a f t e r  
the  s p e c t r o m e t e r  m a g n e t .  T h i s  s p e c t r o m e t e r  
w a s  u s e d  to m e a s u r e  the  m o m e n t u m ,  and  d i r e c -  
t ion  of e a c h  p r o t o n .  

T h e  d a t a  f r o m  b o t h  the  w i r e  c h a m b e r s  and  the  
e l e c t r o n i c s  a s s o c i a t e d  w i t h  the  n e u t r o n  c o u n t e r s  
d e s c r i b e d  b e l o w  w e r e  r e a d  in to  a P D P - 5  c o m -  
p u t e r  and  t r a n s f e r r e d  to m a g n e t i c  t ape  b e t w e e n  
B e v a t r o n  p u l s e s .  T h e  c o m p u t e r  a l s o  r e c o r d e d  
the  p o l a r i z e d  t a r g e t  i n f o r m a t i o n  and  p r o v i d e d  
d i s p l a y s  w h i c h  a l l o w e d  u s  to m o n i t o r  the  o p e r a -  
t l on  of the  e x p e r i m e n t .  

T h e  n e u t r o n s  w e r e  d e t e c t e d  in  a n  a r r a y  of 
30 p l a s t i c  s c i n t i l l a t i o n  c o u n t e r s  e a c h  2.5 × 15 
× 96 c m  3, w h e r e  the  l ong  a x i s  of e a c h  c o u n t e r  
w a s  p e r p e n d i c u l a r  to  the  p l a n e  of fig° 1. By m e a -  
s u r i n g  the  t i m e  of f l i gh t  d i f f e r e n c e  of the  s c i n t i l -  
l a t i o n  l i g h t  to two p h o t o m u l t i p l i e r  t u b e s ,  one l o -  
c a t e d  a t  e a c h  end  of the  c o u n t e r ,  we d e t e r m i n e d  
the  l o c a t i o n  of the  d e t e c t e d  n e u t r o n  v e r t e x  a l o n g  
the  long  a x i s  of e a c h  c o u n t e r  to a b o u t  ± 4 cm° 
W e  s t a g g e r e d  the  c o u n t e r s  in  t h r e e  r o w s  a s  s h o w n  
in  f ig.  1 in  o r d e r  to m i n i m i z e  the  e f f e c t  of the  
" c r o s s  t a l k "  c a u s e d  by  t he  s c a t t e r i n g  of r e c o i l  
p a r t i c l e s  in to  a d ] a n c e n t  c o u n t e r s .  We  i d e n t i f i e d  
the  n e u t r o n  i n t e r a c t m n  v e r t e x  w i t h  the  row c l o s e s t  
to the  t a r g e t  in  w h i c h  a coun t  r e g i s t e r e d  a n d  d e -  
m a n d e d  t h a t  on ly  one  c o u n t e r  in  t h a t  row h a v e  
f i r e d  ( ~  7% of the  e v e n t s  w e r e  l o s t  b e c a u s e  of the  
r e q m r e m e n f ) .  The  e l e c t r o n i c  c i r c u i t r y  w a s  a r -  
r a n g e d  so  t h a t  the  t i m e  d i f f e r e n c e  i n f o r m a t i o n  
w h i c h  w a s  r e c o r d e d  a l w a y s  c a m e  f r o m  t h i s  f i r s t  
n o n b l a n k  row  a l o n e ;  t i m i n g  i n f o r m a t i o n  f r o m  
o t h e r  r o w s  w a s  l o s t .  F o r  e a c h  e v e n t  we a l s o  

m e a s u r e d  the  t i m e  d i f f e r e n c e  b e t w e e n  c o u n t e r  
P l  a n d  a p h o t o m u l t i p l i e r  a t  one end,  in  o r d e r  
to ge t  t i m e - o f - f h g h t  r e f o r m a t i o n  on  the  f i n a l -  
s t a t e  n e u t r o n .  

S ince  the  e x p e r i m e n t a l  da t a  on e a c h  e v e n t  
c o n t a i n e d  the  m o m e n t u m  a n d  d i r e c t i o n  of the  r e -  
co l l  p r o t o n  a s  w e l l  a s  the  t i m e  of f h g h t  and  d i -  
r e c t i o n  of the  s c a t t e r e d  n e u t r o n  i t  w a s  qu i t e  
s t r a i g h t f o r w a r d  to d e t e r m i n e  w h i c h  e v e n t s  w e r e  
e l a s t i c  s c a t t e r i n g  on  f r e e  ( p o l a r i z e d )  p r o t o n s .  
U s i n g  the  r e f o r m a t i o n  on  the  r e c o i l  p r o t o n ,  we 
c a l c u l a t e d  the  k i n e m a t i c  p a r a m e t e r s  t h a t  the  f i n a l -  
s t a t e  n e u t r o n  s h o u l d  h a v e  h a d  if  t he  e v e n t  w e r e  
e l a s t i c  n - p  s c a t t e r i n g .  We  p l o t t e d  f o r  e a c h  e v e n t  
the  d i f f e r e n c e  b e t w e e n  the  o b s e r v e d  p a r a m e t e r s  
a n d  t h o s e  c a l c u l a t e d  f r o m  the  p r o t o n  i n f o r m a t i o n °  
T h e s e  p a r a m e t e r s  i n c l u d e d  the  n e u t r o n  s c a t t e r i n g  
a n g l e  6, the  n e u t r o n  a z i m u t h a l  a n g l e  ~ ,  and  the  
n e u t r o n  t i m e  of f l igh t .  O u r  r e s o l u t i o n  w a s  s u c h  t h a t  
in  a m u l t i d i m e n s i o n a l  p lo t  t h e r e  w a s  a c l e a r - p e a k  
a t  the  o r i g i n  due to e l a s t i c  n - p  s c a t t e r i n g °  The  
s h a r p n e s s  of the  p e a k ,  t y p i c a l l y  +1 ° in  O a n d  ±2 ° m 
(p, m a d e  i t  qu i t e  e v i d e n t  t h a t  the  p e a k  cou ld  not  

b e  due  to e i t h e r  i n e l a s t i c  n - p  s c a t t e r i n g  o r  q u a s i -  
e l a s t i c  s c a t t e r i n g  in  the  h e a v y  e l e m e n t s  w i t h i n  
the  t a r g e t .  T h i s  w a s  c o n f i r m e d  by  a s tudy  of 
t h o s e  e v e n t s  s i g n i f i c a n t l y  n o n c o p l a n a r  ( d e v i a t i n g  
in  ~ )  a n d  by  o b s e r v i n g  s c a t t e r i n g  f r o m  a d u m m y  
t a r g e t  s i m i l a r  in  n u c l e a r  c o m p o s i t m n  to the  p o -  
l a r i z e d  t a r g e t ,  b u t  c o n t a i n i n g  no hyd rogen°  T y p -  
i c a l l y  we o b t a i n e d  a r a t i o  of e l e a s t i c  p e a k  to b a c k -  
g r o u n d  of a b o u t  6 : 1. 

We  d e t e r m i n e d  the  s h a p e  of the  s m a l l  b a c k g r o u n d  
ly ing  u n d e r  the  p e a k  b o t h  by  u s i n g  the  n o n - c o p l a -  
n a r  e v e n t s  a n d  by  u s i n g  the  d a t a  f r o m  the  d u m m y  
t a r g e t .  T h e  b a c k g r o u n d  was  n o r m a l i z e d  to e v e n t s  
f o r  w h i c h  0 w a s  c l e a r l y  i n c o s i s t e n t  w i t h  e l a s t i c  
n - p  s c a t t e r i n g .  T h e  r e s u l t s  of b o t h  t y p e s  of b a c k -  
g r o u n d  s u b t r a c t i o n  w e r e  qu i t e  c o n m s t e n t .  
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Fig.  2. Measured values of the polamzatlon _Pm back- 
ward np scatter ing fo r  the indicated values of incident 
neutron labora tory  momentum.  E r r o r s  due counting 
statlst~cs only are  shown. There  is an add~tmnal overal l  
mult~phcattve fac tor  of (1 00 • 0.05) due to uncer ta in ty  

m the average  ta rge t  polamzatmn.  

The  e r r o r  in  o u r  r e s u l t s  due to u n c e r t a i n t y  
in  the  b a c k g r o u n d  s u b t r a c t i o n  i s  n e g l i g i b l e  c o m -  
p a r e d  w i t h  the  e r r o r  f r o m  c o u n t i n g  s t a t i s t i c s .  
C h e c k s  of the  i n t e r n a l  c o n s i s t e n c y  of the  d a t a  i n -  
d i c a t e  t h a t  s y s t e m a t i c  e r r o r s ,  s u c h  a s  i n s t a b i -  
l i t i e s  of the  m o n i t o r s  a n d  d e t e c t o r s ,  a r e  a l s o  
n e g l i g i b l e .  T h e  on ly  s i g n i f i c a n t  e r r o r  m o u r  
da t a ,  o t h e r  t h a n  t h a t  f r o m  c o u n t i n g  s t a t i s t i c s ,  i s  
t h o u g h t  to b e  g i v e n  by  a n  o v e r a l l  n o r m a l i z a t m n  
f a c t o r  of (1 + 0.05) c o r r e s p o n d i n g  to o u r  e s t i -  
m a t e  of the  u n c e r t a i n t y  in  the  m e a s u r e m e n t  of 
the  t a r g e t  p o l a r i z a t i o n .  

The  r e s u l t s  of o u r  p r e l i m i n a r y  a n a l y s i s ,  w h i c h  
i n c l u d e s  a b o u t  2 000 000 e v e n t  c a n d i d a t e s  of w h i c h  

a b o u t  60 000 w e r e  e l a s t i c  e v e n t s ,  a r e  s h o w n  in 
f ig.  2o T h e  s o l i d  l i n e s  r e p r e s e n t  the  p u r e l y  e m -  
p i r i c a l  f u n c t i o n  P = - 0 . 5  ,/-2~-/mp, a n d  a r e  p r e -  
s e n t e d  to show t h a t  t h i s  f u n c t i o n - r e p r e s e n t s  o u r  
d a t a  f a i r l y  we l l .  O u r  m g n  c o n v e n t i o n  f o r  P c o r -  
r e s p o n d s  to d e f i n i n g  the  n o r m a l  to the  s c a t t e r i n g  
p l a n e  a s  the  v e c t o r  p r o d u c t  of the  i n c i d e n t  a n d  
s c a t t e r e d  n e u t r o n  m o m e n t a .  T h e  f e a t u r e s  of the  
d a t a  w h i c h  a r e  p r o b a b l y  m o s t  i m p o r t a n t  a r e  : 

(a) T h e  p o l a r i z a t i o n  xs s i g n i f i c a n t l y  d i f f e r e n t  
f r o m  z e r o  a t  m o s t  p o i n t s .  

(b) T h e  s i g n  of the  p o l a r i z a t i o n  i s  c o n m s t e n t l y  
n e g a t i v e .  In p a r t i c u l a r ,  t h e r e  i s  no  i n d i c a t i o n  
t h a t  the  p o l a r i z a t i o n  p a s s e s  t h r o u g h  z e r o  in  the  
r a n g e  s t u d i e d .  

(c) At  a g i v e n  v a l u e  of u, t he  p o l a r i z a t i o n  d o e s  
not  s e e m  to v a r y  m u c h  w i th  e n e r g y t .  

We no te  t h a t ,  a c c o r d i n g  to c o n v e n t i o n a l  R e g g e -  
po l e  a n a l y s i s  [5], t he  p ion  t r a j e c t o r y ,  w h i c h  i s  
s u p p o s e d  to p l a y  a n  i m p o r t a n t  p a r t  m d e t e r -  
m i n i n g  the  c r o s s  s e c t i o n  f o r  the  np  c h a r g e - e x -  
c h a n g e  r e a c t i o n ,  c a n n o t  c o n t r i b u t e  to P d c r / d f 2 ~  
Of the  o t h e r  t r a j e c t o r i e s  w h i c h  c a n  c o n t r i b u t e  
to the  p o l a r i z a t i o n  fo r  t h i s  r e a c t i o n ,  the  l e a d i n g  
o n e s  a r e  the  p and  A 2. If on ly  t h e s e  two t r a j e c -  
t o r i e s  c o n t r i b u t e  to the  p o l a r i z a t i o n ,  and  i f  t hey  
a r e  e x c h a n g e - d e g e n e r a t e  in  the  m o s t  r e s t m c t e d  
s e n s e  ( i .e . ,  t h a t  b o t h  t h e i r  t r a j e c t o r i e s  c o i n c i d e  
a n d  t h m r  r e m d u e  f u n c t i o n s  a r e  equa l ) ,  t h e r e  
s h o u l d  b e  no  p o l a r i z a t i o n  s i n c e  t he  a m p l i t u d e s  
wou ld  t h e n  be  r e l a t i v e l y  r e a l .  F o r  -z~ < 0.3,  o u r  
d a t a  s e e m  to a g r e e  w i t h  a p r e d i c t i o n  by  A r n o l d  
a n d  L o g a n  [6] who  u s e d  a w e a k e r  f o r m  of e x -  
c h a n g e  d e g e n e r a c y .  T h e i r  m o d e l ,  h o w e v e r ,  p r e -  
d i c t s  t h a t  P ( u )  wi l l  p a s s  t h r o u g h  z e r o  a t  a b o u t  
u = - 0.5. We  s e e  no s i g n  of t h i s  z e r o - c r o s s i n g .  

We t h a n k  Dr .  H e r b e r t  S t e i n e r  f o r  h i s  he lp  In 
the  d e s i g n  of the  e x p e r i m e n t ,  a n d  G a r y  L e B o n t e  
a n d  S t e p h e n  W i l s o n  fo r  t h e i r  he lp  w i t h  the  t e s t i n g  
of the  s p a r k  c h a m b e r s °  F i n a l l y  we a r e  g r a t e f u l  
to  the  B e v a t r o n  o p e r a t i n g  c r e w  fo r  t h e i r  e x c e l l e n t  
s u p p o r t .  

~ Inspection of fig. 2 shows that 3 -4 -GeV/c  and 5- 
5 .5-GeV/c data up to -u = 0 3 h e  sys temat ica l ly  
below the emptmcal  curve P = - 0.5V2~/rnn, ~hfle 
the 4 -5 -GeV/c  data in this region of u he ' above  it. 
however,  it is not yet c lear  to us, given the raze of 
our e r r o r s ,  whether  th~s ts evidence of slgnlflcant 
energy dependence 

~-'~In the notation of ref .  [5], the polar tza tmn ts gtven by 
Pdff/d~ = Imq55(~l  +q52 +~5.2 - _  q54)*. For  a p l o n  
Regge pole exchanged m the u channel the only non-  
van,shrug hei~e,ty amphtude~ a re  ~ ~nd @ '~hese 

amphtudes sat is fy  the condltmn d ~  = - (b~ and hence 
give zero  contmbutmn to Pdg/dg~, We thahk G. L. 
Kane for call ing this  fact rio our at tentmn.  
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E R R A T A  
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T h e  n o r m a h z a t m n  of a t u s e d  i s  i n c o n s i s t e n t .  
n a m e l y ,  if we k e e o  t he  d e f i n i t i o n  a t = 
l i m  f2(t)/q 2, eq.(6)  h a s  to b e  s u b s t i t u t e d  by  

q2~0  t 

t 16  ~o 
a 2 - 1 5 v ~ 4 ~  2 ds  s-3As(s,t=4 p2). 

T h e  r e s t  of the  a r h c l e  i s  t h e n  c o r r e c t e d  by  
s u b s t i t u t i n g  e v e r y w h e r e  a t by  3 v a ~ / 1 2 8 .  In 
p a r t i c u l a r ,  t he  n u m e r i c a l  c o e f f i c i e n t  in  t h e  
t h i r d  t e r m  of t he  r i g h t  hand  s ide  of eq. (2), 
1280v.  h a s  to  b e  s u b s t i t u t e d  by  30v 2. 

T h e  e s t z m a t e  d o e s  not  g ive .  a s  zt s t a n d s ,  the  
F r o i s s a r t  bound  f o r  l a r g e  s,  bu t  t w i c e  it.  To  
ge t  t he  F r o i s s a r t  b o u n d ,  a v e r a g e s  of t he  t ype  

S 

s-m-l f ds' s'mCrtot . m l a r g e ,  h a v e  to be  

used .  A l t e r n a h v e l y ,  one  c a n  fo l low C o m -  
m o n ' s  m e t h o d  (A. K. C o m m o n ,  C E R N  p r e -  
p r i n t ,  to  b e  p u b h s h e d ) .  
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A. S. G o l d h a b e r ,  G. C. Fox ,  C. Quigg ,  P h y s .  
L e t t e r s  30B (1969) 249. 

1 
In eq. (3), mw m - 3 F w  - ~i s h o u l d  r e a d :  

5 
1 .  

SU(2) ×SU(2)  b r e a k i n g  a n d  t h e  C a b i b b o  a n g l e ,  
R. J .  O a k e s ,  P h y s .  L e t t e r s  29B (1969) 683. 
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F.  S a r t o r i  a n d  M. T o n i n ,  P h y s .  L e t t e r s  28B 
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