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A b s t r a c t  The d l f f e r e n t m l  c r o s s  s e c t m n  fo r  n e u t r o n - p r o t o n  e l a s t i c  s c a t t e r i n g  was  
m e a s u r e d  m the d f f f r a c t m n  r e g m n  w~th m e ,den t  n e u t r o n  m o m e n t a  be tween  5 and 
30 G e V / c .  The  e x p e r i m e n t  was  an o p t m a l - s p a r k - c h a m b e r - c o u n t e r  e x p e r i m e n t  
conduc ted  at  the  B r o o k h a v e n  Na tmna l  L a b o r a t o r y  a l t e r n a t i n g  g r a d m n t  s y n c h r o t r o n .  
A wel l  c o l h m a t e d  n e u t r o n  b e a m  w~th a b r o a d  e n e r g y  s p e c t r u m  was  inc iden t  on a 
l~qu~d hydrogen  t a r g e t .  The  s c a t t e r e d  n e u t r o n s  w e r e  de t ec t ed  m a t h i c k - p l a t e  
s p a r k - c h a m b e r  a r r a y  wh~le the  r e c o i l  p r o t o n s  w e r e  de t ec t ed  and m o m e n t u m  
ana lyzed  m a m a g n e t m  s p e c t r o m e t e r  w~th th in - fo i l  s p a r k  c h a m b e r s .  

The r e s u l t s  m d m a t e  tha t  the  n e u t r o n - p r o t o n  c r o s s  s e c t m n s  a r e  v e r y  mm~la r  
to but not  l d e n t m a l  with  the p r o t o n - p r o t o n  c r o s s  s e c t m n s .  The  d f f f r a c t m n  peak  
~n the n e u t r o n - p r o t o n  s y s t e m  does  show s h r i n k a g e  with m c r e a m n g  ~nc~dent m o -  
m e n t u m  but exh ib i t s  no a u x l h a r y  s t r u c t u r e .  

1. I N T R O D U C T I O N  

In  1964  o u r  g r o u p  c a r r i e d  ou t  a n  e x p e r i m e n t  a t  t h e  B e v a t r o n  to  m e a s u r e  
n p  d i f f e r e n t i a l  c r o s s  s e c t i o n s  o v e r  a l a r g e  r a n g e  of  a n g l e s  f o r  n e u t r o n  
m o m e n t a  up  t o  7 G e V / c  [1] .  T h e  t e c h m q u e  e m p l o y e d  w a s  u n u s u a l  i n  t h a t  a 
n e u t r o n  b e a m  c o n t a i n i n g  a b r o a d  r a n g e  of  n e u t r o n  e n e r g i e s  w a s  u s e d ,  a n d  
t h e  i n c i d e n t  n e u t r o n  e n e r g y  w a s  d e t e r m i n e d  f r o m  a k i n e m a t i c  r e c o n s t r u c -  
t i o n  of e a c h  e v e n t .  S o m e  r e s u l t s  of t h e  B e v a t r o n  e x p e r i m e n t  a r e  s h o w n  in  
f i g .  1. [ 215 .  

* The  work  was s u p p o r t e d  by the  US Nat ional  Scmnce  F o u n d a t m n  and the US 
A t o m m  E n e r g y  C o m m i s s i o n  

** Now at CERN, Geneva ,  Swi t ze r l and .  
*** Now at St Louis  U m v e r m t y ,  St. Louis ,  M i s s o u r i ,  63103. 

:~ See r e f .  [1] fo r  a h s t l n g  of r e f e r e n c e s  to np da ta  a v a i l a b l e  m 1969. Ref .  [1] a l so  
con t a in s  a m o r e  c o m p l e t e  d l s c u s m o n  of t h e o r y  and of some  a s p e c t s  of the  e x p e r i -  
m e n t a l  t e c h m q u e .  
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Fig  1. N e u t r o n - p r o t o n  d i f f e r e n t i a l  c r o s s  s e c t i o n  a s  a f u n c t m n  of f o u r - m o m e n t u m  
t ransfe r  squared for 4 55 GeV/c incident momentum (from ref [1]) 

Thzs r e p o r t  d e s c r i b e s  an e x p e r i m e n t  c a r r i e s  out a t  the  B r o o k h a v e n  
AGS which  m a d e  use  of the  s a m e  t echn ique  to m e a s u r e  np d i f f e r e n t i a l  c r o s s  
s e c t i o n s  in the d i f f r a c t i o n  r e g i o n  fo r  i n c i d e n t  n e u t r o n  m o m e n t a  up to 30 
G e V / c  [3]. The p u r p o s e  of th i s  e x p e r i m e n t  was  to i n v e s t i g a t e  the  s h r i n k a g e  
of the d i f f r a c t i o n  p e a k ,  to s e a r c h  fo r  a u x i l i a r y  s t r u c t u r e  n e a r  the  p e a k ,  
and ,  zn g e n e r a l ,  to c o m p a r e  np f o r w a r d  e l a s t i c  s c a t t e r i n g  with  a v a i l a b l e  
pp da t a .  

2. T H E O R E T I C A L  P R E L I M I N A R Y :  R E G G E - P O L E  D E S C R I P T I O N  
O F  NN S C A T T E R I N G  

F o r  n u c l e o n - n u c l e o n  l n t e r a c t z o n s  the  c o n t r i b u t i n g  R e g g e  t r a j e c t o r m s  
a r e  b e l i e v e d  to be  the  P ( P o m e r a n c h u k ) ,  P ' ( fo ) ,  w, p,  and  A 2 (R) [4]. The  
r e l a t i v e  way in which  t h e s e  p o l e s  c o n t r i b u t e  to v a r i o u s  n u c l e o n - n u c l e o n  
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In add i t ion  to the n e u t r o n s  in  the b e a m ,  t he r e  were  t h r e e  p o s s i b l e  con-  
t a m l n a n t s .  T h e s e  w e r e  K °,  fi and y. On the b a s i s  of p r o d u c t i o n  c r o s s  s e c -  
t i ons ,  c o n t a m i n a t i o n  f r o m  the ~ and the K ° was e s t i m a t e d  to be ( 2 %  above 
10 GeV/c  [6]. G a m m a s ,  howeve r ,  w e r e  m o r e  n u m e r o u s .  The se  were  ef fec-  
t i ve ly  r e m o v e d  by i n s e r t i n g  1.25 cm lead y - f i l t e r s  m the b e a m  at  the up-  
s t r e a m  end of each of two of the sweep ing  m a g n e t s .  The se  f i l t e r s  s e r v e d  to 
c o n v e r t  g a m m a s  to e l e c t r o n - p o s i t r o n  pa~rs which could then be swept  f r o m  
the b e a m .  The tota l  of 2.5 cm of lead used r e m o v e d  ~ 99% of the i nc iden t  
g a m m a s  while  s topp ing  only 17 % of the n e u t r o n s .  

A s tudy  of the b e a m  made  by expos ing  P o l a r o i d  p l a t e s  beh ind  an a l u m i -  
num c o n v e r t e r  p la te  showed that  at the h y d r o g e n  t a r g e t  the b e a m  d m m e t e r  
was  a p p r o x i m a t e l y  3.3 cm with a l m o s t  no s u r r o u n d i n g  halo .  Fig .  3 shows 
P o l a r o i d  exposed 10 m d o w n s t r e a m  of the hyd rogen  t a r g e t  

F o u r  m o m t o r  t e l e s c o p e s  were  used  to m o m t o r  the r e l a t i v e  i n t e n s i t y  of 
the n e u t r o n  b e a m .  The M - m o m t o r  was  a t h r e e - c o u n t e r  t e l e s c ope  loca ted  
4.5 m f r o m  the i n t e r n a l  b e r y l h u m  t a r g e t  (fig. 2). It m e a s u r e d  the flux of 
cha rged  p a r t i c l e s  c o m i n g  f r o m  the b e r y l h u m  t a r g e t  which was expec ted  to 
be p r o p o r t i o n a l  to the n e u t r o n  b e a m  i n t e n s i t y .  The L - m o n i t o r  was  a t h r e e -  
c o u n t e r  t e l e s c o p e  which w e w e d  the h q u ~ d - h y d r o g e n  t a r g e t  at an  ang le  of 
25 ° (Fig.  4). It was a s s u m e d  that  the n u m b e r  of c ha r ge d  p a r t i c l e s  p roduced  

Fig. 3. An X-ray  plate exposed to the neutron beam 10 m downstream of the hydro- 
gen target. An ~mage mtenslfmr screen was used to produce thin Linage. The sharp 

definition of the beam with neghglble halo is well demonstrated. 
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in the hyd rogen  t a r g e t  was  p r o p o r t i o n a l  to the b e a m  i n t e n s i t y .  M o n i t o r s  J 
and K were  t h r e e - c o u n t e r  t e l e s c o p e s ,  pos i t i oned  d i r e c t l y  In the n e u t r o n  
b e a m  d o w n s t r e a m  of the r e s t  of the e x p e r i m e n t  (fig. 4). The f i r s t  of the 
t h r ee  c o u n t e r s  was used as  an  a n t l c o u n t e r  and the space  be tween  it and the 
second  coun t e r  con t a ined  po lye thy lene  which ac ted  as  a c o n v e r t e r .  

3.2. Liquid-hydrogen target 
The l i q u i d - h y d r o g e n  t a r g e t  f l a sk  was  made  of 0.025 cm m y l a r .  It was  

30.5 cm long and 6.35 cm in  d i a m e t e r .  The t a r g e t  f l a sk  was enc lo sed  in  a 
0.10 cm thick a l u m i n u m  v a c u u m  jacke t .  Loca t ed  i m m e d i a t e l y  in  f ron t  of 
the hyd rogen  t a rge t  was c o u n t e r  A 1. It was  used  as  an  a n t l c o u n t e r  to in -  
s u r e  that  no cha rged  p a r t i c l e  e n t e r i n g  the h y d r o g e n  t a r g e t  could be r e s p o n -  
s ib l e  for  a t r i g g e r i n g  event .  

3.3. Proton spec t rome te r  
The s p a r k  c h a m b e r s  used in  the p r o t o n  s p e c t r o m e t e r  w e r e  t h i n - p l a t e ,  

op t ica l  s p a r k  c h a m b e r s  with s ix  1 cm wide gaps each.  The s p a r k  c h a m b e r s  
w e r e  of two d i f f e r en t  s i z e s .  Sma l l  ones  whose  ac t i ve  r e g i o n  was 56 cm by 
15 cm w e r e  used in  f ron t  of the m a g n e t  and a r e  d e s i g n a t e d  SC 1 and SC 2 in  
fig. 4. L a r g e r  c h a m b e r s  with an  ac t i ve  r e g i o n  107 cm by 34 cm were  used  
behind  the magne t  and  a r e  de s igna t ed  SC 3 and SC 4 In fig. 4. The c h a m b e r s  
w e r e  r u n  f r o m  a s p a r k - g a p  s y s t e m  which supp l ied  a pu l s e  of 11.5 kg .  A 
40 V dc c l e a r i n g  f ie ld  was  a l s o  employed .  The p l a t e s  of a l l  the s p a r k  c h a m -  
b e r s  w e r e  made  with 0.025 m m  a l u m i n u m  foil .  
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elast ic  mterac t tons  can be found m the following manner .  Let  us suppose 
that the contr tbuhon to ~p is as follows" 

pP P + f o + A 2 + w + P .  

To change f rom the ~p sys tem to the pp sys tem requ i res  a charge  conjuga- 
tton so we must  change the stgn of those contributing poles whtch change 
sign under charge conjugation, the w and p: 

pp P + f o + A 2 -  w - P .  

To change f rom the pp to the np sys tem r e q m r e s  an t sospm change so we 
change the sign of those contributing poles possess ing  non -ze ro  lsospm, the 
p and A 2" 

np P + f o - A 2 -  ¢o+p . 

F r o m  these cons ide rahons  it is possible  to draw some simple conclusions.  
The difference between np and pp must  be solely a resul t  of the A2 and p- 
contributions.  Since the np and pp total c r o s s  sect ions have general ly  been 
found to be m good agreement ,  it ts beheved  that the A 2 and p-contmbu-  
ttons a re  qutte small .  The difference between the pp and ~p is due to the 
w- and p - t r a j e c t o r i e s .  Since this dtfference has been observed to be large  
and since the p - con t r i buhon  appears  to be small ,  it is likely that the w- 
contribution is substanhal .  We thus conclude that the np amphtude  m the 
forward di rect ion should be represen ted  by substantial  contr~buttons f rom 
P, fo, and co and smal l  contributions f rom A2 and p. 

A par t i cu la r ly  simple resul t  can be obtained in the h igh-energy  limtt. 
The ampli tudes f rom all t r a j ec to r t e s  dec rease  with increas ing  energy more  
rapidly than the P. Thus at suffuctently high energy the P alone contr ibutes  
so that if ap(t) is the t r a j ec to ry  and ~p(t) the residue of the P pole 

d~ 1 2 (s~)2ot p (t) 
-~-= 16ns(s- 4m 2) tip ~ 

Here  s is the square  of the total energy in the c.m. and t is the square  of 
the fou r -momen tum t r ans fe r r ed  to the proton (in our met r ic  t is always 
negative); a lso rn is the nucleon mass .  

Assuming  that s >>4rn 2 and, accord ing  to convention [4], set t ing 
s o = l ( G e V / c )  2, we get: 

dcr ~ fi_~__~ e2[Ctp(t)- 1](ln s) 
d t  167r 

If ~p(t)  is taken to be l inear  in t, this formula  can be used to explain the 
shr inkage observed in the pp data and in lower energy np data, where the 
t e rm shrinkage is used to denote the increas ing  s teepness  of the d i f f rac-  
tion peak with increas ing  energy.  Recent  resul ts  f rom Serpukhov indicate 
that in the pp in teract ion this shr inkage effect continues for  momenta  as 
high as 70 G e V / c  [5]. We will l a t e r  use such a pa ramete r i za t lon  to study 
the shr inkage in the data f rom this experiment .  
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3. E X P E R I M E N T A L  DESIGN 

In our  e x p e r z m e n t  a w e l l - c o l h m a t e d  n e u t r o n  b e a m  with a b r oa d  ene rgy  
s p e c t r u m  s t r u c k  a hqu~d-hyd rogen  t a rge t .  The ang le  of the r e c t a l  p ro ton  
and ~ts m o m e n t u m  were  d e t e r m i n e d  ~n an  opt ica l  s p a r k - c h a m b e r  s p e c t r o -  
m e t e r  wh~le the t r a j e c t o r y  of the s c a t t e r e d  n e u t r o n  was d e t e r m i n e d  f r o m  
zts l n t e r a c h o n  point  zn an a r r a y  of s t e e l - p l a t e  s p a r k  c h a m b e r s  and c o u n t e r s .  
The p ro ton  and n e u t r o n  d e t e c t o r s  we re  too s m a l l  to c ove r  the e n t i r e  r a nge  
of f o u r - m o m e n t u m  t r a n s f e r s  to be studzed m one se t t ing .  The d e t e c t o r s  
we re  des igned  so that  ~t was f a i r l y  ea sy  to move them to d i f f e r en t  a n g u l a r  
r a n g e s .  In the c o u r s e  of the e x p e m m e n t  t he r e  were  a to ta l  of four  o v e r -  
l app ing  " se t t i ngs"  for  the d e t e c t o r s .  

3.1 .  B e a m  
The i n t e r n a l  p ro ton  b e a m  of the AGS, wzth an  zn tens l ty  of about  1012 

p r o t o n s  p e r  pu l se ,  was a c c e l e r a t e d  to a m o m e n t u m  of 29.4 GeV/c .  The 
b e a m  was then sp i l l ed  over  a pemod of about  300 m s e c  onto a b e r y l h u m  
t a r g e t ,  1 m m  m d m m e t e r  The n e u t r o n  b e a m  was taken  off at  an angle  of 
15 m r a d  with r e s p e c t  to the p m m a r y  p ro ton  b e a m .  The d i s t a n c e  f r o m  the 
i n t e r n a l  t a r g e t  to the h q u l d - h y d r o g e n  t a r g e t  was 49 2 m (f~g. 2). The 
d e f l m n g  c o l h m a t o r  was 2.54 cm m d m m e t e r  and was loca ted  34.7 m f r o m  
the i n t e r n a l  t a rge t .  The o the r  c o l h m a t o r s  we re  n o n - d e h m n g  c o l h m a t o r s  
used  to r educe  the halo  a round  the b e a m .  

Cha rged  p a r h c l e s  we re  r e m o v e d  f r o m  the b e a m  by a s e i n e s  of sweep ing  
m a g n e t s ,  the f i r s t  of which was the AGS m a g n e t  ~tself. Two sweep ing  
m a g n e t s  loca ted  w~thm the AGS tunne l  we re  omen ted  so that  they swept  
cha rged  p a r t i c l e s  h o m z o n t a l l y  out of the b e a m .  The h n a l  sweep ing  ma gne t ,  
j u s t  be fo re  the h y d r o g e n  t a rge t ,  was o r i e n t e d  to ac t  as  a p i t ch ing  magne t  
and thus swept  cha rged  p a r t i c l e s  up or  down out of the h o m z o n t a l  p lane ,  
t h e r e b y  mm~m~zmg b a c k g r o u n d  f r o m  charged  p a r t i c l e s  in  the s p a r k  c h a m -  
b e r s .  

~BE 
RYLLIUM TARGET 

- - ~ - - - y ~  G~-- ~ MAGNETS 
~ k / f  ~ L E A D  C O L L I M A T O R $ ~ ,  - -  I 

"M" ~ ' - - - - - - - ~ ~  - -  , ~ - ~ - - _  / ' - ~  ~ ~ ~ - ~ ° : :  
. . . . . . .  COUNTERS ) \ ~  " ~o~N~B~J_ ~ ~ % ~ % ~  

DEFINING C O L L I M A T O R / ' / ~ ~ _ ~ ' - ~  ~ "i 
SHIELD WALL COLLIMATOR ) ~ '~c.~;.~k 

\~o\~,~:~:o:\ 

Fig 2. The arrangement  of the neutral  beam hne. 
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The  m a g n e t  u sed  m the p r o t o n  s p e c t r o m e t e r ,  an  "H" m a g n e t  wi th  a 21.6 
c m  a p e r t u r e  91 c m  long ,  was  run  a t  t h r e e  d i f f e r e n t  c u r r e n t s  c o r r e s p o n d i n g  
to  c e n t r a l  f i e ld  v a l u e s  of 4 kG f o r  the  f i r s t  s e t t i n g ,  9 kG for  the  s e c o n d  
s e t t i n g ,  and  15 kG f o r  the  t h i r d  and  fou r th  s e t t i n g s  of the  p r o t o n  s p e c t r o -  
m e t e r .  A t  e a c h  c u r r e n t  the  f m l d  of the  m a g n e t  was  m e a s u r e d  on a t h r e e -  
d i m e n s i o n a l  g r i d  wi th  an  a u t o m a t i c  m a p p e r  of the SLAC M a g n e t i c  M e a s u r e -  
m e n t s  G r o u p  to an a c c u r a c y  b e t t e r  than  1%. 

The  m a g n e t  s u p p o r t e d  the e n t i r e  s p e c t r o m e t e r  wi th  the  c h a m b e r s ,  
c o u n t e r s  and c a m e r a  a l l  m o u n t e d  in  a s u p e r s t r u c t u r e  s o h d l y  a t t a c h e d  to i t .  
The  m a g n e t  i t s e l f  was  then  m o u n t e d  on a m o t o r i z e d  c a r r i a g e  which  t r a v e l e d  
on a c i r c u l a r  s e c t i o n  of r a i l s .  Thus  the  p o t a t i o n  of the  s p e c t r o m e t e r  cou ld  
be  e a s i l y  changed  f r o m  s e t t i n g  to s e t t i n g  a s  the  e x p e r i m e n t  p r o c e e d e d .  

The  even t  t r i g g e r  i n c l u d e d  the r e q u i r e m e n t  of a f a s t  c o i n c i d e n c e  b e t w e e n  
c o u n t e r s  P l ,  P2.  and P3 m the p r o t o n  a r m .  The  c o u n t e r  P1 ,  p o s i t i o n e d  
i m m e d i a t e l y  beh ind  c h a m b e r  SC2 in f ig.  4, was  0.6 × 15 × 53 cm.  C o u n t e r s  
D2 and P3,  p o s i t i o n e d  beh ind  c h a m b e r  SC4, w e r e  1.0 × 34 × 112 cm.  T h e s e  
c o u n t e r s  w e r e  a l l  m a d e  of P~lot B s c i n t i l l a t o r  and w e r e  w e w e d  by 6810A 
p h o t o m u l t l p h e r s  t h r o u g h  l u c i t e  l i gh t  p i p e s .  

P u l s e d  l u m i n e s c e n t  p a n e l s  [7] p l a c e d  beh ind  a l u m i n u m  m a s k s  w e r e  u s e d  
a s  f l d u c l a l s  fo r  e a c h  w e w  of e a c h  c h a m b e r .  T h e s e  l u m i n e s c e n t  p a n e l s  w e r e  
p u l s e d  f o r  10 m s e c  with  a 400 V s q u a r e  wave  a t  a f r e q u e n c y  of 5 kHz j u s t  
a f t e r  the  s p a r k  c h a m b e r  f i r e d  and b e f o r e  the  f i l m  was  a d v a n c e d .  

In a d d i t m n  to the  f l d u c l a l s  on each  f r a m e ,  t h e r e  a p p e a r e d  a d a t a  box 
i m a g e .  The  d a t a  box  c o n t a i n e d  a b i n a r y  f r a m e  n u m b e r ,  a d e c i m a l  f r a m e  
n u m b e r ,  a r o l l  n u m b e r ,  and  a r e c t a n g u l a r l y  s h a p e d  m a s t e r  f l d u c l a l  which  
w a s  u sed  with  an a u t o m a t i c  s c a n n i n g  s y s t e m  ( see  s u b s e c t .  5.2). 

A 45 ° m i r r o r  w a s  p o s l t m n e d  a t  the  end of e a c h  c h a m b e r  so  tha t  on the  
f i l m  the s t e r e o  w e w  a p p e a r e d  nex t  to the  c o r r e s p o n d i n g  d i r e c t  v iew.  The  
v i e w s  of e a c h  c h a m b e r  and the d a t a  box w e r e  c a r r i e d  by  m i r r o r s  l o c a t e d  
a b o v e  the  m a g n e t - s p a r k  c h a m b e r  a s s e m b l y  (f~g. 5) to the  c a m e r a  l o c a t e d  
a t  the  d o w n s t r e a m  end of the  s p e c t r o m e t e r .  The  d e m a g n i f l c a t l o n  was  
a p p r o x i m a t e l y  40 : 1. 

The  c a m e r a  e m p l o y e d  on the  p r o t o n  a r m ,  i d e n t i c a l  e x c e p t  fo r  the  l e n s  
to  tha t  u sed  on the n e u t r o n  a r m ,  was  a s p e c i a l l y  b u i l t  35 m m  c a m e r a ,  
h o l d i n g  500 foot  r o l l s  of f i l m  and c a p a b l e  of t a k i n g  up to 7 p i c t u r e s  in 300 
m s e c  [8]. E a s t m a n  L l n a g r a p h  S h e l l b u r s t  f i l m  was  used .  

3.4.  Neu t ron  d e t e c t o r  
The  n e u t r o n  s p a r k  c h a m b e r s  w e r e  t h i c k - p l a t e  o p t i c a l  c h a m b e r s .  T h e r e  

w e r e  s e v e n  such  c h a m b e r s ,  e ach  c o n t a i n i n g  f ive  0.48 c m  s t e e l  p l a t e s  and  
f o u r  0.95 c m  g a p s .  The  a c t i v e  v o l u m e  of the  n e u t r o n  a r r a y  was  122 c m  
wide ,  28 c m  high ,  and  97 c m  deep .  The  a r r a y  of c h a m b e r s  c o n t a i n e d  
130 g / c m  2 of s t e e l  which  i s  ~ 1 . 4 3  c o l l i s i o n  l e n g t h s  [9]. Thus ,  abou t  76% 
of the  n e u t r o n s  p a s s i n g  t h r o u g h  the  a r r a y  i n t e r a c t e d .  The  c h a m b e r s  w e r e  
f i r e d  by  a s p a r k  gap s u p p l y i n g  15 kV p u l s e s .  T h e y  a l s o  had  a 4 0 V d c  c l e a r -  
i ng  f i e ld .  In f r o n t  of  the  t h i c k  p l a t e  c h a m b e r  a r r a y  one thin  p l a t e  s p a r k  
c h a m b e r  was  u sed  a s  an  " a n t l c h a m b e r " .  If a t r a c k  was  o b s e r v e d  to have  
p a s s e d  t h r o u g h  t h i s  c h a m b e r ,  i t  was  r e j e c t e d  d u r i n g  s c a n m n g .  Th i s  s e r v e d  
a s  a c h e c k  on the a n t i c o u n t e r  A 2. 
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Fzg. 5. Schematic vmw of the spark-chamber optms. 

A s c i n t i l l a t i o n  c o u n t e r  was  poszt loned beh ind  each  of the eight  s p a r k  
c h a m b e r s .  The c o u n t e r s  we re  t r a p e z o i d a l  in  shape ,  hav ing  a l eng th  of 
119 cm.  The end c l o s e r  to the b e a m  was 17.8 cm hzgh whi le  the o the r  end 
was  29.5 cm high. They  w e r e  v iewed with 6810A p h o t o m u l t i p h e r s .  P a r t  of 
the t r i g g e r i n g  r e q m r e m e n t  was that  t h e r e  be a c o i n c i d e n c e  be tween  any  
two s u c c e s s i v e  n e u t r o n  c o u n t e r s  with no ve to ing  s igna l  f r o m  the an t zcoun te r  
A2. Th i s  r e q u i r e m e n t  was chosen  to m a x i m i z e  the p robabz l l ty  of f ind ing  a 
u sab l e  t r a c k  in a t  Least one of the c h a m b e r  modu le s .  

The s a m e  a r r a n g e m e n t  of l u m i n e s c e n t  p a n e l s  and f lduc ia l  m a s k s  was 
used  on the n e u t r o n  a r m  that  used  on the p r o t o n  a r m .  In addztzon, an  i de n -  
t i ca l  da ta  box was used.  The b i n a r y  c o u n t e r s  on the p r o t o n  and n e u t r o n  
da ta  boxes  were  neon  l a m p s  wzred in  s e r i e s  to i n s u r e  that  they ind ica ted  
i d e n t i c a l  n u m b e r s .  
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The d i r e c t  v iew of the c h a m b e r s  p a s s e d  through a f ie ld lens  to an o v e r -  
head m i r r o r ,  as  shown in fzg. 5. A 45 ° m i r r o r  brought  the s t e r e o  wew 
through a s m a l l  f ie ld lens  and up to the s ame  overhead  m z r r o r .  F r o m  this  
m t r r o r  the paths  went to a second m ~ r r o r  and then down to the c a m e r a  
posztmned undernea th  the a r r a y .  

The fzeld l e n s e s  put the effectzve c a m e r a  posi t ron at lnf lmty and a l lowed 
the c a m e r a  to look d~rect ly  into e v e r y  gap ~n the a r r a y .  

3.5.  E lec t ron$cs  
The fas t  e l e c t r o m c s  c i r c u i t s  used were  p r i m a r i l y  c o m m e r c i a l l y  made 

[10]. A s c h e m a t i c  of the fas t  e l e c t r o n i c s  is  shown m fig. 6. The tmgge r  for 
an event  r e q u i r e d  a cha rged  p a r t i c l e  p a s s i n g  through the pro ton  a r m  and a 
neu t r a l  p a r t m l e  en te r ing  the neut ron  d e t e c t o r  fo rming  one o r  m o r e  charged  
p a r t i c l e s .  The c o r r e s p o n d i n g  log ica l  r e q u i r e m e n t  was P1P2P3NINI+IA1A2,  

AI PI P2 P3 A 2 Ni N 2 N 3 N 4 N 5 N 6 N7 
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Fig. 6. Schemat,c of the e lectromc logm. 
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(a c o i n c i d e n c e  be tween  the t h r ee  c o u n t e r s  in  the p r o t o n  a r m  with any  two 
s u c c e s s i v e  c o u n t e r s  m the n e u t r o n  d e t e c t o r  and no ve to ing  pu l se  f rom 
e i t h e r  the a n t l c o u n t e r  pos i t i oned  in f ron t  of the h q u l d - h y d r o g e n  t a rge t  o r  
the one be fo re  the n e u t r o n  de tec to r ) .  The t i m i n g  r e q u i r e m e n t s  m the logic  
we re  kept loose  enough to i n s u r e  that no e l a s t i c  even t s  we re  los t .  In o r d e r  
to ob ta in  an e s t i m a t e  of the a c c i d e n t a l s  for th is  s i g n a t u r e ,  c o i n c i d e n c e s  of 
the n e u t r o n  t r i g g e r  with p ro ton  t r i g g e r s  which were  de layed  long enough to 
i n s u r e  that  no ac tua l  c o r r e l a t i o n  could ex i s t  we re  a l so  sca led .  

The e n t i r e  fast  logic  was tes ted  at  l e a s t  e v e r y  12 hou r s  d u r i n g  the data  
t ak ing  by m e a n s  of hgh t  p u l s e r s  a t t ached  to each  s c i n t i l l a t o r .  T i m i n g  cab le  
l eng ths  to the p u l s e r s  we re  ad ju s t ed  so that  the m g n a l s  g e n e r a t e d  would 
s i m u l a t e  the t i m i n g  of a typ ica l  e l a s t i c  event .  

In add i t ion  to the fas t  logac i t se l f ,  c e r t a i n  ga t ing  logic  was used,  i nc l ud -  
ing a gate which could be t r i g g e r e d  by the b e a m  sp i l l  m o m t o r .  This  gated 
off the e n t i r e  s y s t e m ,  i nc lud ing  m o n i t o r s ,  when the i n s t a n t a n e o u s  b e a m  
ra te  was above a c e r t a i n  leve l .  Th~s s u b s t a n t i a l l y  r educed  acc iden t a l  
r a t e s .  A n o t h e r  gate was t r i g g e r e d  a f t e r  the d e t e c t m n  of a good event  which 
kept  the fas t  logic  i n o p e r a t i v e  un t i l  the s l o w e r  e l e m e n t s  such as  the s p a r k  
gaps and c a m e r a s  w e r e  r eady  for  a n o t h e r  event .  

4. DATA REDUCTION 

4.1. N e u t r o n  f i l m  
The f o r m a t  of the n e u t r o n  f i lm can be s e e n  m fig. 7. N e u t r o n s  e n t e r e d  

the a r r a y  f r o m  the r ight .  The a n t i c h a m b e r  was pomt loned  to the r ight  of 
the r l g h t m o s t  c o l u m n  of fxduclals .  The s c a n n e r s  we re  i n s t r u c t e d  to m e a -  
s u r e  a l l  even t s  which (1) con ta ined  a shower  whose v e r t e x  was de f in i t e ly  
wi th in  the c h a m b e r ,  (2) had no b a c k w a r d - g o i n g  p r ongs ,  and (3) did not 
ex tend f r o m  the a n t l c h a m b e r .  E v e n t s  c o n t a i n i n g  s u f f m l e n t l y  few and s c a t -  
t e r e d  s p a r k s  that no v e r t e x  could be d e t e r m i n e d  w e r e  exc luded.  The s c a n -  
n e r  was i n s t r u c t e d  to m e a s u r e  each v e r t e x  if t he r e  w e r e  m o r e  than one 
that  s a t i s f i ed  these  c r i t e r i a .  The f i t t ing  p r o g r a m  l a t e r  t r i e d  each p o s s i b i l -  
i ty  to ob ta in  the b e s t  fit. These  c r i t e r i a  for  the n e u t r o n  v e r t i c e s  a r e  e s s e n -  
t i a l ly  a r b i t r a r y  s i n c e ,  as  d i s c u s s e d  be low,  the n e u t r o n  de tec t ion  e f f i c i ency  
does  not  affect  the c r o s s  s ec t i ons .  The mare  r e a s o n  for  s e t t i ng  up the 
c r i t e r i a  was to i m p r o v e  the a c c u r a c y  of the n e u t r o n  v e r t e x  m e a s u r e m e n t  
and to make  the ymld  of even t s  as  c o n m s t e n t  as  p o s s i b l e  a m o n g  the v a r i o u s  
s c a n n e r s .  A t r a n s p a r e n t  p l a s t i c  t e m p l a t e  with ru led  r a y s  o r i g i n a t i n g  f r o m  
the c r o s s h a l r  of the m e a s u r i n g  m a c h i n e  was used to aid the s c a n n e r  in  
s e t t i n g  the c r o s s h a x r  on the ve r t ex .  A r ange  of b r a c k e t s  a r o u n d  the m e a -  
s u r i n g  point  a ided  the s c a n n e r  m e s t i m a t i n g  the u n c e r t a i n t y  in  the v e r t e x  
loca t ion  m e a s u r e m e n t .  Th i s  was r e c o r d e d ,  a long  with a "type n u m b e r "  
i n d i c a t i n g  the kind of even t  and i ts  v e r t e x  de f imt lon .  The se  were  l a t e r  
used  to a s m g n  u n c e r t a i n t i e s  m the v e r t e x  loca t ion  for  each  event .  

Al l  the n e u t r o n  s c a n n i n g  and m e a s u r i n g  was done on a focal  p lane  
d i g i t i z i n g  m a c h i n e  which has  a l e a s t  count  of 3.2 × 10 -4  cm.  Th i s  m a c h i n e  
was connec ted  v ia  a Datex uni t  to a c a r d  punch.  Twice  a week a cheek of 
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Fig .  7. Schemat ic  of a typmal  neutron f r a m e .  

the scanning machine  was  made for reproduc lb ihty  of m e a s u r e m e n t s  and 
for h n e a r i t y  of the a x e s .  

The fractzon of neutron events  which were  s u c c e s s f u l l y  m e a s u r e d  was  a 
function of the angle at which the neutron de tec tor  was  se t  and was  a l so ,  
unfortunately,  s o m e w h a t  a function of the scanner .  Typical  measurab le  
event  y i e lds  for the neutron f i lm ranged from 85% at the s m a l l e s t  angle 
se t t ing  to 61% at the l arges t .  The actual  fract ion of e l a s t i c  events  as  
de termined  by the r e c o n s t r u c h o n  p r o g r a m  was  much l o w e r  than this .  

4.2. Proton film 
The y i e lds  for the proton f i lm w e r e  much higher  than those  of the neu- 

tron f i lm,  typical ly  above 95%, and w e r e  nei ther  as  se t t ing  dependent nor 
as  scanner  dependent.  

The Michigan A u t o m a h c  Scanmng Sys tem (MASS) [11] was  used to scan  
m o s t  of the proton f i lm.  It m e a s u r e d  events  at a rate of approx imate ly  
3000 per  hour. The p r e c i s i o n  and re l iab i l i ty  of i t s  m e a s u r e m e n t s  w e r e  
mgnif lcant ly  be t ter  than those  of a hand-scanner .  No at tempt  was  made to 
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Fig. 8. D1strlbutlon of the dlfferences between the proton momentum as determined 
by hAndscanmng and by autoscanmng. The very small systematlc shift would have 

neghglble effect on the data. 

use MASS for the neutron pic tures  since the pat tern recogmtxon capablhty  
required  to locate ve r t i ces  accura te ly  would have been ve ry  difficult to 
provide.  

Of the 400 000 f r ames  of proton film analyzed,  85 % were scanned by 
MASS. The yxeld of successful ly  in terpre ted  proton f rames  for MASS was 
95 % of that obtained by hand. The most  significant checks of the pe r fo r -  
mance of the autoscan sys tem came f rom the final experimental  values 
which it produced. In fig. 8 the differences  between the hand and autoscan 
values obtained for the proton momentum are  plotted against  frequency of 
their  occurence  for a typxcal roll. The width at half maximum of the dif- 
fe rence  distr ibution is 5 MeV/c with the center  of the distr ibution displaced 
f rom ze ro  by 1 MeV/c.  On the average  there was a sys temat ic  shift of 
about 0.3 % between the hand and autoscan resul ts  for the proton momenta.  
Similar ly ,  ve ry  smal l  di f ferences  were encountered for  other  var iables  
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Fig.  9 Chl-square  dis tr ibut ions for a rol l  of fdm as measured  by hand and by auto- 
scanner .  

s tudzed .  The  only  q u a n t i t y  which  showed  a s i g n i f i c a n t  d i f f e r e n c e  was  the  
c h l - s q u a r e  ( s ee  s u b s e c t .  5.1). F i g .  9 shows  the ×2 d z s t r l b u t l o n s  fo r  both  
the  hand  and the a u t o s c a n n m g  of a r o l l .  The a v e r a g e  X 2 of a u t o s c a n  d a t a  
w a s  2 l e s s  than  tha t  of the  h a n d s c a n .  Th i s  zs a r e f l e c t i o n  of the  g r e a t e r  
p r e c ~ s m n  of the  a u t o s c a n n e r  m e a s u r e m e n t s .  

4.3.  Scaler data and bookkeeping 
The s c a l e r  d a t a  f r o m  the  e x p e r i m e n t  w e r e  t r a n s f e r r e d  to  d a t a  p r o c e s -  

szng c a r d s ,  and  c o m p u t e r  c h e c k e d  f o r  c o n m s t e n c y  b e t w e e n  the v a r i o u s  
m o m t o r s .  Th i s  c h e c k  showed  tha t  the fou r  m o n i t o r s  had  t y p i c a l l y  t r a c k e d  
to  0 .3%.  

The f ina l  s t e p  m the d a t a  r e d u c t i o n  was  e x e c u t e d  by  a m a t c h m g  p r o g r a m  
w h i c h  took  a s  input  a b i n a r y  t ape  r e d u c t i o n  of n e u t r o n  f i l m  s c a n n e r  output  
and  a b i n a r y  t ape  r e d u c t i o n  of p r o t o n  fzlm s c a n n e r  output .  It m a t c h e d  up 
f r a m e  n u m b e r s  w~thm a g tven  r o l l ,  a s s i g n e d  the p r o p e r  p e r m u t a t i o n s  of 
s c a n n e r  l n t e r p r e t a t t o n s  wzthtn a g~ven f r a m e ,  and  w r o t e  a f tna l  output  t ape  
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r e c o r d  containing a l l  of the in format ion  for  a given f r a m e  that the r econ-  
s t ruc t ion  p r o g r a m  would l a t e r  need. The match ing  p r o g r a m  a l so  produced  
a s u m m a r y  for  each ro l l  of the scan  y ie lds  and the m u l t i p h c l t y  to ta ls .  
These  were  c o m p a r e d  for  the va r ious  r o i l s  of a given se t t ing  to de tec t  
r o l l s  for  which anomalous  behav io r  of the c h a m b e r s  or  s c a n n e r s  produced  
i n c o n s i s t e n c i e s  in the yie ld  which might  affect  the r e s u l t s .  

5. DATA ANALYSIS 

5.1. E v e n t  r e c o n s t r u c t i o n  
The r e c o n s t r u c t i o n  of an event  began with the de t e r m i na t i on  of the r e a l  

space  loca t ions  of the s p a r k s  f rom the f i lm coord ina t e s .  With the know- 
ledge of the f lducla l  pos i t ions  and the effect ive  c a m e r a  pos i t ion ,  one can 
d e t e r m i n e  a t h r e e - d i m e n s i o n a l  r ea l  space  l ine along which a s p a r k  is  
loca ted  for  each view of each chamber .  The final coo rd ina t e s  of the s p a r k  
in a given c h a m b e r  were  obtained by d e t e r m i n i n g  the point of c l o s e s t  
app roach  (nominal ly the in t e r sec t ion )  of the two l ines ,  one for  each of the 
two v iews,  d i r e c t  and s t e r eo ,  of that chamber .  In the ca se  of the neutron 
a r r a y ,  the t h r e e - d i m e n s i o n a l  locat ion of the v e r t e x  of a shower  was d e t e r -  
mined r a t h e r  than the pos i t ion  of s p a r k s .  

F o r  the pro ton  s p e c t r o m e t e r  f i lm,  it was pos s ib l e  to make checks  of the 
r e a l - s p a c e  t r a n s f o r m a t i o n s  by s tudying " s t r a s gh t - t h r oughs " .  These  were  
p i c t u r e s  taken with the pro ton  s p e c t r o m e t e r  with the n o r m a l  t r i g g e r i n g  
r e q u i r e m e n t ,  but for  which the ana lyz ing  magnet  was turned off. The paths  
of the undeflected p a r t i c l e s  were  then p ro j ec t ed  fo rward  f rom the f i r s t  two 
c h a m b e r s  and backward  f rom the l a s t  two c h a m b e r s  into counter  P1, which 
was the l a r g e s t  s ingle  sou rce  of mul t ip le  coulomb s c a t t e r i n g .  D i s t r i bu t ions  
of the d i f f e r ences  in v e r t i c a l  and hor i zon ta l  angles  as  well  as  the d i f f e r -  
ences  in p r o j e c t e d  pos i t ion  were  s tudied.  Those d i s t r i bu t i ons  were  cen t e r ed  
about z e r o  which indica ted  that the pro ton  c h a m b e r  pos i t ions  were  known 
a c c u r a t e l y .  The widths of these  d i s t r i bu t i ons  were  found to be cons i s t en t  
with that expected  f rom mul t ip le  coulomb sca t t e r i ng .  

Once the r ea l  space  pos i t ions  of the s p a r k s  and v e r t e x  were  d e t e r m i n e d ,  
it  was p o s s i b l e  to make a f i r s t  check on the event.  The path of the proton 
in the f i r s t  two c h a m b e r s  was p r o j e c t e d  back toward the hydrogen t a rge t .  
The r e c o n s t r u c t i o n  p r o g r a m  requ i r ed  that  the proton path i n t e r s e c t  the 
hydrogen  t a rge t  if r e c o n s t r u c t i o n  of the event was to continue.  Since the 
neutron beam d i a m e t e r  was 3.3 cm while the t a r g e t  i t se l f  was 6.35 cm in 
d i a m e t e r ,  this  cons t r a in t  was r e l a t i v e l y  loose  and even s t rong ly  mul t ip le  
coulomb s c a t t e r e d  p ro tons  were  se ldom los t .  The ac tua l  number  of raw 
events  cut by this  check was l e s s  than 3 %. 

The in t e r ac t ion  point  was taken to be the midpoint  of the p ro j ec t ed  pro ton  
path in the hydrogen t a rge t .  The angle  of the s c a t t e r e d  neutron was then 
d e t e r m i n e d  by connect ing  the v e r t e x  in the neutron d e t e c t o r  a r r a y  to this  
i n t e r ac t ion  point in the hydrogen t a rge t .  

The fol lowing p r o c e d u r e  was used to d e t e r m i n e  the momentum of the 
pro ton  f rom the four known points  of i t s  t r a j e c t o r y  and the magnet ic  f ield 
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map:  f i r s t ,  an e s t i m a t e  of the pro ton  momentum was obtained using f B d l  

with the a s s u m p t i o n  of a uni form f ie ld;  second,  a point of i n t e r s e c t i o n  wtth 
coun te r  P l  was obtained by p ro j ec t i on  f rom s p a r k  c h a m b e r s  SC 2 and SC2; 
th i rd ,  the pro ton  was t r a c e d  back  f rom SC 3 and SC4 through the magnet  to 
Pl"  This  was done by in t eg ra t ing  s t epwise  through the magnet  using the 
e s t i m a t e d  momentum.  If the i n t e r s e c t i o n  of the t r a c e - b a c k  with counter  P l  
was within 0.025 cm of the i n t e r s e c t i o n  f rom the front  c h a m b e r  p ro jec t ion ,  
the momentum e s t i m a t e  was deemed  to be c o r r e c t .  If the d i f fe rence  ex-  
ceeded  0.025 cm,  a cor rec txon  to the e s t t m a t e d  momentum was made and 
ano the r  t r a c e - b a c k  was a t t empted .  While  as  many as  twenty t r a c e - b a c k s  
were  permxt ted ,  the usual  number  r e q u i r e d  was four.  

A subs tan t i a l  c o r r e c t m n  to the momentum as  d e t e r m i n e d  in the s p e c t r o -  
m e t e r  had to be made,  e s p e c i a l l y  for  lower  pro ton  momenta ,  be c a us e  of 
the ene rgy  los s  whxch the pro ton  suf fe red  as  it p a s s e d  through the l iquid 
hydrogen ,  m y l a r ,  a luminum and a~r on the way f rom the i n t e r ac t i on  point 
through the s p e c t r o m e t e r .  The c o r r e c t i o n  was made by in t e rpo la t ion  m a 
se t  of r a n g e - e n e r g y  t ab les  [12]. 

Once the angle  of both p a r t i c l e s  and the momentum of the pro ton  were  
known, these  v a r i a b l e s  were  submi t ted  to a f i t t ing subrout ine .  The sub-  
rout ine  used was adapted  f rom the L a w r e n c e  Radia t ion  L a b o r a t o r y  p r o g r a m  
"GUTS" [13], and the d e s c r i p t i o n  which fol lows p a r a l l e l s  that  m r e f .  [13]. 
The input to the f i t t ing p r o g r a m  included,  m addi t ion to the va lues  of the 
m e a s u r e d  quan t i tms ,  a se t  of e r r o r  e s t i m a t e s  on the m e a s u r e d  quant i t i es  
which were  used to compose  an e r r o r  m a t r i x .  The seven m e a s u r e d  quant~- 
t i e s  for  which entrxes  ex i s t ed  m the e r r o r  m a t r i x  were  the two incident  
neut ron  ang les ,  the two s c a t t e r e d  neutron ang les ,  the two reco t l  pro ton  
ang les ,  and the r e c o i l  pro ton  momentum.  

The e s t t m a t e d  e r r o r s  on the incident  neut ron  ang les  were  d e t e r m i n e d  
by the c o l h m a t o r  a p e r t u r e .  The e r r o r  e s t i m a t e  for  the s c a t t e r e d  neutron 
v e r t e x  pos i t ion  depended  p r i m a r i l y  on the na tu re  of the shower  and the 
s c a n n e r ' s  ab i l i ty  to i n t e r p r e t  it .  Thus the e r r o r  e s t i m a t e  for  each event  
was s e p a r a t e l y  ca l cu la t ed  to be the sum in q u a d r a t u r e  of the s c a n n e r ' s  
own e s t i m a t e  of the unce r t a in ty  and a cons tant  unce r t a in ty  of 0.64 cm. The 
p r i m a r y  cont r tbu t ion  to the e r r o r  in the d e t e r m i n a t i o n  of the proton angles  
and momentum came  f rom the mul t ip le  coulomb s c a t t e r i n g  of the proton.  
Since this  was momentum and path dependent ,  these  e r r o r  e s t i m a t e s  were  
ca l cu la t ed  s e p a r a t e l y  for  each event .  

The v a r m b l e s  used in the f i t t ing p r o g r a m  ( h l s t o r t c a l l y  sui ted  to bubble-  
c h a m b e r  m e a s u r e d  quant t t l es )  were  defined as  fol lows:  

1 
q9 = ¢  , K = P s l n O  , S -  

tan 0 ' 

where  0 is  the angle  made with the v e r t i c a l  and ¢ is  the angle  in a ho r i zon -  
ta l  p lane made with the incident  neut ron  d i r e c t m n .  

Ca lhng  the incident  neut ron  p a r t i c l e  1, the t a r g e t  p ro ton  p a r t i c l e  2, the 
s c a t t e r e d  neut ron  p a r t i c l e  3, and the r eco i l  p ro ton  p a r t i c l e  4, one can ex-  
p r e s s  the f o u r - m o m e n t u m - e n e r g y  equat ions  as :  
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with 

KI S1- K3 S3 - K4 S 4 = O, 

K l s m ~ p l - K 3  s I n ~ p 3 - K 4  smcP 4 = 0 ,  

K 1 cos ~Pl- K3 cos  <P3- K4 cos ~P4 -- 0 , 

E I + E  2 - E  3 - E  4 = 0 ,  

$ 

where  m z is  the r e s t  m a s s  of the ~th p a r t i c l e .  
Of the v a r i a b l e s  In these  four  equa t ions ,  only K 1 and K 3 a r e  known. 

Since  t he r e  a r e  two unknowns  and four  c o n s t r a i n i n g  equa t i ons ,  th is  is  a 
t w o - c o n s t r a i n t  fit. In what fol lows the m e a s u r e d  v a l u e s  of t hese  v a r i a b l e s  
fo r  each  p a r t i c l e  a r e  r e f e r r e d  to as  x m .  The ca l cu l a t ed  v a l u e s  of the 
v a r i a b l e s  a r e  x z. 

The e r r o r  m a t r i x  

G -1 = 6 x m 6x m , 
zj ~ j 

i s  used to def ine  the c h l - s q u a r e  as  

2 m 

U 

The e r r o r  lo the r e c o i l - p r o t o n  m o m e n t u m  depended  p r i m a r i l y  on the 
m u l t i p l e  cou lomb s c a t t e r i n g  of the p r o t o n  wi th in  the m a g n e t  gap. The e r r o r  
in the r e c o i l - p r o t o n  angle  depended  on the mu l t i p l e  cou lomb  s c a t t e r i n g  be -  
tween  the I n t e r a c t i o n  poin t  and the s p e c t r o m e t e r  while  the e r r o r  in  the 
s c a t t e r e d  n e u t r o n  ang le  depended on the u n c e r t a i n t y  in the loca t ion  of the 
n e u t r o n  v e r t e x .  S ince  to f i r s t  o r d e r  none of the e r r o r s  depended upon the 
s a m e  th ings ,  it  was not l ike ly  that  t h e r e  ex i s t ed  any  s t r o n g  c o r r e l a t i o n s  
be tween  the e r r o r s  m the d i f f e r en t  q u a n t i t i e s .  If the e r r o r s  a r e  a s s u m e d  to 
be u n c o r r e l a t e d  the e r r o r  matrLx b e c o m e s  d iagonal ,  and  

2 xm,2 x = ~ ( x -  ~ G..u 
i 

The c o n s t r a i n t  equa t ions  a r e  of the fo rm:  

F k ( x  Z) : 0, k : 1 . . . c .  
I n t r o d u c i n g  L a g r a n g e  m u l t l p h e r s  O~k, one can  wr i t e :  

2 x m ' 2  G. +2 ~kFk(X) × : ~ ( x z -  z J ~.I 
z k 

Thi s  is  t r u e  b e c a u s e  the second  t e r m  on the r igh t  is  known to be ze ro .  It i s  
now n e c e s s a r y  to find the cho ices  of x I and ot k for  which the X 2 is  m i n i m u m .  
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~F k a(X 2) m + 2 ~ a k = 0 (la) axj-2 (x-  los , 
$ 

O(X2) - 2 F k ( X  z) = 0 . 
Oa k 

(lb) 

Eq. (lb) a re  exactly the original  const ra in t  equations. These nine s imul-  
taneous non- l inear  equations required a solution by numemcal  methods. 
The method employed utilized an assumed  l inear i ty  over the region near  
x m and produced the following i terat lve a lgori thm: 

X~ = ~  

(2) E n : ~ V :  1 F n 
zk ~ 3k ' J 

(3) C / x  = ~ (En):J Fn where (En) T is the t ranspose  of E n 
J J~  ' 

(4) bn=k F ~ + ~ ( x j m - x ~ )  Fnjx , 

1 

(5) n + l  = ~ ' n n ) - I  b n 
;t t k~ /x ' 

g 

n+l m E n n+l 
(6) x i =xi - ~  ixa• 

k 

For  the f l rs t  i terat ion:  

0 m 0 
x i = x i and a k = 0 . 

In applying this p rocedure  one need only take the appropr ia te  part ia l  de r iv -  
at ives of the const ra in t  equations and then i tera te  until there is no signifi-  
cant ~mprovement in the X 2. 

F r o m  the final fitted values of the fitting p a r a m e t e r s ,  the more  intuitive 
physical  quantit ies,  momentum and angle, were calculated.  For  each rol l  
h i s tog rams  of the incident neutron spec t rum,  reco i l -p ro ton  spec t rum,  
coordinates  of interact ion points, and X 2 dlstmbutlons were plotted and 
compared  to check for inconsis tencies .  

5.2. Monte Carlo  
A Monte-Car lo  technique was used to calculate  the geometr ic  efficiency 

of the apparatus .  Fo r  each sett ing of the apparatus ,  fou r -momentum t r ans -  
fer ,  and incident momentum,  the Monte-Car lo  p r o g r a m  simulated a large  
number  of events.  It ass igned appropr ia te  random var ia t ion  to quantit ies 
which in the actual exper iment  experienced random var ia t ions .  Among 
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these quanht ies  were the planar  angle, the proton multiple coulomb scat -  
t e r m g  m the hydrogen target ,  the proton multiple coulomb sca t te r ing  in the 
magnet  t r ave r sa l ,  the interact ion point in the hydrogen target ,  the in te rac-  
hon  point of the neutron as it passed through the neutron a r r a y ,  and the 
mdlcent  neutron angle. 

In allowing for the effect of multiple coulomb scat ter ing,  the distr ibution 
of sca t te r ing  angles was assumed to be Gaussian ra ther  than the more  ap- 
propr ia te  Moh~re distr ibution [14]. The e r r o r  introduced by this a s sump-  
tion in the final c ro s s  sect ions was smal l  compared  to s t a t l shca l  e r r o r s .  

For  this calculation the spatial distr ibution of the incident neutron beam 
was e shmated  f rom Polaroid  p ic tures  such as fig. 3. The attenuation of the 
neutron beam as it passed through the hydrogen target  and the absorphon  
of protons wa  s t rong interact ions  between the interact ion point in the 
hydrogen target  and the final counter in the proton a rm  were also taken 
into account.  

Fig. 10 shows a typical plot of the detection e fhc lency  (normahzed  to a 
hxed f r achon  of the total efficiency) as a function of the four -momentum 
t r ans fe r  for  one sett ing and for one incident energy.  The cutoff in accep-  
tance at small  It I was a resul t  of neutrons miss ing the edge of the neutron 
detection a r r a y  c loses t  to the neutron beam. The cutoff m acceptance at 
la rge  I tl , somewhat  more  gradual,  was a resul t  of the protons miss ing the 
edge of the spec t rome te r  c losest  to the beam; f i rs t  those f rom only the 
downst ream end of the hydrogen target  were lost  with more  cut off as It l 
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Fig. 10. Acceptance as a funchon of the four-momentum transfer squared (setting 
No. 2). 
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i n c r e a s e d .  V a r i a t i o n s  m the ~p a n g l e  a c c e p t a n c e  with  It{ fo r  bo th  d e t e c t o r s  
p r o d u c e d  s m a l l e r  v a r i a t i o n s  on t h e s e  d o m i n a n t  c h a r a c t e r i s t i c s  of the  e f f i -  
c i e n c y  p l o t s .  The  m o s t  s e r i o u s  t y p e s  of u n c e r t a l n t m s  in  the  c a l c u l a t e d  
ef f lc~encxes  would  b e  a r e s u l t  of u n c e r t a i n t i e s  in the  r e a l  s p a c e  pos l txon of 
the  a p p a r a t u s .  If t h e s e  had  b e e n  in e r r o r  the  a p p a r a t u s  m i g h t  not  have  b e e n  
s e n s i t i v e  in a a r e a  w h e r e  the  M o n t e - C a r l o  p r o g r a m  i n d i c a t e d  s e n s i t i v i t y  
which  cou ld  c a u s e  l a r g e  e r r o r s  in the  c r o s s  s e c t i o n s  f o r  c e r t a i n  r a n g e s  of 

and n e u t r o n  m o m e n t u m .  In o r d e r  to m l m m l z e  p r o b l e m s  r e s u l t i n g  f r o m  
m e a s u r e m e n t  u n c e r t a i n t i e s ,  f i d u c i a l  v o l u m e s  s m a l l e r  than  the a c t i v e  v o l -  
u m e s  of the  c h a m b e r s  and c o u n t e r s  w e r e  de f ined .  Wi th  t h e s e  fxducla l  v o l -  
u m e s  e r r o r s  cou ld  o c c u i  only  1~ t h e r e  w e r e  g r o s s  m e a s u r e m e n t  e r r o r s  
(0.6 c m  f o r  the  p r o t o n  a r m ,  2 c m  f o r  the  n e u t r o n  a r m ) .  E r r o r s  of t h i s  m a g -  
n i tude  would  have  b e e n  a p p a r e n t  in the  r e s u l t s  f r o m  the r e c o n s t r u c t x o n  p r o -  
g r a m .  T h e r e f o r e  i t  was  a s s u m e d  tha t  the  s t a t i s t m a l  e r r o r  in the  M o n t e -  
C a r l o  g e n e r a t e d  e v e n t s  r e p r e s e n t e d  the  u n c e r t a i n t y  in the  c a l c u l a t e d  g e o -  
m e t r i c  e f f l c~enc ie s .  

The  e f f l c l enc~es  of the  s p a r k  c h a m b e r s  and c o u n t e r s  w e r e  a s s u m e d  to be  
c o n s t a n t  wi th  t f o r  the  fo l lowing  r e a s o n s :  In the  p r o t o n  s p e c t r o m e t e r ,  c a r e  
was  t a k e n  to s e t  the  c o u n t e r  v o l t a g e s  we l l  a b o v e  t h r e s h o l d  and to k e e p  the 
txming  r e q u i r e m e n t s  b r o a d  enough tha t  t h e r e  would  be no m o m e n t u m  b i a s  
m t r i g g e r i n g .  C a s e s  w h e r e  the  s p a r k  c h a m b e r s  a p p e a r e d  to f a i l  a s  i n d i c a t e d  
by  t h r e e  t r a c k s  but  no fou r th  one,  w e r e  e x t r e m e l y  r a r e ,  o c c u r m g  l e s s  than  
0 .4% of the  t i m e .  When  f a i l u r e s  d id  o c c u r ,  t h e r e  a p p e a r e d  to be  no p o s i t i o n  
o r  a n g l e  b i a s  in the  type  of t r a c k s  which  f a i l e d  to  r e g x s t e r .  A few r o l l s  fo r  
wh ich  the c h a m b e r s  w e r e  functxomng p o o r l y  w e r e  d ~ s c a r d e d .  

F o r  the  n e u t r o n  c h a m b e r  a r r a y  the  m o s t  s i g n i f i c a n t  d e t e c t o r  e f f i c i e n c y  
p r o b l e m  revo lved  the  e f f i c i e n c y  wi th  which  s c a n n e r s  cou ld  d e t e r m i n e  v e r -  
t i c e s  f o r  s h o w e r s .  P o m t m n a l  b i a s e s  w e r e  r e d u c e d  by  u s i n g  only  v e r t i c e s  
a w a y  f r o m  the e d g e s  of the  a r r a y  w h e r e  p o r t i o n s  of the s h o w e r s  migh t  be  
l o s t  to v iew.  An a t t e m p t  was  m a d e  to have  e a c h  s c a n n e r  s c a n  r o l l s  f r o m  
e a c h  s e t t i n g  to m i n i m i z e  any  t - d e p e n d e n c e  i n t r o d u c e d  by  s c a n n e r  e f f i c i e n c y .  
R o l l s  f r o m  d i f f e r e n t  s e t t i n g s  w e r e  a l t e r n a t e d  in the  s c a n n i n g  s e q u e n c e  to 
m i n i m i z e  any  e f f e c t s  f r o m  a s l o w  change  of e f f i c i e n c y  with  txme.  

The  o v e r a l l  n e u t r o n  de tec txon  e f f i c i e n c y  was  a s s u m e d  to depend  only on 
the  n e u t r o n  m o m e n t u m  and not  on t. T h i s  wi l l  be  d i s c u s s e d  in s u b s e c t .  5.7. 
A s  can  be  s e e n  f r o m  t a b l e  1, t h e r e  was  g e n e r a l l y  a l a r g e  o v e r l a p  in t b e -  
t w e e n  s u c c e s s i v e  s e t t i n g s .  T h e r e f o r e  an a d d i t i o n a l  c h e c k  on the v a r i a t i o n  
wi th  p o s i t i o n  in the  e f f l c l e n c l e s  of the  d e t e c t o r s  was  o b t a i n e d  b y  c o m p a r i n g  
r e s u l t s  in the  o v e r l a p p x n g  r e g i o n s  of the  v a r i o u s  s e t t i n g s .  The  a g r e e m e n t  
was  v e r y  good and wi l l  be  d i s c u s s e d  when we c o n s i d e r  r e l a t i v e  n o r m a l i z a -  
t i o n s .  T a b l e  1 a l s o  s h o w s  the r a n g e  of a c c e p t a n c e  in t f o r  e a c h  s e t t i n g  and  
m o m e n t u m  r a n g e .  

5.3. C r o s s  s e c t w n s  
F i n a l  c r o s s  s e c t i o n s  w e r e  p r o d u c e d  by  c o m b i n i n g  the  fo l lowing  t h r e e  

s e t s  of da t a :  (1) the  good e v e n t s  f r o m  the r e c o n s t r u c t i o n  p r o g r a m ,  (2) the  
g e o m e t r i c  e f f x c i e n c i e s  f o r  e a c h  of the  f o u r  s e t t i n g s  on an  i n c i d e n t  m o m e n t a  
g r i d  of 2 G e V / c  and on a f o u r - m o m e n t u m  t r a n s f e r  s q u a r e d  g r i d  of 
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Table 1 
Range of acceptance in t as a f~nptlon of settmg and neutron mmdent momentum 

[ | t lmax : 2.10 (GeV/c)2l . 

Acceptance range m '  ' - I t [ (GeV/c)2 
Inmdent 

momentum setting 1 setting 2 setting 3 setting 4 
range 

(GeV/c) 63 ° < 0p < 87 ° 53 ° < 0p < 77 ° 42 ° < 0p < 67 ° 30 ° < 0p < 56 ° 

0.7° <0n< 7.3 ° 0 .7°<0n< 7 3 ° 0.7o< 0n< 7.3 ° 3.1° < 0n< 9.7 ° 

5 .4-  9.4 0.10-0.50 0.10-1.00 0.30-0.50 1.25-1.45 
9.4-13.4 0.10-0.65 0.10 - 1.50 0.35-1.60 1 .35-2  10 

13.4-17.4 0.10 - 0.70 0.10-1.60 0.35-2.10 1 .50-2  10 
17.4-21.4 0.15-0.70 0.15-1.70 0.40-2.10 1.60- 2.10 
21.4-25 4 0.20-0.75 0.25-1.75 0.40-2.10 1.95-2.10 
25.4-29.4 0.30-0.75 0.30-1.75 0 40-2.10 

0.05 (GeV/c )  2, and (3) the m o n i t o r  c o u n t e r  da ta  for  each ro l l  which was 
used  for  n o r m a h z a t i o n .  

The da ta  we re  p r o c e s s e d  one even t  at  a t ime .  The X 2 was  checked,  and 
w h e n e v e r  it  was g r e a t e r  than 15 (for two d e g r e e s  of f r eedom)  the event  
was  r e j e c t e d .  Any even t  which had an inc iden t  n e u t r o n  m o m e n t u m  outs ide  
the r ange  5.5 < P m c  <30.5 GeV/c  or  f o u r - m o m e n t u m  t r a n s f e r  It I <0.1 
(GeV/c)  2 was a l so  re ]ec ted .  F o r  each event  the de t ec t i on  e f f mi e nc y  was 
d e t e r m m e d  by i n t e r p o l a t i n g  f rom the tab le  supp l ied  by the Monte Ca r l o  
p r o g r a m .  When the de t ec t i on  e f f i c i ency  was g r e a t e r  than 60%, v a l u e s  for  
that  even t  we re  added to a p p r o p r i a t e  b ins  m inc iden t  m o m e n t u m  and f ou r -  
m o m e n t u m  t r a n s f e r .  Low e f f i c i ency  even t s  we re  r e j e c t e d  b e c a u s e  the low 
e f f i c i ency  imp l i ed  that  the event  was n e a r  the edge of a d e t e c t o r  and thus 
i t s  p r o b a b i l i t y  of de t ec t i on  depended  c r i t i c a l l y  on our  knowledge  of the 
exact  pos i t i on  of that  edge.  Smce  we did not know the po ta t ions  of the edges  
with g r ea t  a c c u r a c y ,  t he r e  were  p o s m b l y  l a r g e  s y s t e m a t i c  e r r o r s  m 
the de t ec t i on  e f f l m e n c l e s  for  these  even t s  and they w e r e  b e s t  d i s c a r d e d .  
When an  even t  was accep ted  and b inned ,  the r e c i p r o c a l  of the de t ec t i on  
e f f i c i ency  was added to a b in  which was  l a t e r  used to d e t e r m i n e  the c r o s s  
s e c t i o n  va lue .  The u n c e r t a i n t y  in  the c r o s s  s e c h o n s  was  ob ta ined  by s u m -  
m m g  In q u a d r a t u r e  the r e c i p r o c a l  of the s q u a r e  root  of the n u m b e r  of 
e v e n t s  and the s t a t i s t i c a l  u n c e r t a i n t y  p r e v i o u s l y  a s s i g n e d  to the de tec t ion  
e f f i c m n c y  v a l u e s  by the Monte C a r l o  p r o g r a m .  

One add i t i ona l  c o r r e c t i o n  was made  to the data .  Smce  even t s  hav ing  a 
de t ec t i on  e f f i c i ency  of l e s s  than 60 % were  r e j e c t e d ,  the e f fec t ive  b m  raze 
of b i n s  c o n t a i n i n g  these  even t s  was reduced .  T h e r e  was a l s o  a b i n  s i ze  
c o r r e c t i o n  to be made  s i m p l y  b e c a u s e  the b m  raze was i n c r e a s e d  for  l a r g e  
t, as  shown in tab le  2, in  an  a t t e m p t  to c o m p e n s a t e  for  the fact  that  so 
few even t s  occu red  the re .  Ac tua l l y ,  no even t s  we re  de tec ted  above 1.7 
(GeV/c)  2. The b in  width c o r r e c t i o n s  were  made  by dlVldmg each  b in  va lue  
by the b m  width. 

Al l  of the above c a l c u l a t m n s  and c o r r e c t i o n s  were  done for  each  s e t t i ng  
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Tab le  2 
Bin w~dth m t as a func t ion  of t. 

97 

It I r a n g e  (GeV/c)  2 Bin width (GeV/c)  2 

0 . 1 5 - 0  50 0 05 
0 . 5 0 - 0  90 0 10 
0 . 9 0 - 1  30 0 20 
1 3O- 2 10 0 40 

of  t h e  a p p a r a t u s  s o  t h a t  a t  t hz s  p o i n t  t h e r e  w e r e  f o u r  s e t s  of c r o s s  s e c h o n s ,  
o n e  f o r  e a c h  s e t t i n g .  T h e s e  t h e n  w e r e  c o m b i n e d  to  f o r m  o n e  s e t  of c r o s s  
s e c t m n s .  Th~s  w a s  d o n e  m a w a y  t h a t  w o u l d  m i n i m i z e  t h e  e f f e c t  on  t h e  
c r o s s  s e c t i o n s  of v a r i a t m n s  zn t h e  s c a n n i n g  e f f ~ c l e n c y .  W i t h i n  a g z v e n  
s e t t i n g  v a r i a t i o n s  m n e u t r o n  s c a n n i n g  e f f z c z e n c y  a s  l a r g e  a s  25 % w e r e  o b -  
s e r v e d  f o r  d z f f e r e n t  s c a n n e r s .  S i n c e  l a r g e  n u m b e r s  of s c a n n e r s  w e r e  u s e d  
a n d  a l l  w o r k e d  on  r o l l s  f r o m  a l l  f o u r  s e t t i n g s ,  t h e r e  w a s  a g r e a t  d e a l  of 

I 0 0  

I0  

I 

dcr 
dt  

(orb) 
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Fig  11. D l f f e r e n t m l  c r o s s  s e c t i o n  m e a s u r e m e n t s  at  chf ferent  s e t t i n g s  for  two i n -  
c iden t  m o m e n t a .  
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a v e r a g a n g  out of the s c a n n e r  e f f i c i e n c y  v a r i a t m n s .  H o w e v e r  t h e r e  s t i l l  
r e m a i n e d  a p o s s i b i h t y  tha t  v a r i a t x o n s  in s c a n n e r  e f h c i e n c x e s  mxght p r o d u c e  
s i g n i f i c a n t  d i s c r e p a n c i e s  In the r e l a t i v e  n o r m a l i z a t i o n  b e t w e e n  d i f f e r e n t  
settmgs. 

Since a scanner could not measure more good events on a roll than 
actually exlsted, an upper hmlt to scanner variation dld exist. It was de- 
cided to select the three or four rolls wlth the hlghest yield out of the 
twenty to twenty-five rolls per settlng and to regard these as hawng a 
umform scanmng efficiency for the four settings. All other rolls at a given 
setting were then normalized to give the same yield of good events/monitor 
as these. 

The cross sections derlved by this techmque varied only slightly, gen- 
erally within errors ,  from those derived assumlng an averaging our of 
efhclencies. The agreement from setting to setting m the overlap region, 
while good in both cases, seemed somewhat better wlth the select roll 
normahzatlon and so the select roll normahzatlon was used. In hg. 11 the 
data for two incident momentum ranges for each of the three settings are 
compared. The agreement is quite good in the overlap regmn. 

5.4. Correc t zons  
In the  c o m p u t a t i o n  of c r o s s  s e c t i o n s ,  only  e v e n t s  wi th  ×2 l e s s  than 15 

f r o m  r o l l s  with the  t a r g e t  ful l  w e r e  u sed .  To ob ta in  the t a r g e t - e m p t y  
c o r r e c t i o n ,  the  s a m e  p r o c e d u r e  was  u sed  fo r  the  t a r g e t - e m p t y  r o l l s .  S ince  
a l l  c r o s s  s e c t i o n s  w e r e  c a l c u l a t e d  on the b a s i s  of e v e n t s  p e r  m o m t o r ,  the  
c r o s s  s e c t i o n s  p r o d u c e d  by  p r o c e s s i n g  the t a r g e t - e m p t y  r o l l s  w e r e  e x a c t l y  
the  c o n t r i b u t i o n s  m a d e  to the  a c t u a l  c r o s s  s e c t m n s  by  i n t e r a c t i o n s  o c c u r -  
r i n g  m the t a r g e t  f l a s k  and j a c k e t  which  s i m u l a t e d  good e v e n t s .  T h e s e  
v a l u e s  w e r e  thus  the t a r g e t - e m p t y  s u b t r a c t i o n .  T h e i r  v a l u e  was  a l w a y s  
l e s s  than  1% of the m e a s u r e d  c r o s s  s e c t i o n .  

The c o r r e c t m n  fo r  m e l a s t I c s  was  s o m e w h a t  l a r g e r  and  m o r e  c o m p l e x .  
C r o s s  s e c t i o n s  w e r e  c a l c u l a t e d  fo r  e v e n t s  wi th  ×2 b e t w e e n  30 and 55 
( i n s t ead  of 0 to 15 u sed  f o r  n o r m a l  c a l c u l a t i o n s ) .  The  c r o s s  s e c t i o n s  fo r  
the  X 2 r a n g e  30 to 55 w e r e  i n t ended  to r e p r e s e n t  the  c o n t r i b u t i o n  of m e l a s -  
tlcs simulating good events in the measured cross sectlons. This estimate 
of the inelastic correction was obtained from plots such as fig. 12. If a 
hnear dependence of the background wlth X 2 is assumed, the area under 
the hne for X 2 between 0 and 15 is approximately equal to the area between 
30 and 55. This procedure assumes that the background does not peak up 
at small X 2. It is difficult to ]ustlfy thls assumption except on the intuitive 
grounds that the background is composed of inelastic events which would 
not be expected to agree with the kinematics of elastic scattering as would 
be required to give a strong peak at small X 2. More speclfieally, since 
most inelastlcs would have three or more body final states, for every coin- 
cldentally coplanar inelastic with a small ×2 one would expect to see a 
number of non-coplanar inelastlcs contributing to large X 2. The magnitude 
of the inelastic subtraction ranged from 1.4 + 0.3% at small Itl to 29 + 11~o 
at large It I. The uncertainties in these subtractions are statlstlcal. 
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Fig. 12. Typical X 2 dtstributlon for a region m t containing a relatwely low melastm 
contammatmn. 

5.5. Checks  
A s h o w e r  p roduced  by a 7 in  the n e u t r o n  s p a r k  c h a m b e r  a r r a y  could 

s i m u l a t e  a n e u t r o n  shower .  Whi le  i t  was  b e l i e v e d  that  the s h o w e r s  p roduced  
w e r e  s o m e w h a t  d i f f e r en t ,  no e f for t  was  made  to d i s c r i m i n a t e  a g a i n s t  the 
g a m m a s  d u r i n g  s c a n n i n g .  S ince  the c o n t a m i n a t i o n  of the b e a m  by g a m m a s  
was  n e v e r  r e a l l y  d e t e r m i n e d  and the a n a l y s i s  was not v e r y  s e n s i t i v e  to the 
i n c i d e n t  p a r t i c l e  m a s s ,  t h e r e  could p o s s i b l y  be a c o n t a m i n a t i o n  of the da ta  
by the r e a c t i o n  ~,p --* 7p.  In o r d e r  to check  fo r  th i s  r e a c t i o n  and  at  the s a m e  
t i m e  to check  for  a l l  o the r  r e a c t i o n s  which r e s u l t e d  in  a 7 t r i g g e r i n g  the 
n e u t r o n  c h a m b e r s ,  we u s e d  the fo l lowing  method:  E a c h  of the s e v e n  n e u t r o n  
c h a m b e r s  c o n s t i t u t e d  about  1.3 r a d i a t i o n  l eng t h s  but  only about  0.2 n u c l e a r  
m e a n  f r ee  pa ths .  T h e r e f o r e ,  g a m m a s  w e r e  much  m o r e  l i ke ly  to give_ 
only  the n e u t r o n s  whose  v e r t i c e s  w e r e  de t ec t ed  in  the f i r s t  s p a r k  c h a m b e r .  
If t h e r e  w e r e  a ~ c o n t a m i n a t i o n ,  the c o n t a m i n a t i o n  should  have been  ove r  
100 t i m e s  a s  g r e a t  in  the f i r s t  c h a m b e r  a s  m the four th  c h a m b e r .  S ince  the 
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c r o s s  s e c t m n s  b a s e d  on the f i r s t  c h a m b e r  events  were  within e r r o r s  the 
s a m e  as  the ove ra l l  c r o s s  s e c t m n s ,  ~t was concluded that  i ne l a s t i c  con tam-  
inat ion m v o l w a g  a 7 m the neutron a r r a y  were  not af fec t ing  the f inal  data .  
Th~s a l so  s e r v e d  as  a check that  the c r o s s  s e c t m ns  were  independent  of the 
o v e r a l l  e f f ic iency of the neutron de t ec to r .  

Ano the r  v e r y  impor t an t  check was made by gene ra t ing  s imu la t ed  events  
with the M o n t e - C a r l o  p r o g r a m  and them feeding the r e a l - s p a c e  s p a r k  
loca t ion  for  these  events  into the r e c o n s t r u c t m n  p r o g r a m .  Th~s involved 
a s s u m i n g  a def ini te  incident  neutron momentum and f o u r - m o m e n t u m  t r a n s -  
fe r  for  the event.  The k i n e m a t i c s  of the event  a r e  then s m e a r e d  out by 
coulomb s c a t t e r i n g ,  etc.  If the neutron momentum and f o u r - m o m e n t u m  
r e t u r n e d  by the r e c o n s t r u c t e d  p r o g r a m  a g r e e d  well  with the o r ig ina l  va lues ,  
it  ind ica ted  that  both the Monte Ca r lo  and r e c o n s t r u c t m n  p r o g r a m s  were  
funct lomng p r o p e r l y .  The r e s u l t s  of this  check a r e  shown m figs.  13 and 14. 
In addi t ion  this  p r o c e d u r e  gave an e s t i m a t e  of the unce r t a in t i e s  with whmh 
the f o u r - m o m e n t u m  t r a n s f e r  squared  and the incident  neut ron  momentum 
were  d e t e r m i n e d  (next sect ion) .  

5.6. U n c e r t a i n t y  e s t i m a t e s  
A c o m p r e h e n s i v e  study of the u n c e r t a m t m s  in the ca lcu la t ed  va lues  of 

the incident  neutron momentum and t was made us ing the M o n t e - C a r l o  
p r o g r a m .  F o r  a given Pinc and t the c o r r e s p o n d i n g  m e a s u r e d  qnant l t i es  
w e r e  ca lcu la ted .  These  quantlt~es were  then each s e p a r a t e l y  p e r t u r b e d  by 
the e s t i m a t e d  uncer t a in ty  in that quant i ty  and the Plnc and t r e c a l c u l a t e d .  
The e r r o r s  in Plnc and t r e s u l t i n g  f rom the p e r t u r b a t i o n  of the neutron 
s c a t t e r i n g  angle ,  p ro ton  r e c o i l  angle ,  and pro ton  r e c o i l  momentum were  
combined  in q u a d r a t u r e  to produce  the expected  unce r t a in ty  m Pinc and t. 

This  s tudy ind ica ted  that  the unce r t a in ty  in t was e s s e n t i a l l y  independent  
of t and Plnc ,  r e m a i n i n g  cons tant  a t  + 0.017 (GeV/c)  2. The uncer ta in ty  of 
Plnc was s t rong ly  a function of both t and P m c  and i s  shown in fig. 15. It 
is  i n t e r e s t i n g  to note that  a t  l a r g e  incident  momenta  and s m a l l  t, the un- 
c e r t a i n t y  b e c o m e s  v e r y  l a r g e .  The s i ze  of the P m c  bins  was chosen  with 
this  in mind. 

Another  e s t i m a t e  of the unce r t a in ty  of the incident  ene rgy  d e t e r m i n a t i o n  
was obtained by s tudying the raw event  neutron s p e c t r u m  as  shown in fig. 
16. If one a s s u m e s  that  the s p l l l o v e r  beyond 29.4 GeV/c ,  the AGS p r i m a r y  
beam energy ,  in th is  s p e c t r u m  was caused  by Gauss i an  unc e r t a i n t i e s  in a 
function l i n e a r l y  dropping  to z e r o  at  29.4 GeV/c ,  then the s t anda rd  dev i a -  
t ion of th is  unce r t a in ty  which mus t  be chosen to fit the data  is  + 2.5 GeV/c .  
Ca lcu la ted  e s t i m a t e s  of the u n c e r t a i n t i e s  g e n e r a l l y  a g r e e d  with the ob- 
s e r v e d  u n c e r t a i n t i e s .  

5.7. A b s o l u t e  n o r m a l i z a t i o n  
There  was no way to do an abso lu te  n o r m a h z a t i o n  i n t e rna l  to th is  ex-  

p e r i m e n t  s ince  the abso lu te  number  of neu t rons  in the beam and the i r  
momen tum d i s t r i b u t i o n  were  unknown. The n o r m a l i z a t i o n  was done by 
f i t t ing  the da ta  to the z e r o - d e g r e e  point d e t e r m i n e d  f rom the opt ica l  theo-  
r e m  and ex i s t ing  da ta  on the r ea l  p a r t  of the np fo rward  s c a t t e r i n g  a m p l i -  
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U N C E R T A I N T Y  IN  PBEAMVERSUS It l 
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I t l  (GeV/c) 2 

Fig.  15 The uncertainty m the incident neutron momentum as a function of the inci -  
dent momentum and the four-momentum t ransfe r  squared.  

tude .  E a c h  i n c i d e n t  m o m e n t u m  r a n g e  was  i n d e p e n d e n t l y  n o r m a l i z e d  by  t h i s  
m e thod .  A s  wel l  a s  r e m o v i n g  the need  fo r  knowing  the p r o p e r t i e s  of the  
i n c i d e n t  n e u t r o n  b e a m ,  th i s  a p p r o a c h  a l l o w e d  us to ob ta in  r e s u l t s  wi th  only 
a g e n e r a l  k n o w l e d g e  of the  r e s p o n s e  of the  n e u t r o n  d e t e c t o r .  I t  was  n e c e s -  
s a r y  only tha t  the  d e t e c t i o n  e f f i c i e n c y  be s l o w l y  v a r y i n g  w~th n e u t r o n  
m o m e n t u m .  F o r  a g~ven i n c i d e n t  m o m e n t u m  the d i f f e r e n c e  in the  m o m e n t u m  
of the  s c a t t e r e d  n e u t r o n s  o v e r  the  r a n g e  of t s t u d i e d  was  l e s s  than  0.9 
G e V / c .  A s i g n i f i c a n t  change  in d e t e c t i o n  e f f i c i e n c y  o v e r  such  a s m a l l  
m o m e n t u m  r a n g e  would  have  been  e x t r e m e l y  u n l i k e l y  s i n c e  the  e f f i c i e n c y  
w a s  s~mply  r e l a t e d  to the  p r o b a b i l i t y  of a n e u t r o n  i n t e r a c t i n g  m s t e e l .  The  
d a t a  a v a i l a b l e  i n d i c a t e  tha t  the  t o t a l  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 s  v a r y  
qu i t e  s l o w l y  with  m o m e n t u m  and ,  f u r t h e r m o r e ,  the  F e r m i  m o t i o n  of the  
n u c l e o n s  in the  i r o n  would wash  out  any  s t r u c t u r e  which  migh t  e x i s t .  

The  c r o s s  s e c t i o n  a t  t = 0 was  ob t a ined  f r o m  the  e x p r e s s i o n  [1] 
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UNGORRECTED INCIDENT NEUTRON SPECTRUM 
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Fig. 16. The incident neutron spectrum without correction for detection efflcmncy 

t = 0 -  161ra ( l + p 2 ) ,  

where a T is the np total c r o s s  sect lon and p the rat lo of the real  to the 
imaginary  par t  of the forward  sca t te r lng  amplitude. As discussed in ref. 
[ I ] ,  this neglects  the spin-dependent  amplitude. 

The value for a T (the total neu t ron-pro ton  c r o s s  section) used was 38 mb 
[15]. The values used for  p (the ra t io  of the real  to the imaginary  par t  of 
the sca t te r ing  amplitude) were obtained f rom exper iments  by Bellettlni et 
al. [16] and Dalkazhov et al. [17]. A l inear  var ia t ion  of p with Pinc was 
a s sumed  with p = - 0.33 near  20 GeV/c  and p = - 0.45 near  5 GeV/c.  

The normal iza t ion  was done in the following way: A l inear  fit in ln(da/dt)  
v e r s u s  It[ was made for  the data with It I ~< 0.5 (GeV/c) 2. The point of 
in te rsec t ion  of this line with the t = 0 axis was calculated for each incident 
momentum range. The factor  required  to shift the in tercept  to the optical-  
theorem points was then calculated.  This fac tor  was then used to multiply 
each point and uncertainty in that incident momentum range to obtain 
p rope r ly  normal ized  data. The uncer ta inty in normal iza t ion  is p r imar i l y  
due to uncer ta int ies  in a T and p, both of which a re  substantial .  There  is 
a lso  some question as to the adequacy of a l inear  fit to the data for t < 0.5. 

A resonable  es t imate  of the uncer ta inty in normal iza t ion  is + 12 %. The 
quoted c r o s s  sect ions  can easi ly  be co r rec t ed  when bet ter  data a re  avai l-  
able. The values of p and o T used a re  given with the resu l t s  for  dcr/dt in 
table 3. 
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6. R E S U L T S  

6.1.  Inc iden t  n e u t r o n  s p e c t r u m  
E a c h  i n c i d e n t - n e u t r o n  e n e r g y  r a n g e  was  i n d e p e n d e n t l y  n o r m a h z e d  such  

tha t  the  foUowlng equa t ion  r e p r e s e n t s  the  r e l a t i o n  of the  o b s e r v e d  c r o s s  
s e c t i o n  a t  t = 0 to tha t  c a l c u l a t e d  a t  t = 0 u s ing  the optzca l  t h e o r e m .  

dcr ~tt=O -fit- t=O Nn E M ° n t e  E n e u  ' 
(3C 

o b s e r v e d  o p t i c a l  
p o m t  

w h e r e  N n i s  the  n e u t r o n  f lux,  E M o n t  e i s  the  g e o m e t r m  e f f i c i e n c y  and E n e  u 
i s  the  n e u t r o n  d e t e c t i o n  e f f i c i e n c y .  We then a s s u m e d  tha t  the  n e u t r o n  d e t e c -  
t ion  e f f i c i e n c y  was  i n d e p e n d e n t  of the  n e u t r o n  m o m e n t u m ,  which  should  b e  
a good a s s u m p t i o n  fo r  a l l  but  the  l o w e s t  e n e r g z e s ,  and d e r i v e d  the fo l lowing  
eq uat~ on" 
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F~g 17. Comparzson of our secondary neutron beam spectrum to a secondary proton 
beam spect rum and the Trfl l lng parameter lza t ion  for secondary  proton beams.  
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~-~ t=0 
obse rved  

n 
- ~  t=0 E Monte 

optical  
pmnt  

This  gave us a m e a s u r e  of the incident neutron s p e c t r u m .  In fig. 17 the 
s p e c t r u m ,  as  de t e rmined  by thin method,  is  shown along with a c o m p a r a b l e  
s econda ry  pro ton  s p e c t r u m  [18] and a p red ic t ion  obtained by using the 
Tr i l l ing  fit [19] to data  for  m e t a s t i c  pro ton  p roduc tmn f r o m  a hydrogen 
t a rge t  (as adapted to a be ry l l i um target ) .  T r i I l i n g ' s  e x p r e s s i o n  is 

d2N _ p 2 1 1 + 0 . 4 7  + - - P  e[ - 3.0(p0)2] 

In our case  the p r i m a r y  b e a m  m o m e n t u m  P B  was 29.4 OeV/c and the angle 
with r e s p e c t  to the incident beam 0 was 0.85 °. This  equation gave the f o r m  
of the m s m g  por t ion  of the s p e c t r u m  only. Our  neutron s p e c t r u m  does  not 
a g r e e  well  with the proton s p e c t r u m  or  the T r i l l i ng  p a r a m e t e r i z a t i o n .  

6.2. C r o s s  s ec t i ons  
In figs.  18 and 19 a r e  plot ted our  c r o s s  sec t ions  which appea r  in t abu la r  

f o r m  m table  3 a long with the va lues  of a T and p used in the normal iza t ion .  
These  data r e p r e s e n t  22 500 e las t ic  s c a t t e r s  obtained f r o m  350 000 p a i r s  of 
f r a m e s  of f i lm. The e r r o r s  a s s igned  to the va lues  include: (1) s t a tmt lca i  
e r r o r s  m the m e a s u r e m e n t s ,  (2) e r r o r s  in the d e t e r m m a t m n  of the de tec -  
t ion eff ic iency,  (3) e r r o r s  in the t a r g e t - e m p t y  s u b t r a c t m n  and (4) e r r o r s  
m the ine las t ic  background co r r ec t ion .  

I01 

"~ I0° 
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~ INC ~ 7 4 -I- 2 6eV/c 
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~ e-(701 _~ 43)1tl 
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o, 
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%1 ~ II'171Z ~ 3~)l'tl 

I I I I i ~ 1  
2 4 6 8 I 0  12  

I t l  (GeV/c) a 

~ INC ,15 4 +-2 GeV/¢ 
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o o 
i, 
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t I I I i ~ \  
2 4 ~ 8 10 IZ 

Fig.  18. Neutron-pro ton  e l a s t m  s c a t t ~ m ~ g  d i f f er e n t i a l  c r o s s  s e c t i o n s  wi th  e x p o n e n -  
tLal fit f o r | t  |< 0.5 (GeV/c) 2. 
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Fig. 19. Neutron-proton elastm scattering differential cross sections with exponen- 
t,al fit for I t | <  0.5 (GeV/c) 2, 

The exponen t i a l  c u r v ~ w h l c h  a p p e a r s  m the p lo t s  is  a fit to A e  -b It I for  
da ta  po in t s  with {t I < 0.5 (GeV/c)2.  T h e s e  c u r v e s  fit  wel l  m th is  r eg ion  
and  the t = 0 i n t e r c e p t  zs wel l  d e t e r m i n e d .  The t = 0 p r o j e c t i o n s  of these  
c u r v e s  w e r e  used to obta in  the abso lu t e  n o r m a l i z a t m n s  as  d~scussed  e a r -  
l i e r .  U n c e r t a i n t i e s  in n o r m a h z a t z o n  have not b e e n  inc luded  m the e r r o r  
a s s i g n m e n t s .  

The c r o s s  s e c t i o n s  in  a l l  c a s e s  d rop  smoo th ly  with i n c r e a s i n g  It{ and 
show no s t r u c t u r e  a s i d e  f r o m  the d l f f r a c t m n  peak.  In looking at  the s lope 
of the d l f f rac tzon  peak,  t he r e  is  some  lndzca tmn that  it  i s  s t e e p e r  at  h i g h e r  
i nc iden t  m o m e n t a .  At the lowes t  m o m e n t a  t he r e  is  a d i s t r ac t  c u r v a t u r e  to 
the p lo t s ;  th is  is  not a p p a r e n t  at  the h i g h e r  m o m e n t a  m the t - r a n g e  s tud ied .  

6.3. Ft ts  and compar i sons  to other  data 
The m o s t  of ten quoted fit a p p h e d  to d i f f e r e n t i a l  c r o s s  s e c t i on  data  in the 

d i f f r a c t i o n  regzon as: 

Table 4 I I 
Parameters  of the fit of the experimental data to Ae-bl t I. 

Pmc b X2 Degrees of 
(GeV/c) (GeV/c) -2 freedom 

7 .4±2 .0  7 .01±0.43 4.4 5 
1 1 4 ± 2 . 0  7 .12±0.33 3.6 5 
15 .4±2.0  7 .29±0.35 6.8 5 
19 .4±2.0  7 .31~0.35  4.0 4 
23 .4±2.0  8 .57±0.53 152 4 
27 .4±2.0  8 .58±0.62 4.4 2 
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d__~_~ =Ae-bltl  
dt 

These  fits a re  shown in figs. 18 and 19. The fxtted values of b a re  tabulated 
in table 4. The fits a re  general ly  good and the trend toward s teeper  slopes 
of the dlffractxon peak with increas ing  incident momentum is apparent.  No 
explanation for the poor  fit m the 23.4 ± 2.0 GeV/c bxn is known. 

It is in teres t ing to compare  our data wxth the p ro ton-pro ton  data and the 
l ower - ene rgy  neut ron-pro ton  data. Measurements  in the d , f f rac tmn regmn 
for p ro ton-pro ton  sca t te r ing  have been made by a number  of groups over a 
wide range of energies .  Measurements  in the dlffractxon regaon for neutron- 
proton sca t te r ing  have been made up to 7 GeV/c at the Bevatron [1] and up 
to 17 GeV/c at the CERN Proton Synchrotron [20]. Fig. 20 shows the fitted 
values of the p a r a m e t e r  b. Sohd symbols  a re  used for the neut ron-proton  
sys tem xncludlng our experiment ,  and open symbols  a re  used for  the 
p ro ton-pro ton  sys tem.  All data were fitted with the same fitting p rog ram 
for  values of I t [  less  than 0.5 (GeV/c) 2 except the CERN data [20]. For  
these data there were insufficient points below 0.5 (GeV/c) 2 to allow a fit 
so the au thors '  own values for the slope were used whmh included points 
out to It ] = 0.8 (GeV/c) 2 xn the fit. There  xs some indication that this may 
cause the slopes to appear  to be somewhat  less  steep than when sma l l e r  
t -va lues  a re  used, especia l ly  at lower beam momenta.  The recent  
Serpukhov data [5] indicated by the dashed line a re  for  ve ry  smal l  t and 
a re  repor ted  to have sys temat ic  uncer ta int ies  of approximate ly  + 0.5. Nev- 
e r the less  these data a re  still  significant xn lndmating a trend for the pa r am-  
e ter  b to inc rease  with Pinc  at higher energies  in the p ro ton-pro ton  sys tem.  

Our data agree  well with the low and mte rmedmte  momentum neutron- 
proton data. However there is some indication that the neut ron-pro ton  
slopes a re  less  than the p ro ton-pro ton  slopes above 6 GeV/c.  The differ-  
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ence  zs s m a l l ,  no m o r e  than  two s t a n d a r d  d e v i a t i o n s  a t  any  po in t ,  but  t h e r e  
d o e s  s e e m  to be  a dzp a t  6 G e V / c  in the  n e u t r o n - p r o t o n  p a r a m e t e r  a f t e r  
which  zt r e m a i n s  b e l o w  the p r o t o n - p r o t o n  v a l u e s .  Both s e t s  of s l o p e s  do 
run  p a r a l l e l  a f t e r  the  d ip  znd lca t lng  c o m p a r a b l e  s h r i n k a g e  of the  d z f f r a c h o n  
p e a k .  

A m o r e  t r a n s p a r e n t  p a r a m e t r i z a h o n  m which  to s tudy  s h r i n k a g e  i s  the  
e x p r e s s i o n  s u g g e s t e d  by  the one R e g g e  po l e  m o d e l  d i s c u s s e d  e a r l i e r  in 
s e c t .  2, 

~tt : f ( t )  
e2[Ot (t)-  1][ln s] 

= f ( t )  s 2(° t0-1)  s 2 ~ l t  , 

w h e r e  f ( t )  = [ f lp( t ) ]2 / (16~)  and otp(t)  i s  t aken  to be  h n e a r  m t, o tp  = ot0+Otl t .  
H e r e  s, the  c .m .  e n e r g y  s q u a r e d ,  i s  in (Ge V /c )  2, tha t  i s ,  the  Regge  
p a r a m e t e r  c o n v e n t i o n a l l y  c a l l e d  s o has  b e e n  t aken  to be 1.0 ( G e V / c )  2. 

The  a c t u a l  f i t  was  m a d e  in the fo l lowing  m a n n e r .  F o r  e a c h  t - r a n g e ,  a 
v a l u e  f o r  ot was  o b t a i n e d  uszng the d a t a  fo r  the  s ix  d i f f e r e n t  v a l u e s  of znc~- 
dent  m o m e n t a .  In fzg. 21 a r e  p lo t t ed  the  v a l u e s  ob t a ined  fo r  ot a s  a functzoa 
of the  t - r a n g e  used .  We s e e  tha t  a l i n e a r  f i t  to t h e s e  p o i n t s  i s  not u n r e a s o n -  
a b l e .  The  f i t  was  r a t h e r  p o o r  wi th  a X 2 of 41 fo r  7 d e g r e e s  of f r e e d o m .  The  
func t ion  ob t a ined  f o r  c~ was :  
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Fig. 21. Values of or(t) as  a function of t obtained from fits to the data. 
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np oz(t) : (1 .08  ± 0 . 0 5 ) -  (0 .86 ± 0 .14 )  ]tl • 

The negative coefficient of the l inear  t e rm in I tl indicates that there is 
shrinkage.  Let  us look at values obtained for  the function o~ for other elast ic  
sca t t e r ing  react ions :  

pp or(t) = (1.05 + 0.02)-  (0.69 + 0.05) It{ , (ref. [23]) 

~p ~(t) = (0.90 + 0.08)+(0.91 ± 0.38) Itl , (ref. [23]) 

u+p ~(t) = (0.94 ± 0.02)-  (0.10 ± 0.07) Itl , (ref. [24]) 

u-p (~(t) = (0.98 ± 0.03)+(0.06 + 0.07) Itl , (ref. [23]) 

K+p or(t) = (1.06 ± 0.07)-  (0.50 ± 0.16) It{ , (ref. [25]) 

g - p  (x(t) = (1.00 ± 0.14)+(0.39 ± 0.32) It{ . (ref. [23]) 

If one studies the or(t) of these var ious  Interact ions ,  one notices the s t r ik ing 
s imi la r i ty  between the p ro ton-pro ton  o~(t) and the or(t) obtained for  the 
neu t ron-pro ton  sys tem.  A negative ot 1 t e rm cor responds  to a diffract ion 
peak which shrinks in width with increas ing  energy.  Thus both nucleon-nu-  
cleon sys t ems  show shrinkage.  The In terpre ta t ion of a(t) for the meson-  
nucleon and nucleon-ant lnucleon sys t ems  IS not so s t ra ight forward  [27]. 
The pro ton-ant lpro ton  sys tem shows ant l shrmkage;  that is, the diffract ion 
peak slope d e c r e a s e s  with increas ing  energy.  But for  this sys tem data 
exist  only up to 12 GeV/c .  The pion-nucleon sys tem,  with present  data up 
to 20 GeV/c ,  shows neither  shrinkage nor  ant ishr lnkage;  the slope in 
constant  with energy.  The K-p sys tem may show a slight ant ishr inkage in 
the range of 10 to 18 GeV/c,  but the data is poor.  Final ly the K+p sys tem 
shows shr inkage below 15 GeV/c;  there  is no data above 15 GeV/c.  There -  
fore  only the p ro ton-pro ton  and neut ron-pro ton  sys t ems  show c lear  shr ink-  
age in the momentum range above 10 GeV/c.  

In fig. 22 we compare  neut ron-pro ton  c r o s s  sect ions at two momenta  
with p ro ton-pro ton  c r o s s  sect ions at comparable  momenta.  The c r o s s  
sect ions  have all been normal ized  to the same value at t = 0 so the plot is 
intended only to descr ibe  the relat ive shape. The behavior  of the neutron-  
proton data is in general  ag reement  with the p ro ton-pro ton  data. 

One of the most  in teres t ing aspec t s  of the p ro ton-pro ton  data is the 
dist inct  break  which occurs  in the 19 GeV/c data at a I tl of about 1.2 
(GeV/c) 2. Unfortunately our data a re  not good enough in that t - r e g i o n  to 
make any s ta tement  about a s imi l a r  b reak  in the neut ron-pro ton  data. 

An additional pa ramete r i za t ion  which has been quite successfu l ly  apphed 
by Kr isch  to~th~ pro ton-pro ton  sys tem consis ts  of regard ing  d a / d t  as a 
function of [3zP z (ref. [28]) where P± is the component of t r an s f e r r ed  mo-  
mentum perpendicu lar  to the incident momentum and/3 is the proton ve loc-  
Ity in the c.m. The functional form actual ly  employed by Kr isch  was: 

l f l2P  2 + A 2 e s 2 f l 2 P ~  ^ + A 3 e s3/32P~ ^ dcr e s 
dt - A1 

This pa r ame te r l za t l on  gives a good fit to mos t  of the p ro ton-pro ton  data at 
energ ies  above 3 GeV. 
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Fig. 22. The np and pp cross sections at comparable energms. 

Be fo re  app ly ing  this  h t  to the n e u t r o n - p r o t o n  data ,  t he r e  a r e  two a s -  
pec t s  of the p a r a m e t e r l z a t l o n  whmh a r e  wor th  m e n t i o n i n g .  F i r s t ,  m thzs 

t z 2 Z parame eri ation the differential cross sections at t = 0 (/3 P .  = 0) are in- 
dependent of the incident energy. In view of the slowly varying total cross 
section and the optical theorem, this is only approximately true. Second, 
an ambiguity exzsts in the application of this parameterizatlon to the neu- 
tron-proton system. In the proton-proton system there is, by vlrtue of 
particle zdentlty, no backward scattering; in the neutron-proton system 
where the particles are not identical, backward scattering occurs. For 
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s o m e  va lues  of fi2p2, t he re  a r e  two d i f f e ren t  va lue s  of the c r o s s  sec t ion ,  
one c o r r e s p o n d i n g  to the b a c k w a r d  h e m i s p h e r e  and the o the r  to the f o r w a r d  
h e m z s p h e r e .  F o r  this  r e a s o n  when we apply  this  to n e u t r o n - p r o t o n  data ,  we 
wil l  l im i t  o u r s e l v e s  to the f o r w a r d  s c a t t e r i n g  reg ion .  

The p r e s e n t l y  ava i l ab le  n e u t r o n - p r o t o n  data  a r e  only adequa te  to a l low a 
fit  m two exponen t ia l s .  The r e s u l t  of app ly ing  this  fit to the n e u t r o n - p r o t o n  
da ta  is shown zn fig. 23. A r e a s o n a b l e  fit,  the s o h d  hne  m fig. 23, can be 
obta ined fo r  the low m o m e n t u m  n e u t r o n - p r o t o n  data  f r o m  the B e v a t r o n  [1] 
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Fig.  23. Neutron-proton c r o s s  sec t ions  plotted against  f12p2 and the curve for the fit  
obtained for the proton-proton data m this  parameter l za t ion .  
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which  a g r e e  wath the  l o w e s t  m o m e n t u m  s e t  of our  da ta .  The f i t  ob ta ined  i s  
d e f i n i t e l y  l e s s  s t e e p  than ob t a ined  fo r  the  p r o t o n - p r o t o n  da ta .  Th i s  i s  con-  
s l s t e n t  w~th the  g e n e r a l l y  s m a l l e r  v a l u e s  of the  b p a r a m e t e r  o b s e r v e d  e a r -  
h e r .  The  h i g h e r  m o m e n t u m  n e u t r o n - p r o t o n  d a t a  a r e  found to f a l l  m g m f i -  
c a n t l y  b e l o w  the  c u r v e  and,  m fac t ,  a p p e a r  to f a l l  m o r e  n e a r l y  on the 
p r o t o n - p r o t o n  h n e  than  the low m o m e n t u m  n e u t r o n - p r o t o n  d a t a ,  a s  can  be  
s e e n  m fig.  23. We conc lude  tha t  t h i s  p a r a m e t e r l z a t l o n  d o e s  not  f i t  the  neu-  
t r o n - p r o t o n  d a t a  a s  we l l  a s  the  p r o t o n - p r o t o n  da t a .  

6.4.  Conc lus lons  
The  r e s u l t s  of t h i s  e x p e r i m e n t  i n d i c a t e  tha t  the n e u t r o n - p r o t o n  d i f f e r e n -  

t i a l  c r o s s  s e c t m n  is  c h a r a c t e r i z e d  by a s m o o t h l y  f a l h n g  d i f f r a c t i o n  p e a k  
wi thou t  a u x i l i a r y  s t r u c t u r e .  The f o r w a r d  p e a k  d e f i n i t e l y  d o e s  show s h r i n k -  
a g e .  The  n e u t r o n - p r o t o n  and p r o t o n - p r o t o n  c r o s s  s e c t i o n s  a r e ,  m g e n e r a l ,  
v e r y  s i m i l a r  but  do show one n o t i c e a b l e  d i f f e r e n c e .  Th i s  d i f f e r e n c e  con-  
r e s t s  of a s o m e w h a t  l e s s  s t e e p  d i f f r a c t m n  s l o p e  f o r  the n e u t r o n - p r o t o n  
s y s t e m  than  fo r  the  p r o t o n - p r o t o n  s y s t e m  f r o m  6 G e V / c  out  to a t  l e a s t  
20 G e V / c .  A b o v e  20 G e V / c  the  d a t a  no l o n g e r  m d m a t e  a d i f f e r e n c e  m the 
s l o p e s .  

J .  Cox and W. T. T o n e r  m a d e  m a n y  i m p o r t a n t  c o n t r i b u t i o n s  to  th i s  e x -  
p e r i m e n t ,  e s p e c i a l l y  m the s e t u p  and d a t a - t a k i n g  p h a s e .  

The  a s s i s t a n c e  of J .  San fo rd ,  W. M e r k l e ,  and  the e n t i r e  A. G .S .  s t a f f  i s  
g r a t e f u l l y  a c k n o w l e d g e d .  We a l s o  a p p r e c i a t e  the  a s s i s t a n c e  of G. D e M e e s t e r ,  
O. H a a s ,  S. T. P o w e l l ,  III ,  R. S e e f r e d ,  J .  Smi th ,  and  S. W~lson d u r i n g  the 
s e t t i n g  up p r o c e d u r e .  

F o r  t h e i r  he lp  w~th the A u t o m a t i c  S c a n m n g  S y s t e m ,  we would l i ke  to 
thank  K. F a u s e r  and P.  B e r n e i s ;  f o r  t h e i r  a i d  d u r i n g  the d a t a  a n a l y s i s ,  we 
w i sh  to thank  B. T h o m p s o n ,  M. F o l l e b o u t ,  R. Whi tney ,  and  J .  B a r n e s .  
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