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A m e a s u r e m e n t  of the different ia l  c ross  sect ion for  the react ion n+p --*d+ 7r ° has been made using a 
neutron beam with kinet ic  energ ies  up to 720 MeV. The angle and momentum of the deuterons  were mea-  
sured  using an analyzing magnet  and wire spark  chambers  with a magne tos t r ie t ive  readout.  The photons 
f rom the decaying ~o were not detected. The neutron energy was calculated f rom the measu red  deuteron 
angle and momentum.  The c ros s  sect ions  are  compared  to those for the reac t ion  n++d ~ p+p as a tes t  of 
isotopic spin invar iance  in s t rong in terac t ions .  The symmet ry  of the c ross  sect ions  about 90 ° is also 
invest igated,  and an upper l imi t  of about 1% is placed on the real  par t  of the ra t io  of i sospin-vio la t ing  to 
i sosp in -conse rv ing  ampli tudes.  

A m e a s u r e m e n t  of t h e  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  f o r  t he  r e a c t i o n  n+p-*  d+~ ° h a s  b e e n  m a d e  
a t  t he  L.  R. L.  1 8 4 - i n c h  c y c l o t r o n  w i th  i n c i d e n t  
n e u t r o n  e n e r g i e s  f r o m  t h r e s h o l d  to  720 MeV.  T h e  
r e s u l t s  s e r v e  a s  a t e s t  of i s o t o p i c  s p i n  i n v a r i -  
a n c e  of s t r o n g  i n t e r a c t i o n s .  T h e  e x p e r i m e n t  w a s  
s e t  up p r i m a r i l y  to  t e s t  t i m e  r e v e r s a l  i n v a r i a n c e  
in  t h e  p h o t o d i s i n t e g r a t i o n  of t h e  d e u t e r o n  by  
m e a s u r i n g  t h e  c r o s s  s e c t i o n  f o r  t h e  r e a c t i o n  
n + p ~ d + v  [1],  bu t ,  w i th  v e r y  l i t t l e  e x t r a  e f f o r t ,  
a b o u t  4.5 × 105 e v e n t s  w e r e  t a k e n  to  o b t a i n  t h e  
n + p ~ d + ~  o c r o s s  s e c t i o n .  A f t e r  a c c i d e n t a l s  w e r e  
e l i m i n a t e d  a n d  f i d u c i a l  c u t s  a p p l i e d ,  a b o u t  2 . 5 ×  
105 e v e n t s  r e m a i n e d .  Ha l f  of t h e s e  e v e n t s  w e r e  
t h e  d e s i r e d  d+~ ° p r o d u c t i o n  wi th  ~1% c o n t a m i n a -  
t i o n  f r o m  the  d+7 r e a c t i o n .  T h e  r e m a i n i n g  e v e n t s  
w e r e  f r o m  n e u t r o n  e l a s t i c  a n d  i n e l a s t i c  s c a t -  
t e r i n g .  

T h e  e x p e r i m e n t a l  1 a y o u t  i s  s h o w n  in  f ig .  1. A 
n e u t r a l  b e a m  wi th  a n  i n t e n s i t y  of ~106  n e u -  
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t r o n s / s e c  and  a 0 ° t a k e o f f  a n g l e  w a s  c r e a t e d  by  
b o m b a r d i n g  a b e r y l l i u m  t a r g e t  wi th  p r o t o n s  c i r -  
c u l a t i n g  i n s i d e  t he  c y c l o t r o n .  T h e  d e u t e r o n s  
f r o m  the  d+~ o p r o d u c t i o n  h a v e  a m a x i m u m  l a b o -  
r a t o r y  a n g l e  of 14 ° and  w e r e  d e t e c t e d  in s p a r k  
c h a m b e r s  wi th  a m a g n e t o s t r i c t i v e  r e a d o u t  s y s -  
t e m  [2]. T h e s e  w e r e  f i r e d  w h e n  a c o i n c i d e n c e  
b e t w e e n  D 1 and  D 2 o c c u r r e d .  T h e  p h o t o n s  f r o m  
the  d e c a y i n g  ~o w e r e  not  d e t e c t e d .  A n  o n - l i n e  
P D P - 5  c o m p u t e r  w a s  u s e d  to  c o n t i n u o u s l y  m o n i -  
t o r  t h e  e x p e r i m e n t  and  r e c o r d  t he  m a g n e t o s t r i c t -  
i ve  s c a l a r  r e a d i n g s ,  b e a m  m o n i t o r  s c a l a r s ,  a n d  
t i m e  of f l igh t  b e t w e e n  D 1 a n d  D 2. 

F o r  e a c h  e v e n t  t he  l o c a t i o n s  of t h e  s p a r k s  
w e r e  r e c o n s t r u c t e d ,  a n d  t he  o r b i t s  w e r e  i n t e -  
g r a t e d  t h r o u g h  t he  s p e c t r o m e t e r  to  o b t a i n  t h e  
p a r t i c l e  m o m e n t u m .  T h e  d a t a  w e r e  b i n n e d  a c -  
c o r d i n g  to l a b o r a t o r y  a n g l e ,  m o m e n t u m ,  a n d  
t i m e  of f l igh t .  F o r  p a r t i c l e s  of t he  s a m e  m o -  
m e n t u m ,  t he  t i m e  of f l i gh t  i n f o r m a t i o n  w a s  u s e d  
to s e p a r a t e  t he  f a s t e r  m o v i n g  p r o t o n s  f r o m  the  
d e u t e r o n s .  T h e  n e u t r o n  e n e r g y  was  c a l c u l a t e d  
f r o m  the  m e a s u r e d  d e u t e r o n  a n g l e  a n d  m o m e n -  
t u m .  

D e t e c t i o n  e f f i c i e n c i e s  of t he  a p p a r a t u s  w e r e  
c o m p u t e d  by  a m e t h o d  s i m i l a r  to  t he  u s u a l  M o n -  
t e  C a r l o  t e c h n i q u e .  I n c l u d e d  in t h i s  c a l c u l a t i o n  
w e r e  c o r r e c t i o n s  f o r  e n e r g y  l o s s  a n d  m u l t i p l e  
C o u l o m b  s c a t t e r i n g .  F u r t h e r  c o r r e c t i o n s  to  t he  
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data (N 10%) were  made for  d+~ contaminat ion,  
sca t t e r ing  f rom the t a rge t  wal ls ,  and deuteron 
absorpt ion.  

Because  the incident  neutron energy  was un- 
known and the t h r ee  components  of momentum of 
the ~o were  unmeasured ,  we have a ze ro  con-  
s t ra in t  fit to the n+p~  d+~ ° react ion .  The ident i -  
f ica t ion of the deuteron  is  a suff icient  s ignature  
for  the n+p-~ d+~ ° r eac t ion  because ,  except  for  
the sma l l  n+p ~d+y  contr ibut ion,  this  is the only 
s ignif icant  r eac t ion  producing deuterons  at these  
beam ene rg i e s  in the range of angles  and m o m e n -  
ta  studied. Deuterons  f r o m  n+p~d+2~ were  e s t i -  
mated to be <0.01% of the sample.  The resul t ing  
c o r r e c t i o n s  to the c r o s s  sec t ions  would range  
f r o m  0 to 0.3% and were  neglected.  

In the neutron energy calcula t ion the re  is  a 
two-fo ld  ambiguity for  ce r t a in  ranges  of deuteron 
angle and momentum as shown in the shaded r e -  
gion of fig. 2. In th is  reg ion  deuterons  of two dif-  
f e ren t  ene rg i e s  in the cen te r  of mass  can have 
the same labora to ry  angle and momentum.  Be-  
cause  of the ze ro  cons t ra in t  fit ,  this  ambiguity 
cannot be expl ic i t ly  r e so lved .  However  the data 
in the ambiguous reg ion  s e r v e  as a cons i s tency  
check for  the c r o s s  sec t ions  m e a s u r e d  in the 
non-ambiguous  region.  

Typica l  r e su l t s  a r e  shown in fig. 3 with the 
ambiguous points  plot ted as open c i r c l e s .  R e -  
sul ts  f r o m  Pr ince ton  [3] for  the r eac t ion  n+p 
~°+d and f r o m  CERN [4] for  p+p ~ ~++d a r e  shown 
as well ;  for  c l a r i ty ,  only a few typical  e r r o r s  
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4 

2 

are  displayed. The CERN data a re  r e f l ec t ed  
about 90 ° and plot ted twice.  Since the n o r m a l i -  
zation of our data cannot be es tab l i shed  ve ry  ac -  
cura te ly  it was adjusted by eye to fit the P r i n c e -  
ton and CERN data. 

The e r r o r s  in our data in the ambiguous r e -  
gion a re  l a rge  because  of the sens i t ive  dependen- 
ce upon sys t ema t i c s .  To get the sys temat ic  e r -  
r o r s ,  we v a r i e d  the labora tory  momentum m e a -  
su remen t  by 0.5% and the angle m e a s u r e m e n t  by 

.= • 
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Fig.2. Deuteron kinematics for n+p~ ?r°+d. 

84 



Volume  35B, n u m b e r  1 P H Y S I C S  L E T T E R S  26 A p r i l  1971 

80 

6c 

=T= 

20 

• • This Experiment 425 Mev 
o Princeton 42.2 Mev 

t 
o 

.2 

• • This Experiment 625 Mev I t • CERN 616 Mev "[ 
o Princeton 612 Mev 

° , ~  

20 40 60 80 l l 140 160 180 4 GO I 
ee l .  e¢~. 

i ~ o '  ' ,20 I 160 180 

15C 

IOC 

5c 

o • This Experiment 475 Mev 
a Princeton 465 Mev 

! ]t 
° ~ 

t 

"3. 

o • This Experiment 67,5 Mev 
• CERN 662 Mev 

t i "  
& am a~ & 

20 , o  • , , , i ,eo e zo , o  ~ ~o ,& , 140 160 i$0 
ecM ecM 

Fig.3. Cross  sect ions .  The re su l t s  f rom a previous  m e a s u r e m e n t  of n+p --~?;°+d at Pr ince ton  are  shown [3]. The 
CERN data [4] were obtained f rom a m e a s u r e m e n t  of ~'++d--~p+p; detai led balance was used to t r ans fo rm to p+p 
~++d, and the c ross  sect ions  were divided by two to faci l i ta te  compar ison with n+p--* ~°+d. Our data have been nor -  

mal ized  to the Pr ince ton  and CERN data. 

0 .05 ° , c o r r e s p o n d i n g  to e s t i m a t e d  s y s t e m a t i c  
u n c e r t a i n t i e s  in  t h e s e  q u a n t i t i e s ,  a n d  r e c o m p u t e d  
t h e  v a r i o u s  c r o s s  s e c t i o n s .  T h e  r e s u l t i n g  v a r i a -  
t i o n  of t he  c r o s s  s e c t i o n  w a s  c o m b i n e d  wi th  t h e  
s t a t i s t i c a l  e r r o r s  to  g ive  t h e  q u o t e d  e r r o r s .  

T h e  p r e d i c t i o n  of  i s o t o p i c  s p i n  i n v a r i a n c e  i s  
t h a t  t h e  c r o s s  s e c t i o n s  f o r  n + p ~  nO+d s h o u l d  b e  
o n e - h a l f  t h o s e  f o r  p + p ~  n++d a t  a l l  a n g l e s  and  
e n e r g i e s  [5]. T h e r e  a r e  two s p e c i f i c  c o n s e q u e n -  
c e s  w h i c h  we i n v e s t i g a t e :  

1. T h e  s h a p e  of t h e  a n g u l a r  d i s t r i b u t i o n  fo r  
t h i s  e x p e r i m e n t  s h o u l d  b e  the  s a m e  a s  t h a t  found  
in p + p ~  u+d e x p e r i m e n t s .  T h u s  we f i t  o u r  a n g u -  
l a r  d i s t r i b u t i o n s  to  t he  f u n c t i o n  

cr(~) cc A + c o s 2 0  + B c o s 4 0  (1) 

T h e  A and  B c o e f f i c i e n t s  a r e  p l o t t e d  a s  a f u n c t i o n  
of e n e r g y  in  fig.  4 a l o n g  wi th  r e s u l t s  f r o m  C E R N  
[4].  O u r  d a t a  a r e  a l s o  c o n s i s t e n t  w i th  a l l  t h e  o t h e r  
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Fig.4. Coefficients obtained in fitting the cross  sections 
to5 cc A + c o s 2 0 + B  cos 4 0 andAfb, the forward-back- 

ward asymmetry.  

N + N ~ d + u  e x p e r i m e n t s ,  though the  a c c u r a c i e s  of 
t h e i r  B c o e f f i c i e n t s  a r e  p o o r  enough tha t  t h i s  i s  
not  a v e r y  f ru i t f u l  c o m p a r i s o n .  (A s u m m a r y  of 
t h e s e  o t h e r  e x p e r i m e n t s  can  be  found in r e f .  [4].) 

2. Our  a n g u l a r  d i s t r i b u t i o n s  s h o u l d  be  s y m -  
m e t r i c  about  90 ° a s  they  a r e  f o r  p + p - ~ + + d  (be-  
c a u s e  of the  iden t i ty  of the  two p r o t o n s  in the  
i n i t i a l  s ta te ) .  T h u s  we c h e c k  the  s i z e  of the  
a s y m m e t r y  of ou r  a n g u l a r  d i s t r i b u t i o n s  by f i t -  
t ing  ou r  c r o s s  s e c t i o n s  to a func t ion  with  an a n -  
t i s y m m e t r i c  t e r m  U: 

~(O)ccA' + U c o s 0  + cos20  + B ' c o s 4  0 . 

F ig .  4 shows  tha t  U is  c o n s i s t e n t  with z e r o .  T h i s  
t e s t  d o e s  not  r e q u i r e  knowledge  of the  r e s u l t s  of 
o t h e r  N+N~;T+d e x p e r i m e n t s ,  and is  s e n s i t i v e  to 
t he  r e q u i r e m e n t  tha t  t o t a l  i s o s p i n  i s  c o n s e r v e d .  
T h e  f o r w a r d - b a c k w a r d  a s y m m e t r y  i s  de f ined  as  

1 

Afb = ( f  eda  - f~a)/f(~da 
0 ½~ 0 

and is  shown in fig.  4. It h a s  b e e n  shown tha t  the  
r e a l  p a r t  of the  r a t i o  of the  i s o s p i n - v i o l a t i n g  to 
i s o s p i n - c o n s e r v i n g  a m p l i t u d e s  i s  p r o p o r t i o n a l  to 
A m [ 3 ] .  
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<l,OlSlO,O> 
Afb : KRe ~l,OIS]l,0> 

w h e r e  S is  the s c a t t e r i n g  m a t r i x  and K r a n g e s  
f r o m  0.25 to 2.45 depending  on the  p a r t i c u l a r  
v i o l a t i n g  t r a n s i t i o n  a s s u m e d  in the mode l .  

A f i t  to the  func t ion  

(r(0) ~ A+ cos  2 0 

g e n e r a l l y  g i v e s  a much  l a r g e r  X 2 than  fo r  eq. (1). 
Thus  the  B c o e f f i c i e n t  i s  n e c e s s a r y  f o r  a f i t  to 
t h i s  e x p e r i m e n t .  

Conclusions. T h e r e  a r e  a n u m b e r  of t e s t s  of 
i so top i c  sp in  i n v a r i a n c e  in r e a c t i o n s  invo lv ing  
p ions  and l ight  nuc le i .  ( s ee  re f .  [6] fo r  a sho r t  
s u m m a r y . )  T h e s e  t e s t s  show tha t  i s o s p i n  i n v a r i -  
a n c e  ho lds  to at l e a s t  5%. The  r e c e n t  e x p e r i -  
men t  at  P r i n c e t o n  [3] r e s u l t s  in a f o r w a r d - b a c k -  
w a r d  a s y m m e t r y  of 1 .0+ 3.0% in the  a n g u l a r  d i s -  
t r i b u t i o n  of the  r e a c t i o n  n+p-~d+u °.  Our  r e s u l t s  
show an a v e r a g e  a s y m m e t r y  of -0 .36 + 0.66% in 
the  s a m e  r e a c t i o n .  

Our  angu l a r  d i s t r i b u t i o n  a g r e e s  we l l  with a l l  
o t h e r  N + N ~  d+u e x p e r i m e n t s .  In f i t t ing  the  c r o s s  
s e c t i o n  to the  f o r m u l a .  

~(O) c c A +  cos  2 0 +  B c o s  40  

we and C E R N  f ind c o n s i s t e n t l y  v a l u e s  fo r  B with 
a sha rp  n e g a t i v e  d rop  above  600 MeV. The  A and 
B c o e f f i c i e n t s  fo r  t h e s e  two e x p e r i m e n t s  a r e  the  
s a m e  wi th in  an u n c e r t a i n t y  r ang ing  f r o m  ~4% to 
~9% (for  a 90% con f idence  l eve l ) .  E v i d e n c e  f r o m  
the  f o r w a r d - b a c k w a r d  a s y m m e t r y  shows  tha t  
t r a n s i t i o n s  which do not c o n s e r v e  t o t a l  i s o s p i n  
a r e  z e r o  to wi th in  ~1% a c c u r a c y  - the  l e v e l  at 
which e l e c t r o m a g n e t i c  v i o l a t i o n s  migh t  be  e x p e c -  
t e d  to o c c u r .  

We would  l ike  to thank O r m a n  H a a s  fo r  h e l p -  
ing with the  s p a r k  c h a m b e r s ,  and Cathy  W i l s o n  
and John  Spe r inde  fo r  t h e i r  a s s i s t a n c e  in se t t ing  
up and runn ing  the  e x p e r i m e n t .  We a r e  g r a t e f u l  
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