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I am repor t ing here  on t h e  f i r s t  test t h a t  compares t h e  polar-  
i z a t i o n  (P) and t h e  analyzing power (A) from measurements i n  a 
nuclear  r eac t ion  and i t s  inverse. W e  f i n d  an as ton i sh ing ly  l a r g e  
P-A d i f fe rence .  The c l e a r  impl ica t ion i s  t h a t  t ime-reversal  invar i -  
ance (TRI) i s  broken i n  some component of t h e  nuc lea r  i n t e r a c t i o n ,  
s i n c e  t h e  polarization-analyzing power e q u a l i t y  fol lows d i r e c t l y  
from TRI. Thus, i n  view of t h e  fundamental p o s i t i o n  t h a t  t h e  P-A 
theorem has  held i n  spin-polarizat ion physics ,  both i n  theory and 
experiment, I would be very surpr ised  i f  t h e  v a s t  major i ty  of you 
do not  view our r e s u l t s  with some skepticism. I am s u r e  t h a t  you 
w i l l  not  disappoint  me.  

The reac t ions  chosen f o r  t h e  P-A comparisons were t h e  two- 
nucleon t r a n s f e r s  ' ~ i ( ~ H e ,  p) ' ~ e  and ' ~ e ( ~ ~ e  ,p) ' 'B, with 14-MeV 
inc iden t  3 ~ e  ions,  and t h e i r  inverses  s tud ied  a t  t h e  same CM ener- 
g ies .  The Q-values a r e  l a rge ,  implying considerable  mass, energy, 
and momentum rearrangement. The experiments were i n i t i a t e d  by t h e  
Laval group (R. J. Slobodrian, C. Rioux, R. Roy) through t h e  meas- 
urements of t h e  proton po la r i za t ions  i n  t h e  ( 3 ~ e ,  3) r e a c t i o n s ,  and 
r e s u l t s  have already been published.2 The analyzing powers i n  t h e  
inverse  ( $ , 3 ~ e )  reac t ions  were measured a t  Berkeley (H. E. Conzett,  
P. von Rossen, F. Hinterberger,  t h e  l a t t e r  two from t h e  Univers i ty  
of Bonn, p lus  t h e  Laval Group). 

Before showing our r e s u l t s ,  I w i l l  d i s c u s s  b r i e f l y  some of t h e  
previous P-A comparisons, a l l  of which used elastic proton sca t -  
t e r i n g .  

The most accura te  of these  were made on p + 3 ~ e 3  and p + 1 3 ~ 4 ;  i t  
i s  necessary t o  s c a t t e r  from a non-zero s p i n  nucleus, otherwise 
p a r i t y  conservation a lone  ensures t h a t  P=A. W e  have found5 t h a t  
n e i t h e r  of these  comparisons was accura te  enough t o  provide a 
s i g n i f i c a n t  test of TRI, because t h e  e q u a l i t y  between P and A 
depends on t h e  equa l i ty  of t h e  two poss ib le  s p i n - f l i p  p r o b a b i l i t i e s .  
And, it is now know from measurements of t h e  depo la r i za t ion  i n  p- 
nucleus e l a s t i c  s c a t t e r i n g  t h a t  - t h e  spin-f l i p  p r o b a b i l i t i e s  a r e  
very small,6 which l eads  t o  P-AzO even i f  t h e  p r o b a b i l i t i e s  a r e  no t  
equal  a s  required  by TRI.  A s  shown i n  Ref. 4, 

P-A = (a'+ - a+') /G , (1) 

where <+ is  t h e  c r o s s  sec t ion  f o r  t h e  s c a t t e r i n g  of a proton from 
an i n i t i a l  negative spin-s ta te  t o  a f i n a l  p o s i t i v e  spin-s ta te ,  and 
(T = (off + a+ + a'+ + a--)/2. The p o s i t i v e  (+y) d i r e c t i o n  is 



along ki x ff ,  and o-). = & under TRI. Since t h e  depo la r i za t ion  
parameter is  given by 

D = 1-2s 

wi th  t h e  ( t o t a l )  spin-f l i p  p robab i l i ty  

measurements of D provide determinations of S. Now assume, f o r  
example, t h a t  o+ = 203, which would be a c l e a r  and s u b s t a n t i a l  
breaking of TRI. Then, from Eqs. (1)- (3) 

From t h e  measurement7 of 1-D = 0.05k0.03 c l o s e  t o  t h e  energy and 
ang le  of t h e  p - 3 ~ e  experiment3 and an  es t imate5 of 1-D 5 0.06+0.02 
a t  t h e  energy and angle of t h e  p - 1 3 ~  experiment, Eq. (4) g ives  
(P-AI < 0.017 and 0.02, respect ively .  These va lues  a r e  essen t i -  
a l l y  as small a s  t h e  experimental e r r o r s  i n  t h e s e  P-A comparisons, 
s o  t h e  experiments do no t  provide tests of TRI. 

It is immediately obvious from t h i s  d iscuss ion t h a t  tests of 
TRI us ing t h e  P-A equa l i ty  should be made through measurements i n  a 
r e a c t i o n  and i ts inverse  where t h e  sp in - f l ip  p r o b a b i l i t y  is expected 
o r  known t o  be l a rge ,  and t h i s  is so f o r  t h e  r e a c t i o n s  repor ted  
here.  

Since spin-exchange fo rces  a r e  w e l l  known components of t h e  
nucleon-nucleon in te rac t ion ,  we have a l s o  examined t h e ,  perhaps, 
most recent  test of TRI i n  p-p scat ter ing. '  W e  have found5 t h a t  
here ,  a l s o ,  no test of TRI was r e a l l y  made. The experiment used 
a 430-MeV beam of polarized protons, with t h e  po la r i za t ion  vec to r  
l y i n g  i n  t h e  s c a t t e r i n g  plane and or iented  a t  450 t o  t h e  beam 
d i r e c t i o n .  After  s c a t t e r i n g  once t o  t h e  l e f t  and once t o  t h e  r i g h t  
a t  eL = 30°, t h e  in-plane po la r i za t ion  o r i e n t a t i o n s  f o r  t h e  separa te  
s c a t t e r i n g s  were compared. We f ind  t h a t  t h e  repor ted  r e s u l t  fol lows 
d i r e c t l y  from invariance wi th  respec t  t o  r o t a t i o n  about t h e  beam 
a x i s ,  so TRI was not t e s ted .  Again, it fol lows from t h e  d iscuss ion 
above t h a t  tests of TRI i n  t h e  bas ic  nucleon-nucleon i n t e r a c t i o n  
should be made i n  p-p and/or n-p s c a t t e r i n g  through comparisons of 
P and A a t  energies and angles f o r  which t h e  q u a n t i t y  (1-D) is  
maximized . 

So now le t  us  tu rn  t o  our measurements. The ( 3 ~ e , $ )  proton 
p o l a r i z a t i o n s  were measured with a p a i r  of S i  polarimeters,  placed 
a t  equal  l e f t - r i g h t  r eac t ion  angles. The S i  polarimeter  combines 
t h e  high s c a t t e r i n g  e f f i c iency  of a t h i c k  analyzer  with t h e  good 



energy reso lu t ion  obtained by adding the  AE pulse from t h e  analyzer  
de tec to r  t o  each of the  E pulses  from the  l e f t  and r i g h t  s topping 
detec tors .  Sample spec t ra  from the  'Be ( 3 ~ e  ,$) ' 'B r eac t ion  a r e  shown 
i n  Fig. 1. The "B ground-state peak i s  c l e a r l y  resolved. Figure 
2 shows sample spec t ra  from l e f t  and r i g h t  de tec to r  systems i n  

F determinations of the  ' 'B (3, 3 ~ e )  'Be analyzing powers.   gain , t h e  B e  
ground-state peak is  c l e a r l y  separated.  

In  Fig. 3 a r e  shown our  P and A measurements i n  t h e  ' ~ e  ( 3~e,$)  ' 'B 
.- reac t ion .  The open and closed c i r c l e s  represent  two separa te  measure- 

ments of  A. The s o l i d  t r i a n g l e s  a r e  t h e  o r i g i n a l  P r e s u l t s  wi th  the  
intermediate energy b i t e  (due t o  t a r g e t  thickness and beam energy-width) 
ind ica ted  by an arrow on t h e  energy s c a l e  nea r  t h e  bottom of t h e  f igure .  
The open t r i a n g l e s  a r e  l a t e r  checks of  the  o r i g i n a l  da ta .  The s o l i d  
squares a r e  measurements made with a completely independent polar imeter  
a t  Berkeley and with the  l a r g e s t  energy b i t e  indica ted .  F ina l ly ,  t h e  
inver t ed  open t r i a n g l e s  a r e  measurements with t h e  smal les t  energy b i t e .  
There is  evidence f o r  a decrease i n  P a s  t h e  energy b i t e  i s  increased,  
which is  not  unexpected. I n  any event ,  t he  smal les t  energy b i t e  f o r  
the  P measurement i s  nea res t  t o  the  energy b i t e  sampled i n  t h e  A meas- 
urement ( a l s o  i n d i c a t e d ) ,  and f o r  t h i s  we f i n d  t h e  l a r g e s t  P-A d i f fe rence .  
In Fig. 4 i s  shown an e x c i t a t i o n  function o f  A a t  37' l a b ,  which i s  near  
the  peak o f  A shown i n  Fig. 3. Over an energy span o f  some 800 kev, 
about 400 keV on e i t h e r  s i d e  of  our o r i g i n a l  enerqy, we f ind  a smooth 
va r i a t ion  of  A. Thus, the re  a r e  no sharp increases  i n  A t h a t  could move 
i ts  value c lose r  t o  P with a small s h i f t  i n  the  ener  

Figure 5 shows our P and A measurements i n  t h e  ?; ( 'He ,$) 'Be 
reac t ion .  The closed c i r c l e s  a r e  t h e  A values. The s o l i d  t r i a n g l e s  
a r e  the  o r i g i n a l  P r e s u l t s ,  and t h e  open t r i a n g l e s  a r e  remeasurements. 
Again, t h e  inver t ed  t r i a n g l e s  a r e  th inner  t a r g e t  r e s u l t s ,  and t h e  
energy b i t e s  a r e  ind ica ted  a s  i n  Fig. 3. The l a rge  P-A d i f fe rences  
shown here  a r e ,  a s  I s a i d ,  c l e a r l y  astonishing.  

In summary, then,  we have found l a rge  d i f ferences  between P 
i n  the  7 ~ i  ( 3 ~ e  ,p) ' ~ e  and 'Be ( 3 ~ e  ,p)  "B r eac t ions  and A i n  t h e i r  
inverse processes.  Since such an inequa l i ty  between P ( i n  a r eac t ion)  
and A ( i n  i t s  inverse)  d i r e c t l y  implies a breakdown of  TRI, it follows 
t h a t  t h i s  i s  c l e a r  evidence t h a t  t h e  i n t e r a c t i o n  o f  nuclear  p a r t i c l e s  
i s  not  t ime-reversal  i n v a r i a n t .  Clear ly ,  many more experiments a r e  
necessary t o  explore i n  d e t a i l  t h e  TRI breaking i n t e r a c t i o n s .  
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