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and 
R. J . Slobodrian, C. Rioux, and R. Roy 
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Even though t h i s Symposium brings together a group of researchers 
a c t i v e in the f i e l d of spin-polarization e f f e c t s in p a r t i c l e and nuclear 
phys i c s , I am able t o report on evidence that we are, in fac t , l e s s 
"po la r ized" than some of our presumably "unpolarized" col leagues . I 
r e f e r t o t h e f ac t that a t l a s t month's International Conference on 
Nuclear Physics a t Berkeley, my col league, R. J . Slobodrian, in present
ing a r epo r t on our work, was prohibited by the chairman of tiie program 
committee t o use the phrase "breakdown of t ime-reversal invariance" i n 
h i s t i t l e . I t i s c l e a r tha- no such r e s t r i c t i o n was even considered by 
the Program C immittee o f t h i s Symposium. 

This inc iden t does, however, emphasize the point that our e x p e r i 
mental r e s u l t s a re both provacative and controvers ia l . We are reporting 
on the f i r s t t e s t t h a t compares the polarizat ion (P) and the analyzing 
power (A) from measurements i n a nuclear react ion and i t s inverse . We 
find an a s ton i sh ing ly l a rge P-A d i f f e r ence . The c l e a r impl ica t ion i s 
t h a t t i m e - r e v e r s a l invar iance (TRI) i s broken in some component of the 
nuclear i n t e r a c t i o n , s ince the p o l a r i z a t i o n - a n a l y z i n g power e q u a l i t y 
follows d i r e c t l y from TRI.* Thus, in view of the fundamental p o s i t i o n 
t h a t the P-A theorem has he ld i n s p i n - p o l a r i z a t i o n phys i c s , both in theory 
and experiment , I would be very su rp r i sed i f the vas t majori ty of you 
do not view our r e s u l t s with some skep t ic i sm. I am sure t h a t you w i l l 
not d i sappoin t me. 

Tf 2 r e a c t i o n s chosen for t h e P-A comparisions were t h e two-nucleon 
t r a n s f e r s 7 L i ( 3 H e , p ) 9 B e and 9 B e ( 3 H e , p ) 1 X B , with 14-Kev inc iden t 3He i o n s , 
and t h e i r inve r ses s tud ied a t the same CM e n e r g i e s . The Q-values a re 
l a r g e , implying cons iderable mass, energy, and momentum rearrangement. 
The experiments were i n i t i a t e d by the Laval group through the measure
ments of the proton p o l a r i z a t i o n s in the (3He,i$) r e a c t i o n s , and r e s u l t s 
have a l ready been publ i shed .2 The analyzing powers in the inverse 
(j£. He) r e a c t i o n s were measured a t Berkeley. 

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

The most accura te of these were made on p+ 3 He 3 and p + , 3 C * ; i t i s 
necessary t o s c a t t e r from a non-zero spin nuc leus , otherwise p a r i t y 
conservat ion alone ensures t h a t P=A. We have found 5 t h a t n e i t h e r of 
these comparisiohs was' accura te enough t o provide a s i g n i f i c a n t t e s t of 
TRI, because the e q u a l i t y between P and A depends on the e q u a l i t y of the 
two p o s s i b l e s p i n - f l i p p r o b a b i l i t i e s . And, i t i s new known from measure
ments of the depo la r i za t ion in 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 
s p i n - f l i p p r o b a b i l i t i e s a re very small,® which leads t o P-A-'O even i f 
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the probabi l i t i e s axe not equal as required by TRI. S p e c i f i c a l l y , in 
terms of the spin-dependent cross s e c t i o n s , 

. . P - ( a + + + c T + - a + ~ - a }/2a and 

A = ( a + + « + 

where a i s the cross - sec t ion for the scat ter ing of a proton from an 
i n i t i a l negative s p i n - s t a t e t o a f ina l p o s i t i v e s p i n - s t a t e , and 

: ' O = (o -KJ +o~ -K» ) / 2 . The pos i t ive (+y) direct ion i s along 
k^xkf. Thus, 

j i P-A = (o" + -0 + ")/<3, (1) I 

and 0 - 0 under TRI. D fining the spin-flip asymmetry as 

As s'(o"+-a+")/(o"+-KJ+"), (2) 

its absolute limits are -1 < As < 1, but TRI requires that AS = 0. 
Since the depolarization parameter is given by 

D = 1-2S (3) 

with the ( to ta l ) s p i n - f l i p probabi l i ty : 

S = (0 +"+q" +)/2O , (4) 

measurements of D provide deteminations of S. I t fo l lows, then, from 
Eqs. ( l ) - ( 4 ) that 

P-A = (l-D)As. (5) 

Thus, even though As, which i s the real measure of t ime-reversal 
v i o l a t i o n , may be s i gn i f i can t ly d i f ferent from zero, a small value of 
the factor (1-D) would make the P-A comparison quite in sens i t i ve t o 
t h i s v i o l a t i o n . This i s , in f a c t , jus t the case i n these p- 3He and 
p - 1 2 C experiments. From the measurement7 of 1-D = 0.05+0.03 c lose t o 
the energy and angle of the p- 3He experiment and an estimate of 
1-D < 0.06±0.02 at the energy and angle o f the p - 1 3 C experiment, 
Eq. (5) gives | P - A | < 0.017 and 0 .02 , respect ive ly , for a vaiue of 
the s p i n - f l i p asymmetry As = 1 /3 , which would cons t i tu te a c lear and 
substant ia l v io la t ion of TRI. These P-A values are e s s e n t i a l l y as 
small as the experimental errors in these P-A comparisons, so no t e s t of 
TRI were rea l ly made. 

I t i s immediately obvious from t h i s discussion that t e s t s of TRI 
using the P-A equality should be made through measurements in a reaction 
and i t s inverse where the s p i n - f l i p probabi l i ty i s esgpected or knowr t o 
be large , and t h i s i s so for the reactions reported here. 2 

Since spin-exchange forces are wel l known components of the 
nucleon-nucleon in teract ion , we have a l so examined the , perhaps, most 
recent t e s t o f TRI in p-p s c a t t e r i n g . 8 We have found1" that here, a l s o , • 
no t e s t of TRI was rea l ly made. The experiment used a 430-M3V beam of 
polarized protons, with the polarizat ion vector ly ing in the scat ter ing 

', plane and oriented at 45° to the beam direct ion . After scat ter ing once 
t o the l e f t and once t o the right at 6 L = 30°, the in-plane polarizat ion 
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o r i e n t a t i o n s for the separate scat ter ings were compared. He find that 
the repor ted resul t follows d i rec t ly from invariance with respect t o 
r o t a t i o n about the beam a x i s , so TRI was not t e s t e d . Again, i t follows 
from the d iscuss ion above that t e s t s of TPI in the b a s i c nucleon-nucleon 
i n t e r a c t i o n should be made in p-p and/or n-p scat ter ing through coiqaax-
i s i o n s of p and A a t energies and angles for which the quantity (1-D) i s 
maximized. 

So now l e t us turn to our measurements, ihe (3He,p*) proton po lar i sa 
t ions were measured with a pair of Si polarimeters, placed at equal l e f t -
r i gh t r eac t ion a n g l e s . The Si polarimeter combines the high scat ter ing 
ef f ic iency of a t h i ck ana lyzer with the good energy resolut ion obtained 

SBE C3HE» P) 315 DE6 POL Z D •VEGHEtft HS DE6 POL 30 
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py adding the AE pu l se from the analyzer d e t e c t o r t o each of the E 
pulses from t h e l e f t and r i g h t s topping d e t e c t o r s . Sample spec t ra 
from the 9Ee (3He,p") I lB r e a c t i o n a re shown i n F ig . 1 . The llB ground-
s t a t e peak i s c l e a r l y reso lved . Figure 2 shows sample spec t r a from l e f t 
and r i g h t de t ec to r systems in determinat ions of the 1 1B(p", 3 He) 9 Be 
analyzing powers. Again, the 9Be g round-s ta te peak i s c l e a r l y s e p a r a t e d . 

In Fig. 3 are shown our V and A measurements in t h e Be( H e , p ) l l B 
r e a c t i o n . The open and closed c i r c l e s r ep resen t two sepa ra t e measure
ments of A. The s o l i d t r i a n g l e s are the o r i g i n a l P r e s u l t s with the 
in termedia te energy b i t e (due t o t a r g e t th ickness and beam energy-width) 
ind ica ted by an arrow on the energy sca l e near the bottom of the f i g u r e . 
The open t r i a n g e s are l a t e r checks of the o r i g i n a l d a t a . The s o l i d 



H.- B.' Conzett 
- 4 - LBL-11576 

M/cH 

^WJL.n 

fr+ 'afr.yfc 
* - 3 ? - ' 

• . r o ' 

CHANNEL NO. 

Fto. 2 m «nc. n * 

.squares are measurements made with a completely independent polarimeter 
at Berkeley and with the largest energy bi te indicated. Finally, the 
inverted open triangles are measurements with the smallest energy b i t e . 
There i s evidence for a decrease in P as the energy bi te is increased, 
which is not unexpected. In any event, the smallest energy bite for 
the P measurement is nearest to the energy bi te sampled in the A measure
ment (also indicated) , and for this we find the largest p-A difference. 
In Fig. 4 i s shown an excitation function of A at 37° lab, which i s near 
the peak of A shown in Fig. 3. Over an energy span of some 800 kev, 
about400 kev on either side of our original energy, we find a smooth 
variation of A. Thus, there are no sharp "increases in A that could move 
i t s value closer to P with a small shift in the energy. ^ 

Figure 5 shows our P and A measurements in the Li(3He,p)9Be 
reaction. The closed circles are the A values. The solid triangles are 
the original P resul ts , and the open triangles are reraeasurements. Again, 
the inverted triangles are thinner target resul ts , and the energy bi tes 
are indicated as in Fig. 3. The large P-A differences shown here are, 
as I said, clearly astonishing. 

In summary, then, we have found large differences between P in the 
7Li( 3He,p) 9Be and 9Be(8He,p) lB reactions and A in their inverse processes. 
Since such an inequality between P (in a reaction) and A (in i t s inverse) 
directly implies a breakdown of TRI, i t follows that th is is clear 
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evidence that the i n t e r 
act ion of nuclear p a r t i c l e s 
i s not t ime-reversal invar
i a n t . Clearly, nany more 
experiments are necessary 
to explore in d e t a i l the 
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