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and . inc lud ing  the p - m e s o n  by  m. eans  of the  ' ~ i p i o n "  
a m p l i t u d e  of De ToUis  et  a l .  3). The  u p p e r ,  m i d d l e  
and lower  c u r v e s  a t  each  g a m m a  r a y  e n e r g y  a r e  fo r  
A = - 0.5,  0 and 0.5, r e s p e c t i v e l y ,  w h e r e  A is  the  
y -  I r - p  coupl ing  cons t an t  in uni t s  of the  e l e c t r o n i c  
c h a r g e  e. The  s q u a r e  of the  p - m e s o n  m a s s  was  
taken  to be  22.5 m r  2. 

Robinson  et  a l .  14) have  found A = - 1.2 +0.4  by 
c o m p a r i s o n  of the  McKin ley  t h e o r y  with  ~+ p h o t o p r o -  
duc t ion ,  m a i n l y  at  b a c k w a r d  a n g l e s  fo r  photon e n e r -  
g i e s  of 220 to 250 MeV. F r o m  the d a s h e d  c u r v e s  of 
f ig .  1, i t  i s  a p p a r e n t  that  a c o m p a r i s o n  of R with  th i s  
t h e o r y  l e a d s  to a qu i te  d i f f e r en t  e s t i m a t e  of A. F r o m  
th i s  d i s c r e p a n c y  we conc lude  that  the c a l c u l a t i o n  of 7 -  
i s  m o s t  l i k e l y  in e r r o r  by  m o r e  than has  been  supposed .  

In o r d e r  to e s t i m a t e  A m o s t  r e l i a b l y  f r o m  R, we 
have  t aken  account  of the  c o r r e c t i o n s  to the  i s o -  
s c a l a r  a m p l i t u d e ,  which  have  been  c a l c u l a t e d  by 
W a r b u r t o n  and Gourd in  16). The  s o l i d  c u r v e s  show 
the McKin ley  t h e o r y  a s  mod i f i ed  in th i s  way.  The  
c o r r e c t i o n s  a r e  a p p r o x i m a t e l y  ang le  independen t  
and c o n s i s t  of a A - i n d e p e n d e n t  change  in R p lus  a 
con t r ibu t ion  c l o s e l y  equal  to - 0.15 A f o r  the  e n e r g y  
r a n g e  of i n t e r e s t  h e r e .  When  the  p - m e s o n  e f fec t s  
a r e  c a l c u l a t e d  in the  b ip ion  a p p r o x i m a t i o n  a sub -  8) 9) 
t r a c t i o n  c o n s t a n t  d i s a p p e a r ~  which  i s  p r e s e n t  in a 10) 
m o r e  d e t a i l e d  a p p r o a c h  1, z). The  A - d e p e n d e n t  c o r -  
r e c t i o n  of W a r b u r t o n  and Gourd in  r e p r e s e n t s  p a r t  11) 
of th i s  cons tan t .  12) 

C o m p a r i n g  the c o r r e c t e d  t h e o r y  with  e x p e r i m e n t ,  
an e n e r g y - d e p e n d e n t  d i s c r e p a n c y  s o m e w h a t  o u t s i de  
the  e s t i m a t e d  u n c e r t a i n t y  of the  cou lomb c o r r e c t i o n s  
i s  s een  to ex i s t .  C o n s i d e r i n g  the a v e r a g e  f i t  be tween  13) 
t h e o r y  and e x p e r i m e n t  a t  the  t h r e e  e n e r g i e s ,  we 14) 
e s t i m a t e  : z5) 

A = + 0 . 1 +  0 . 3 .  
16) 

The  e r r o r  i nc ludes  the  u n c e r t a i n t y  in the  cou lomb  

c o r r e c t i o n s  a s  we l l  a s  a m o d e r a t e  u n c e r t a i n t y  in 
the  t he o ry .  The  t h e o r e t i c a l  u n c e r t a i n t y  can  only b e  
g u e s s e d .  With  a c o m p l e t e l y  t r u s t w o r t h y  t h e o r y ,  the  
ex i s t i ng  da t a  s e e m  c a p a b l e  of def in ing A to • 0.15. 

We would l i ke  to acknowledge  he lpfu l  d i s c u s s i o n s  
with G. F e l d m a n ,  M. Gourd in ,  P . T .  Ma t thews  and 
A. E. A. W a r b u r t o n .  We a r e  p a r t i c u l a r l y  indeb ted  to 
F .  F.  L iu  f o r  making  h i s  eva lua t i ons  of the  McKin ley  
f o r m u l a e  a v a i l a b l e  to us .  
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Recen t  work  on the  t heo ry  of angu l a r  c o r r e l a t i o n s  
has  shown 1) that  when an e v e n - e v e n  nuc leus  b r e a k s  
up by  a lpha  p a r t i c l e  e m i s s i o n  to a 0 + f i na l  s t a t e  f o l -  
lowing exc i t a t ion  by  a n u c l e a r  r e a c t i o n ,  the  c o r r e -  
* Supported by the National Science Foundation. 

l a t ion  func t ion  of the  b r e a k u p  a lpha  p a r t i c l e s  has  
the  a ngu l a r  d e p e n d e n c e :  

~ ( ® , ¢ )  ~ [ ~ z ( - 1 ) m p  J, e - i m ~  dJ  o(®)[ 2 , (1) 
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where the angles e and @ are  the polar and azimu- 
thal angles measured in spherical  polar coordinates 
with respec t  to the quantisation or  z axis, j and m 
are  the spin and spin-project ion of the decaying nu- 
cleus, p ~  is an element of the polarisat ion tensor 
which descr ibes  the polarisation of the decaying nu- 
cleus and is a complex number character iz ing the 
population of the ruth substate,  and dmm,J (®) is an 
element of the redg.ced rotation matrix,  using t~e 
definition of Rose 2) and of Brink and Satchler 3). 

The rotation matr ix  elements have the symmet ry  
proper ty  that d ~  - (- 1)rod m o j .  It follows f rom this 
relationship and i~rom (1) that the corre la t ion func- 
tion will have a par t icular ly  simple @-dependence 
at values of 6 where elements of the rotation matr ix 
vanish. At such values of O the contributions f rom a 
part icular  pair  of substates +m eliminated f rom the 
correla t ion function, and an experimental de termi-  
nation of the @-dependence of the corre la t ion func- 
tion provides both a cr i t ical  test  of the theory men- 
tioned above and an unambiguous measurement  of 
the spin of the decaying state,  and, in addition, pro-  
r ides  information about the polarisat ion of that 
state. 

The 9.6 MeV 3- state in C 12, which is unbound to 
alpha decay, was selected to test this prediction be- 
cause carbon is a convenient target  nucleus, and 
because the 9.6 MeV state emits fair ly energetic 
breakup alphas and is well separated f rom adjacent 
~-emitting levels. In this situation j = 3 and the 
values of ® which are  of interest  are  those where 
the matr ix elements d310 and d330 vanish. (The 
even substates have not been included here,  because,  
by choosing the quantisation axis perpendicular to 
the react ion plane and by using alpha par t ic le  in- 
elastic scat ter ing to excite the state in question, the 
reflectional symmet ry  theorem of Bohr 4) may be 
employed to exclude population of these even sub- 

It is found that the matr ix elements d310 states.  ) 
vanish when ® ~ 63.5 ° and 116.5 ° and that all the 
elements of interest  vanish when ® = 0 ° and 180 °. 
Thus, at 63.5 ° the corre la t ion function should r e -  
sult only f rom coherent interference between the 
rn = ~3 substates.  Evaluation of (1) at this value of 
® gives : 

W3(63.5° , @) ~ [( l -a3 )2 + 4a 3 sin23(@-~53 )] , (2) 

3 3 i5 _ 3 a 3 w h e r e a  3 = Ip_3/P31 and e 3 - p _ 3  / 3P. 3, that is, 
a 3 and 53 are  rea l  numbers  corresponaing to the 
relative amplitude and the relat ive phase of the 
m = -3 substate with respect  to the m = 3 substate. 
In other words,  at ® = 63.5 ° the corre la t ion func- 
tion is predicted to have a @-dependence described 
by an isotropic te rm plus a sinusoid which repeats  
every 60 °. The relat ive magnitudes of the isotropic 
and sinusoidal t e rms  are  related to the relative 
populations of the m = 3 and -3 substates,  and the 

phase of the sinusoid is related to the relat ive 
phase of the substates.  

The measurement  of the predicted correlat ion 
function must be car r ied  out while maintaining O, 
an angle measured in the centre  of mass  of the 
recoiling carbon nucleus, at a fixed value. This 
requirement  crea tes  experimental difficulties, for 
it means that 0 and ~0, the polar and azimuthal 
angles as measured in the laboratory system,  must 
both be varied to keep ® constant. Moreover,  the 
necessa ry  t ransformations of angles are  not direct-  
ly obtainable f rom the two-dimensional kinematical 
equations uslmlly employed, and three-dimensional  
kinematics must  be used. Fig. 1 shows a diagram 
of the three-dimensional  kinematical system. Here 
Vcm is the laboratory velocity of the centre of 
mass ,  v is the part icle  laboratory velocity, and 
V is the part icle centre  of mass  velocity. Since V 
is a constant, it t races  out a sphere,  upon which 
the locus of velocities with a given value of ® 
t races  a circle.  In this geometry the angles are  
related by the equations: 

sin (@-~) = (Vcm/V)(sin ~ /s in  e), (3a) 

tan 0 = tan ® (sin g / s i n  ~) . (3b) 

In the situation where the reaction is the break- 
up of a nucleus with laboratory kinetic energy E 

Z" Z 

RECOIL 
DIRECTION ~ X 

Fig. 1. Three dimensional kinematics diagram indicating 
relation between laboratory (lab.) system and the 
recoil centre of mass system for breakup reac- 
tions. The lab. velocity of the recoiling excited 
nucleus before the breakup occurs is denoted by 
Vcm. The angles 0 and ~ are the lab. polar and 
azimuthal angular coordinates of a breakup par- 
ticle having a lab. velocity v. The angles ~ and 
and velocity r a re  the corresponding coordinates 
and velocity of the same particle in the recoil 
centre of mass system. 
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and b r e a k u p  e n e r g y  Q into  an a lpha  p a r t i c l e  wi th  
m a s s  ~4 and a r e s i d u a l  nuc leus  with m a s s  M r ,  the  
v e l o c i t y a r a t i o  in (3a) i s :  

1 

Vcm/V ~ [(MalMr)(EIQ)]-~ . (3c) 

A Fortran program was written for the Indiana 
University 709 computer which employed these re- 
lationships to calculate a set of kinematics tables 
which, for a given nuclear reaction, inelastic alpha 
s c a t t e r i n g  angle, and va lue  of ®, t a b u l a t e d  8,@, the 
b r e a k - u p  a lpha  e n e r g y ,  and the  s o l i d  ang le  c o r r e c -  
t ion c o r r e s p o n d i n g  to even i n c r e m e n t s  of ~.  T h e s e  
t a b l e s  m a d e  i t  p o s s i b l e  to m a i n t a i n  a cons t an t  va lue  
of e whi l e  m e a s u r i n g  the c o r r e l a t i o n  func t ion ,  and 
a l s o  f a c i l i t a t e d  s o l i d  ang le  c o r r e c t i o n s  and the  o t h e r  
n e c e s s a r y  t r a n s f o r m a t i o n s .  

F o r  the  m e a s u r e m e n t ,  a s e l f - s u p p o r t i n g  fo i l  of 
n a t u r a l  c a r b o n  was  b o m b a r d e d  with  22.5 MeV a lpha  
p a r t i c l e s  f r o m  the Ind iana  U n i v e r s i t y  C y c l o t r o n  and 
i n e l a s t i c  and b r e a k u p  a l p h a s  w e r e  d e t e c t e d  us ing  two 
O r t e c  s u r f a c e  b a r r i e r  d e t e c t o r s  which  could  b e  po -  
s i t i o n e d  independen t ly .  C o i n c i d e n c e s  w e r e  m e a s u r e d  
with a conven t iona l  f a s t - s l o w  c o i n c i d e n c e  c i r c u i t  and 
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Fig. 2. Angular correlat ions ~'-c~, for the reaction 
CI~ + a - c~' - C12~ -* Be~'+ c~ o at a lab. bom- 
barding energy g f ~ . 5  MeV. Inelastic alpha 
par t ic les  were detected at a system centre of mass 
scattering angle of 37.5 °. The coincidence yield 
of breakup alpha par t ic les  was measured as a 
function of the azimuthal recoil  centre of mass  
angle ¢ and at recoi l  centre of mass polar  angles 

of 90 ° and 63.5 °. The solid curve is a leas t -  
squares fit to the experimental points usIng eq. (2). 

r e c o r d e d  with a N u c l e a r  Da t a  1024-channe l  two-  
p a r a m e t e r  a n a l y z e r .  The  c oun t e r  m o n i t o r i n g  the  
b r e a k u p  a l p h a s  was  moun ted  on a s p e c i a l l y - c o n -  
s t r u c t e d  a r m  which  a l lowed  v a r i a t i o n  of both  e and 

whi le  ma in t a in ing  a cons t an t  d i s t a n c e  be tween  the  
coun te r  and the  t a r g e t .  

The  d e t e c t o r  which  m o n i t o r e d  the  i n e l a s t i c a l l y  
s c a t t e r e d  p a r t i c l e s  was  s e t  a t  a l a b o r a t o r y  ang le  of 
25 ° with r e s p e c t  to the  b e a m  (37.5 ° in  the  s y s t e m  
c e n t r e  of m a s s ) ,  and a ngu l a r  c o r r e l a t i o n s  w e r e  
taken  o v e r  a r a n g e  of v a l u e s  of ~ at  5 ° i n t e r v a l s ,  
both  in the  r e a c t i o n  p lane  (® = 8 = 90o), and out of 
the  r e a c t i o n  p lane  a t  ® = 63.5o,  s e t t i ng  e in a c c o r d -  
ance  with the  t a b l e s  d e s c r i b e d  above .  

F ig .  2 shows the  r e s u l t s  of t h e s e  m e a s u r e m e n t s  
a f t e r  a p p r o p r i a t e  c e n t r e  of m a s s  t r a n s f o r m a t i o n s  
and s o l i d  ang le  c o r r e c t i o n s  have  been  app l i ed .  The  
63.5 ° da t a  was  l e a s t - s q u a r e s - f i t t e d  with (2), and 
the  so l id  l i ne  i n d i c a t e s  th i s  f i t ,  which c o r r e s p o n d s  
to the  p a r a m e t e r s  a, 3 = 0.387 + 0.031 and 53 = 
233.7 ° • 3.0 °.  The  d a t a  t aken  in  the  r e a c t i o n  p l ane  
shows  s t r o n g  i n d i c a t i o n s  of i n t e r f e r e n c e  a r i s i n g  
f r o m  the  m = 1 and -1  s u b s t a t e s ,  and i n d i c a t e s  tha t  
a t  l e a s t  a t  th i s  p a r t i c u l a r  s c a t t e r i n g  ang le  a l l  of 
the  odd s u b s t a t e s  a r e  popu la t ed  f a i r l y  s t r o n g l y .  I t  
should  b e  men t ioned  tha t  the  ang le  ¢ a t t a i n s  v a l u e s  
in e x c e s s  of 180 ° b e c a u s e  of the  t r a n s f o r m a t i o n  to 
the  r e c o i l  c e n t r e  of m a s s ,  even though the  ang le  
n e v e r  r a n g e d  beyond  140o. 

Th i s  r e s u l t  c o n s t i t u t e s  e x p e r i m e n t a l  v e r i f i c a t i o n  
of the  t h e o r e t i c a l  p r e d i c t i o n ,  and m o r e o v e r ,  p r o -  
v i d e s  a c o n f i r m a t i o n ,  under  v e r y  s t r i n g e n t  cond i -  
t i ons ,  that  the  9.6 MeV s t a t e  in C 12 i s  i ndeed  3 - ,  
a s  p r e v i o u s  work  has  shown 5). Thus ,  th i s  t e c h -  
n ique i s  p o t e n t i a l l y  a p o w e r f u l  tool  f o r  i n v e s t i g a t i n g  
the  s p i n s  of s t a t e s  in e v e n - e v e n  nuc l e i  which  b r e a k  
up by a lpha  p a r t i c l e  e m i s s i o n .  M o r e o v e r ,  a s e t  of 
c o r r e l a t i o n  m e a s u r e m e n t s  a t  d i f f e r e n t  i n e l a s t i c  
a l p h a  s c a t t e r i n g  a n g l e s  m a k e s  p o s s i b l e  a d e t e r m i -  
na t ion  of the  p o l a r i s a t i o n  of the  d e c a y i n g  nuc l eus  a s  
a func t ion  of s c a t t e r i n g  angle .  I t  i s  our  in ten t ion  to 
p u r s u e  th i s  a s p e c t  of t h e s e  m e a s u r e m e n t s  f u r t h e r  
and to m e a s u r e  such  p o l a r i s a t i o n s  in C 12 and o the r  
even-  even nuc le i .  
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