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Measurement of the circular polari- 
zation of high energy ~ rays from the 
decay of neutral  elementary particles 
seems to provide important information 
concerning the polarization and decay 
properties of these particles. The method 
which is best suited for analysing the 
circular polarization of photons of lower 
energy, viz. Compton scattering on 
polarized electrons, has also been used 
for photons of 70 MeV from ~0 decay (1). 
This method is, however, difficult to 
use because of the small Compton scat- 
tering cross-section at high energies. 

In  this note we discuss the use of 
pair production for measuring the cir- 
cular polar!zation of high energy photons. 
This method has a large efficiency in 
that  both the cross-section for pair 
production and its polarization depen- 
dence are la rge .  We discuss later some 
possible experiments to which it is 
hoped that  this method may be applied. 

The method uses the correlation 
between the circular polarization of 

(') Work partially supported by the Office 
o f  N a v a l  Research.  

(1) R. L. GAxwn% G. OIDXI., L. M. L~1)EI~- 
and M. WEINRICH." Phys. Rev., 108, 1589 

(1957). 

the y ray and the direction of motion 
of the pair particles. The differential 
cross-section for pair production by 
completely circularly polarized high- 
energy photons has been derived pre- 
viously (~) and is, after summing over 
positron and electron spins, of the form 

(1) d(~ = a + b ( i e • 2 1 5  , 

where u and v are, respectively, the 
components of the momenta P l  and p~ 
of the positron and the electron per- 
pendicular to the photon momentum k. 
e is the complex photon polarization 
vector and i e • 1 7 7  the upper and 
lower signs referring to right and left 
circular polarization, respectively (3). 
a and b are positive quantities dependent 
on k, p l  and P2 and on the energies of 
the positron and electron, ~1 and e~, 
as well as on the atomic number Z of 

(2) HAAKON OI~]~N and L. C. MAXlMO~: 
Phys. Rev., t14, 887 (1959). Note p. 893, 
eq. (4.10). However, in the second term in 
this equation the factor [$'e*lt should read 
IJ'*]'. 

(3) We use the usual convent ion,  as in  
J.  M. BLATT and V.  F. WEISSKOPF: Theoreftea$ 
Nuclear Physics (New York, 1952); note p. 807, 
eq. (5.1). 
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t h e  nucleus. Energies  and m o m e n t a  
are  measured  here in units  of raz~ and  m~, 
respect ively.  

The  q u a n t i t y  b is zero in the  first 
order  Born approximat ion .  This  m a y  
be unders tood  in the  fol lowing w a y :  
For  e lec t romagnet ic  in terac t ions  the  
cross section mus t  be inva r i an t  under  
both  space and t ime  reversal .  U n d e r  
t i m e  reversal  not  only  should the  direc- 
t ion of mot ion  of the  part icles  and  
the i r  spin direct ions be reversed,  b u t  
also the  d i rec t ion  of mot ion  of the  
spherical  waves  in the  sca t te r ing  s ta tes  
describing the  ini t ia l  and final s ta tes  
mus t  be reversed.  Thus  an ingoing  
par t ic le  which is accompanied  by sphe- 
rical outgoing waves  is, under  t i m e  
reversal ,  changed  into an outgoing  
part icle accompanied  by  spherical  inco- 
ming waves,  and  vice versa.  Since 
(ie x e*) . (u  x v)  changes sign upon t ime  
reversa l  b must  also change  sign in order  
tha t  the  cross section be inva r i an t  under  
t i m e  reversal .  Since b depends on the  
vectors  k, p l  and p~ only  "through the i r  
scalar  products  the  only  effect of t he  
t ime  reversal  on b can be tha t  due  to 
t he  change of the  ingoing to ou tgoing  
waves  and vice versa.  Since the  first  
order  Born approx imat ion  cross-section 
is independen t  of the  use of ingoing  
or outgoing waves  in the  ini t ia l  and 
final s tates (4), the  con t r ibu t ion  to b mus t  
come from higher  order  Born  approx-  
imat ions  (~). 

Wi th  k as the  z axis the  polar  and 
az imutha l  angles of the  posi t ron and 
e lec t ron are denoted  by 01, ~01 and 02, ~% 

(') K~.~_KO~ ~OLuE~r L. C. Iv~&x[~o:r and 
~I�9 WER~L~D: Phys. Rev., 106, 27 (1957) 
Note Sect�9 4, pp. 31, 32. 

(~) This also follows from the fact that b 
is proportional to the imaginary part of t h e  
matrix element. Thus,  since the first o r d e r  
Born approximation matrix element is real, 
only higher order Born approximations con- 
tribute to b. For a more detailed discussion 
s e e  ]~. ~OLBENSTVEDT a n d  tt&~_KO~ 0 L S E N :  
Nuovo Cimen.~o, 22, 610 (1961); note Sect. 2 
and Appendix A. 

respect ively .  Fo r  a r ight  c i rcular ly  
polar ized  pho ton  the  cross sect ion dan, r 
for emission of the  e lec t ron to t he  r igh t  
of the  posi t ron produc t ion  plane,  v iewed 
in the  di rect ion of k wi th  u po in t ing  
upwards ,  is then  obta ined  by in tegra t ing  
eq. (1) over  all values  of 01 and 02 and 
over  ~ 2 - - ~ 1  f rom 0 to ~. Also for a 
r ight  c i rcular ly  polar ized photon ,  t he  
cross section daL. r for emission of the  
electron to the  lef t  of the  pos i t ron  
p roduc t ion  p lane  is obta ined  by  inte-  
g ra t ion  over  nil 01 and  02 and  over  
~ 2 - - ~ 1  f rom 0 to --z~. F o r  a pa r t i a l ly  
c i rcu lar ly  polar ized pho ton  beam the  
cor responding  cross sections are deno ted  
by  d~ R and d~L. The  r ight- lef t  e lectron (~) 
emission a s y m m e t r y  in pair  p roduc t ion  
by  a pho ton  beam wi th  c i rcular  polari-  
za t ion  =t=Pp~, upper  and lower signs 
refer r ing  to r ight  and left  po lar iza t ion  
respec t ive ly ,  is then  found to be for  
comple t e  screening, in the lowest  non-  
van i sh ing  order  in Z, 

da R - -  da L e 2 
(2) . . . .  :~ P~h Z - - "  

(e~ q- e~)2r~ In 2 
1 2 _~ 2ele2 ) In (183Z-~) - -  ~-ele 2 ( ~  + ~ 

F o r  par t i a l  screening eq. (2) is modified 
o n l y  in tha t  the  denomina tor  on the  
r i g h t - h a n d  side is replaced by  (7) 

2 (2a) (e~ -t- es + ~ ele2)[ 1 ~bl(y) -[I In Z - ~ ] - -  

- -  ~ e~e~[q'~(~,)  - -  r  �9 

T h e  a s y m m e t r y  is direct ly  propor-  
rio nal  to Z, which shows tha t  the  con- 

(~) The roles of electron and positron may 
of course be interchanged in the a b o v e  d i s -  
c u s s i o n ;  t h i s  m e r e l y  changes the s i g n  o f  t h e  
asymmetry. 

(7) The functions ~1 and ~2 of 

? = lOOkZ-l~18~, 

a r e  given in H. A. BETHE and W. HEITLER:  
Prec. Roy. Soc. (London), & 146, 83 (1934) and 
rot. (I), pp. 900, 901. 
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tribution from the first order Born 
approximation is absent, as discussed 
above. The asymmetry is large for 
heavy elements: For P~ and completely 
circularly polarized photons it is 0.50 
for e l=s  2 and 0.57 when pair particles of 
all energies are observed. 

We next consider some possible 
experimental applications. The sign and 
magnitude of the (transverse) polari- 
zation of the E ~ hyperon produced in 
the reaction : : -~-p+-~E~ ~ can be 
determined by measuring the circular 
polarization of the y rays fl'om the E ~ 
decay E~ A~ , (8). The circular pola- 
rization of the ~I ray in the laboratory 
system is given by 

2Mr.k  ( P ~ . k ) k  , 
(3) Pph = M~ - -  M~ 

where M E and M A are the masses of 
the E ~ and A ~ hyperons, respectively, 
and P~  is the polarization of the E s, 
the average spin of the E ~ in units 
of �89 

Equation (3) is easily derived by 
looking at tt~e E s decay in the system 
in which the Z ~ is at rest. Take the z 
axis along the direction of the polari- 
zation of the E ~ The polarization P z  
may be thought of as the difference 
in probabilities w+ and w_ for the E ~ 
having z components of spin § �89 
and - -  �89 ~, respectively. Consider the case 
in which the photon is emitted in the 
direction of the positive z axis. From 
conservation of angular momentum it 
follows that  when the z component 

l h  of the spin of the E ~ is §  , then the 
z components of the photon spin and 
the A ~ spin are + h  and - - - l h  respec- 2 ' 
tively, and conversely when the z compo- 
nent  of the spin of the E ~ is - - � 8 9  then 
the z components of the photon spin and 
the A ~ spin are -- h and _L1 h, respectively. 

(s) L .  !VIICHEL a n d  H .  ROUHANINEJAD : 
Phys. Rev., 122, 242 (1961).  N o t e  S e c t .  8, p.  247.  

Thus in E ~ decay the probabilities for 
right and left circularly polarized photons 
are w+ and w_ respectively, and thus 
P , h = P  x .  When the photon is not 
emitted in the direction of PE,  then 
the circular polarization of the photon 
is given by the component of P~  along 
the momentum of the photon, ke~: 

P~h = ( P ~ ' k , ~ ) k , ~ .  (4) ~ 

ke~  is the momentum of the photon in 
the system in which the ~:o is at rest. 
Performing a Lorentz transformation 
to the laboratory system and noting 
that  the Z ~ is transversely polarized, 
the photon polarization in the labora- 
tory system is 

(5) Pph -- ME ^ ^ ^ ( P x . k ) k ,  
E x  - -  p x . k  

where E~ and px  are the energy and 
momentum of the X ~ respectively. The 

factors of (P~.k)k in eqs. (3) and (5) 
are easily seen to be equal by energy 
and momentum conservation. 

Measurement of the polarization of 
the photon from the X ~ decay by obser- 
ving the right-left electron emission 
asymmetry with respect to the positron 
plane, eq. (2), thus gives the possibility 
of determining both the magnitude and 
sign of the Z ~ polarization. 

As the efficiency of pair production 
as a polarisation analyser is proportional 
to Z it is important  that the pair pro- 
duction should take place in the field 
of a heavy nucleus. On the other hand, 
from the lack of transverse polarization 
of A ~ hyperons produced in 7:- collisions 
on Xe nuclei(~ it may be expected 
that  in order to obtain sizeable X ~ 

(~) E .  V .  KUZl~ETSOV, I .  A.  IVAIX'OVSKAYA, 
A .  I>ROKESH a n d  I .  V .  CHUVILO: Tenth Annual  
International Conlerene~ on High-Energy Physics 
( R o c h e s t e r ,  1960),  p .  383. 

e~ r'r 
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po la r i za t ion  t he  E ~ p r o d u c t i o n  shou ld  
t a k e  place  in collisions of r: mesons  w i th  
l ight  nuclei ,  p r e f e r ab ly  p ro tons .  T h u s  i t  
seems t h a t  a p r o p a n e  b u b b l e  c h a m b e r  
w i th  an  a d m i x t u r e  of CHaI m i g h t  be  
a p p r o p r i a t e  for th i s  e x p e r i m e n t  (10-12). 
Fo r  iodine  ( Z : - 5 3 )  t h e  a s y m m e t r y  is 0.37 
when  pa i r  par t ic les  of all energies  are  
obse rved .  

F r o m  the  def in i t ion  of t h e  a s y m m e t r y  
i t  is a p p a r e n t  t h a t  t h e  e lec t ron  a n d  
pos i t ron  m u s t  be d i s t ingu i shed .  In  
o the r  respects  t he  e x p e r i m e n t a l  dif- 
ficulties i n h e r e n t  in  th i s  m e t h o d  a t  
h igh  energies,  viz., t h e  accu ra t e  deter -  
ru ina t ion  of t he  p h o t o n  d i rec t ion  and  t h e  
effect of mu l t i p l e  s c a t t e r i n g  of t he  pa i r  
par t ic les ,  are t h e  same as in  measure -  
m e n t s  of t he  l inear po la r i za t i on  of 
pho tons ,  for  which  t he  p e r t i n e n t  t h e o r y  
has  been  worked  ou t  b y  KARZS0N (13) 
in  connec t ion  w i th  7: ~ decay  a n d  b y  
MICHEL a n d  ROUIIANINEJAD (s) in con- 
nec t ion  w i t h  Z ~ decay.  

Also t he  coefficient,  2, of t he  corre- 
l a t ion  be tween  t he  m o m e n t u m  of t h e  
~:- meson,  p ~ ,  a n d  t he  po la r i za t ion  P A  
of t he  A ~ in AS-decay, A ~ 2 4 7  
m a y  be d e t e r m i n e d  b y  t he  p r e s en t  
m e t h o d ,  as an  a l t e r n a t i v e  to t h e  m e t h o d  
u t i l iz ing  t he  co r re l a t ion  be t w een  t he  
m o m e n t u m  of A s a n d  t h e  spin  of t he  
decay  p r o t o n  (14). Fo r  s impl ic i ty  we 

(1o) D. V. BUGG in O. R. FRIsco: Progress 
in Nuclear Physics, vol. 7 (New York, 1959), p. 1. 
Note pp. 34, 35. 

(t~) R. W. WlLLIXMS: Can. Journ. Phys., 
37, 1085 (1959). 

(~) Also for such a liquid the radiation 
length is reasonably small. See Table V in 
ref. (~) and Table I in ref. (~). 

Q3) E. K)~_I~LSON: Ark. Fys., t3, 1 (1958). 
(~4) T. D. LEE and C. N. Y.~G: Phys. 

Rev., 108, 1645 (1957); E. BOLDT, ]cI. S. BRIDGE, 
D. O. CALDWELL and Y. PAI,: Phys. Rev. Lett., 

cons ider  on ly  t he  case of slow Z ~ par t ic les .  
T he  differences be tween  t h e  res t  sys t ems  
of t h e  Z ~ a n d  A ~ a n d  t h e  l a b o r a t o r y  
s y s t e m  m a y  t h e n  be  neglec ted .  

The  angu la r  d i s t r i b u t i o n  of t he  r:- 
meson  re l a t ive  to t he  po l a r i za t i on  of 
t he  A ~ is of t he  fo rm 

(6) 1 + ~/~='PA �9 

F r o m  the  discuss ion a b o v e  i t  follows 
t h a t  P h = ~ : k ,  t h e  u p p e r  a n d  lower  
signs re fe r r ing  to r i gh t  a n d  lef t  c i rcular ly  
p61arized pho tons ,  respect ive ly .  Thus  (6) 
becomes  

M e a s u r e m e n t  of t h e  cor re la t ion  be tween  
t he  d i rec t ion  of m o t i o n  of t he  =-  meson  
a n d  t h e  c i rcular  po la r i za t ion  of t he  y r a y  
m a y  t h u s  be  used to d e t e r m i n e  t he  
s ign a n d  m a g n i t u d e  of 2. 

F ina l ly ,  i t  shou ld  be m e n t i o n e d  t h a t  
t he  m e t h o d  m a y  be  appl ied  to measu-  
r e m e n t s  of c i rcu la r  po la r i za t ion  of pho-  
tons  f r o m  =0 decay,  t e s t i ng  T P  i n v a r i a n c e  
in n ~ decay  (1-10), and  f rom K s decay,  
d i scussed  r e c e n t l y  b y  DREITLEIN a n d  
PRIMAKO~F (1% 

1, 256 (1958);  R .  W .  BIR(~  a n d  W.  B. FOWLER: 
Phys. Sev. Legt., 5, 254 (1960); J .  LEITNER, 
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