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The angular correlation between a longitudinally polarized neutrino and a circularly 
pohri~d 7-quantum released by ah L-capture has been determined. For the forro of the weak 
interaction the linear combination of S, V, T, A, P couplings has been supposed. The angular 
correlation was calculated for arbitrary y-transitions and for captures forbidden in any order. 
Asa speeial case the v-y-angular correlation by ma allowed L-capture has also been given. 

1. In t roduct ion 

In  the recent  investigations on the par i ty  violating interact ions angular  
correlat ion exper iments  p lay  ah impor t an t  role. The reason for tkis is t ha t  the 
/~ - -  9J, v - -  ~ angular  correlat ions depend ra ther  sensit ively on the  polarizat ion 
of the emi t ted  e l ementa ry  particles and on the type  of the  Fermi  interact ion,  
the  form of which is of par t icular  interest .  Comparing the measurements  of  
the  polar izat ion of  electrons and those of the helici ty of the  neutr ino we can 
infer the  forra of the weak interact ion.  Elect ron polarizat ion measurements  
gire  unambiguous ly  the  result  t ha t  the  ~-electrons are longi tudinal ly  polarized 
in backward  directions in the  rat io of v/c. This resul t  suggests in the case of  
a le f t -handed neut r ino  (spin and m o m e n t u m  antiparallel)  the  VA in the  case 
of a r igh t -handed  neutr ino (spin and m o m e n t u m  parallel) the  S T  var iants  of 
the in teract ion.  To decide between these al ternat ives  the  helici ty of the  
neutr ino has to  be determined.  F rom this point  of view angular  correlat ion 
measurements  by  electron capture  ate ve ry  suitable, since in this proeess ouly 
one par t ie le  ( the neutr ino)  is emi t ted ,  thus  its s tudy  is considerably easier 
t han  e.g. t h a t  of  the  ~-decay. The  wave funct ion determining the eleetron 
before capture  is exact ly  known;  consequently,  the resul t  of calculations de- 
pends essentially only  on the type  of  the  in terac t ion  and on the  helici ty of the  
neutr ino.  GOLDnAn~.a et al. [1] have  shown jus t  b y  means  of such angular  
correlat ion measurements  tha t  the spin and the m o m e n t u m  of the neutr ino 
ate antiparallel ,  i.e. it is a lef t -handed pardcle.  Thei r  measurement  s t rongly 
supports  the  VA var ian t  of the interact ion.  The problem,  however ,  cannot  be 
regarded as comple te ly  solved, because the results do not  g i re  uniquely  deter- 
mined values for  the coupling constants  of the V and A interact ions  and for 
the relat ive sign (V • A) of them.  Since angular  correlat ion invest igat ions 



L NAGY 

may give valuable information also regarding the further development of 
research further theoretical investigations seem highly desirable. 

Recently several papers [2], [3] have dealt with v -- ~ angular correlation 
problems. These investigations, however, were confined on the one hand only 
to aUowed transitions and on the other only to K-capture. In a previous paper 
[3] we generalized the calculations for K-captures forbidden in arbitrary order 
and for mixed 7-transitions. As is well known, under certain circumstances 
the probability of an L-capture may be also rather high, but in spite of this 
there ate no calculations concerning this capture. Our aira is just to fill this 
gap. In the following we shall determine the v -- 7' angular correlation for ah 
L-capture forbidden in arbitrary order. Our results make possible not only the 
comparison of the neutrino theory with the experiments, but  they may also 
serve a s a  theoretical basis in certain nuclear spectroscopical investigations. 

2. Angular correlation formula 

Let us consider the following process : A nucleus of charge Z and charac- 
terized by the quantum numhers Jl, mi captures one electron having been in a 
definite q ian tum state in the  atomic shell. The nucleus emitting a neutrino 
goes over into an excited state characterized by j~, m 2, having the nuclear 
charge Z -- 1. A s a  next step the nucleus emitting a y-quantum gets into the 
ground state with the quantum numbers Ja, ma. Let us denote by p and P, 
the momentum and the polarization of the neutrino, by k and P~ the momentum 
and the polarization of the ?-quantum, respectively, ji,  mi (i ~-- 1, 2, 3) ate 
the angular momentum and magnetic quantum numbers of the nucleus in the 
states characterized above, those values for the initial electron should be 
je and m~. Thus the following composite process has to be considered : 

Jl , mx ; e --Ÿ j~, m~ ~ Ja, ms- 

We want to find the angular correlation between the directions of the emitted 
and v particles ; i.e. we want to determine the transition probability of the 

above composite process a s a  function of the polarizations P,, P~, and the angle 
/~ between the vectors p and k. By means of the perturbation theory the 
correlation in question is obtained [4] as 

W (t~,P, Pr) = L E  (') (m~, mŸ m'~). (1) 

E(")(m~, mŸ and E(~)(m~, mŸ ate the density matrices of the above two processes, 
which can be obtained by means of the interaction Hamiltonian : 

(,) , - -  �9 , .  . 

�9 E(m,, m , ) -  .~ "~Jtt, m~; v IH(')I j l  mi; he, je, tot > * <  j~ m2, v f H('(Ijx rnl; ne,J,, me > ,  
1711 

m. (2) 

El~,,mi)-= Z < j a m a ; ? l H ( Y ) [ j 2 m 2 > * < j a m s ; 7 , [ H ( Y ) [ j s m Ÿ  (3) 
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where H (') and/_/Ÿ are in te rac t ion  Hami l t on i ans  for e lectron e a p t u r e - -  neut r ino  

emission and  for g a m m a  emission, respect ive ly .  Fac to rs  i r re levant  for  the  
correlat ion have  been  omi t ted .  We shall  de te rmine  f i rs t  the  dens i ty  matr ices  
E (') (m z, mŸ and E L~) (m,, mŸ f rom which using (1) the  corre la t ion  IV(O, P,, Pv) 
can be obta ined .  

3. Electron capture 

The H a m i l t o n  opera to r  describing the  electron cap tu re  - -  neutr ino emis- 

sion is given b y  

H(')=f~C,(~nOi~p)(~,~(l+P, 7~)O,%)+h'c. (4) 

Here  ~0,, ~Pp, ~v and  ~o t ate  the  second quant ized  neut ron ,  pro ton ,  neutr ino 
and electron f ield 0pera tors ,  respect ive ly .  Indices  i refer  to  the  f ive  in teract ions  
S, V, T, A, P. I n  (4) the  quan t i t y  charac ter iz ing  the polar iza t ion  of the neut r ino  
m a y  be P~ = ~ 1, depending on the  spin of  the neut r ino  being or iented in 

the  direct ion of m o m e n t u m  of in the  opposi te  sense. According to the measure-  
ments  of  GOLDHABER et al. - -  as we have  a l ready men t ioned  - -  ir is ve ry  
l ikely t h a t  Pv = - -  1, our  calculat ions,  however ,  will be carr ied out  for bo th  
polar izat ions,  thus  provid ing  the  possibi l i ty  of deciding the  neut f ino  helici ty 
on the  basis  of  (also forbidden) L -cap tu re  exper iments  too. Ol (i = 1 . . . . .  5) 
ate  Dirac matr ices  corresponding to the  f ive  in teract ions* 

1 
Os=l ;  Ov=iTu; 0 r = ~ � 9 1  (5) 

OA=iYsYu; Ov=i)'5. 
The m a t r i x  e lement  of  the  H a m i l t o n i a n  (4) for  the  electron cap ture -  

neutr ino emission is 

< J 2 m ~ ; v I H ( ' ) [ j l m l ;  e >  = 
A (6) 

=r X'Ci V y (~p, ~ (1 -k- P ,  75) Ot ~Pe) (~~,~, 7, Oin(I)jtml)d'r. 

q)j~m~ and ~hm, ate  the  s ta te  funet ions  of the  nucleus in ini t ial  and in f inal  
s tates ,  respeet ive ly .  The lepton s ta te  funet ions  ate to be t a k e n  at  the  place of  
the  n- th  nueleon suffering the  t rans i t ion .  The opera to r  Otn acta on the var iables  
of the  n- th  nucleon.  S u m m a t i o n  refers  to all the  nueleons,  in tegra t ion  to the  

s ta te  funet ion  of  the  nueleus.  

* We use x t = /ct. The quantities ( foOi ~) containing the above Oi have the same reality 
properties as the corresponding classical tensors. E.g. (~i?,~p) (r = 1, 2, 3) ate hermitic, 
the fourth component (Fpi ?t ~) is antihermitic, similarly for the others. In other papers fre- 
quently Ot is taken to be hermitic. In this case Ov = Tu, Op = Fs" Then the corresponding coef- 
ficients Cv and Cp ate - -  1 times ours. This sign difference manifests itself only in the inter- 
ference terms to be calculated later. 
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For  the de te rmina t ion  of  the matrices E" (m~, mŸ let us chose a coordi- 
na te  sys tem with the z axis in the direction of mot ion  of the neutr ino.  This 
choice makes the calculat ion easier bu t  ir does not  impair  its generali ty.  Thus 
the  wave funct ion of the neutr ino with m o m e n t u m  p is : 

' i  
% =  u, exp l ~ p z  I . (7) 

For  a neutr ino polarized forward  

(i) t~ 1 --  P ,  75 1 Ÿ 
2 ~" : %+ ---- ~ exp ~ - p z ,  (8) 

similarly for the backward  polarized case 

1 - -  P ,  Y5 % ~___ %_ = exp pz �9 (9) 

2 ~ -  ~ 1  

Expmading the f tmetion exp pz in series of spherical funetions we have  

exp p = . ~ g 4 : ~ ( 2 l - ] -  1)ii  q (10) 
l ~ O  

t t e re  jt (~1  is the  l-th order  Bessel funct ion.  

The  wave funct ions of  the  electron bounded  in the Coulomb field ate 
ob ta ined  f rom the  solution of the  Dirac equa t ion  : 

1 1 
ir j = t + - - :  ~ j : ~ - - - :  

2 2 

l + m  + ~ 2 g(r) Yip__1, 
~~  2 1 + 1  g(r) Yl, m-~, ~ 1 :  2l-4- 1 2 

V V' l l -- m -4- ~ g (r) Y,,  m+ ~, ~2 : g (r) Y,,m+ 1, 
~ ~ : - -  2 1 + 1  2/-4- 1 2 (11) 

V ' V t§ ' ~" - : - - -  21+3 /f(r) Y,+~,m_~, ~ a = - -  2 1 - - 1  z 

+ ~ " ,;f(r) Y~_l,m+_ 1 Y ) ' = - -  ~ 21Y~-3 if(r) Yt+l'm+~ ' ~a= [ 2 1 - - 1  ," 
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The radial wave functions g (r) and f(r)  for K- and L-shells are given as : 

12zF 1I +" ~~ 1 / ~  gK(r)=ta  o, ~ 2 F ( 2 7 ~ + 1 )  e eff '-~, / K ( r ) : - -  T-~~lgK(r ) (12a) 

for 1S,/, s tate (K-she l l ;  n = 1, l =  0, j = ~s)' 

I 2Z q l i  271+1 7 1 kes ~[ Nse~~-'- 
gL,(r)_--/N--~o j [ F ( ~ 7 ~ _ - l ) _  4 m , ( m s + l  ) e 

Ns + 1 e~~] for 2Sv, state 
271+1 J (L,-shell; n : 2 ,  l : 0 , j = l s ) ,  

(12b) 

]/}--e, (2?I + I)(Ns-}-2)--(Ns+ I)9 s 
fL, (r) = -  _Ÿ (27~ + 1) N s - -  ( � 9  1-) & gLl (r)' 

f sz ]~I~1/ 27.• 
sL,,(r) = t N ~ . o  s V ~(2~~  + 1) 

V~X1 - eS AII ( r ) =  --  ~ t-i 

I%! 2F(2?s + 1) 

flirt (r) = --  V I  + e~~agcm ( r ) .  

N s 

(271 + 1)Ns 
(271 + 1) (Ns --  

s 

V l+~s ~-~[ �9 4N-(�9 ~ 1) (N s --  2)Q~,-1 - -  

- -  1 ] for 2Pv, statc 
+ 1 e~'. (L,,-shell; n =  2; l= 1 , j =  -~), 

- -  ( N s  - -  1) Qs SL,, ( r ) ,  (12c)  
2) --  (N, --  1) es 

for 2P,/, s tate  
e3~.%- 1, 

Here the  denotat ions  

( L j s h e l l ;  n =  2, l =  1 , j :  ~), 

(12d) 

~1 = V 1 - ( a Z ) '  ; 7~ = V 4 - ( a Z ) ' ;  

2Zr 
N i = l ;  Nl=V2(1-+-?x); N a = 2 ;  Q i = - - ;  

NI a o 

[aZl~]-'l'; [1+I o~ /'1-'". I1+/~ -~ = 8 2 = 8 3 
e t [ 1 + t 7 1 1  J (1+71J  J ' t~-~! J 

(13) 

have been use& a 0 is the Bohr radius, Z is the nuclear charge. 
For our purposes it is not  necessary to t reat  the electrons relativisticaUy; 

consequent ly we retain only the large components.  The radial  wave functions 
of the electron in the transit ion mat r ix  elements ate subst i tu ted --  as usual --  
by their  values on the surface of the  nucleus, thus being constants they  can 
be factored out f rom the integral. Using (12a)--(12d) and (13) ir is easily 
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seen  t h a t  a t  d i s t tmces  o f  t he  o rde r  o f  a ~auclear r a d i u s  t he  l a rge  c o m p o n e n t s  

a t e  t hose  t emas  wh ich  c o n t a i n  t he  f u n c t i o u s  g • ( r ) ,  gLt(r), gLm(r),  f L t t  ( r ) f o r  

K - ,  L I - ,  L u l -  a n d  LH-shells,  r e spe t ive ly .  T h u s  we  use  t he  fo l lowing  w a v e  
f u n c t i o n s  for  e lec t rons  : 

1 1 
LI  = shell : m e --~. - -  : m e -~. - -  - -  : 

2 2 1 (£ 
1 1 

Lll -she l l  : m,  = - -  : m e = - -  - -  : 
2 2 

~~1 li) ~~ = _ _  f L , ,  ( r )  Y o o  ; V)e = f L , ,  (r) Y0o ; (14b) 

\ 01 

3 3 
Lil i-Shell  : m e : __ : m e  ~ . -  - - :  

2 2 

1 1 
m e = _ _ :  m e ~ - -  _ _  : 

2 2 

1 "~ Y:t,-1 (0, ~) 

_ ~ l y  
-1/~ ~1(o ~) 

O 

0 

gL. ,  (r) ; 7e = - -  ~ 3  Ylo (0, ~v) 
g 

O 

0 

gL,, (0. (14d) 

T h e s e  e lec t ron  a n d  n e u t r i n o  w a v e  f u n c t i o n s  (7), (10) are to  be  s u b s t i t u t e d  
in to  t h e  t r a n s i t i o n  m a t r i x  e l e m e n t  (6). T h e  s u b s t i t u t i o n  gives  e.g. in t h e  case  
of  t h e  L1-shell : 

< j ~  m2 ; r IH( ' ) l j  I m 1 ; eL x > 

Y.C, ~2-1~ u * , l - - P ' 7 5 7 , O q  , ~  ~ t , m , J '  i - t Y , o ( O n ) 7 , 0 i n q b j ,  m ~ d r ,  (15) 
l,t 2 n = 1 

w h e r e  ue is t he  un i t  sp ino r  occur r ing  in t he  e lec t ron  s t a t e  func t ion .  I n  (15) 
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constants irrelevant for the correlation (e.g. f, gLl taken on the surface of 
the nucIeus, Y00) have bcen omitted. 

For the matrix element we use the usual denotation 

,~=lf~ * " {Pr.li_t ),r,,,jt[T ~ Y,o(On)?tOtr,~jlm, d~=<jsm=ljti-,Ylo?,O, Ijq (16) J 
from which 

<]smz; vIH(')ljlml; eLl>,~ 

~ ~, ~,~-~(o: i -  ~P2"~~?,O,u,} < j ,  mslj, i-'Y,o?,,O, l j lml>.  (17) 

The matrix element .<j= m a l j l  i_l 74 Ylo Ol I J l, mi > can be de- 
composed using the Wigner-Eckart theorem to the product of a reduced 
matrix element independent of  the magnetic quantum numbers a n d a  certain 
Clebsch-Gordan coefficient. The nuchous are treated in non-relativistic 
approximation. The smaU eomponents of the wave function will not be taken 
equal to zero, but  terms in the transition matrix elements containing seeond 
and tª powers in v/c are neglected. 

Let us treat e.g. in detail the rector  interaction. In this case Ov ~ i?~,. 
The space-like components (~ = 1, 2, 3) are ~z r  the fourth eomponent 
�89 -- 4) is i. The matrix element of H(~ ) accordin s to (17) i s :  

< j t m t ;  v{H(v')i.il mi; eL,>  

~ V ~  ( tJ" 1--P'?~ i Y' ?" ut) <j.mt[ji i-t Yt~ i ?` y"ljl ml > 

2 ~1 G Ue) < j l  m2[Jl i--l YIo ~i Gtjl ~ > -- 

_ ~ ~g-N-~ [.,+ ]-P,ys 
2 - u,) < j=m=l j l i - t  YlolJl rr >.  

(18) 

The first stum on the right side is the "relativistie", the sec~nd is the "ordinary" 
transi¡ matrix element. A given order "relativistic" terna is v]c times the 
corresponding "ordinary"  element. (v i s  the mean velocity of nucleons.) Let 
us treat first the "ordinary" matrix element. The leptonic matrix elements 
from (8), (9) and (]4a) ate* 

1 
* u. ( 1 )  deno t e s  t h e  spingr  c o r r e s p o , d i n g  to  m.  = + 2 '  u.  ( - - )  t h a t  eor responding  

to  ~r~ ~ - - ~ - .  
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/~~1 ~ ~~ ~ /~~ 1 2~~ ,i 0 ;  (19, 

2 

The nuclear matr ix  elements,  using the Wigner-Eckar t  theorem, can be writ- 
ten 

<Ja ma[J, i-~ Y~olJ~ m~ > = ( - -  1)' (j~ I mi 01j a ma) < j ~  li / ]]jl > ~ (:ra, ( -  1)~ :ti), 

(20) 
where < J a  II l IlJl > is the  reduced matr ix  element independent  of the  magnet ie  
quan tum nnmhers ; :r 1 and :r a axe the parit ies of  the initial and final states,  
respectively.  In  the fonowmg we ~ c  the denota t ion  :r (/) for ~ ( :t a, ( - -  1) ~ rrr). 
The reduced matr ix  elements < Ja [[ l II i i  > are real, the  condit ion for which 
is t ha t  the tensor opera tor  ~'~Rq occluTing in the  nuclear matr ix  element 
should satisfy 

T f2"~q: (-- l)k--q~Qk,_qT , (21) 

when t ime is reversed [4]. T is the operator  of  t ime reversal.  I t  can be  seen 
ve ry  easily tha t  ir Yl0 satisfies condition (21). 

F rom (17) and (20) we get 

< J a  ma; vIH~()[Jl mi; eL, >o '~ .~, V21+l (jllmlOIy~m,)(-- 1)z<  A] l i  [[jl >z t  ( / ) .  

(22) 

Subst i tu t ing this into (2) we obtain 

Vo(rth, m~)'~' V(21A-1)(21"§ . 

(23) 

( _  1)i+ ":r(/) :r (l') (Jl I mi 01Ja ma) (Jl l" /111 01J$ m2). 

F~om (23) it is easily seen tha t  f o r a  given m 1 m a = mŸ ir not,  E~~) ~ (m~, mŸ = 
= 0. The first Clebsch-Gordan coefficient namely  differs f rom zero only ir  
m 2 = m a the second if mŸ = mi. Thus 

E~~0 (m~, mŸ ~ 27 ( . . . )  (~ (m~, mŸ 
mi 

Let  us t rea t  now the "rela t ivis t ic"  mat r ix  element.  We use for the  r ec to r  
o its spherical components  
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1 1 
a 1 -  V ~(trx+iay);  a o=a~;  a_ l = ~ ( t r ~ - i a y ) .  (24) 

The scalar product (~, e) is then 
1 

(a, a) = ~ (-- 1)" a, a_. .  (25) 
/ s = - - I  

The matrix element now contains the operator 

(__ 1)~ i - l  Ylo cr_.. 

This is the adjunged operator to q Yz0 a.. Let us introduce the tensor operator 
t2~  as follows : 

= . ~  (l 1 m' # ' I L  M) q YI m' a~,,, (26) 
m ,  + / ~ ' = M  

from which 

q y,m "a. = ~~  (l 1 m NL M) ~ ~ .  (27) 

(18), (25), (27) and the Wigner-Eckart theorem gives 

< Jz rn2]Jl (-- 1)" i_t Y,0 a_ .  oxlJl mi > = 
(28) 

= ~, ( _  1).+ L+, ( /10#]L#) (j~ Lml -- ~[Jz m~) < j ,  II ZLe~ 1t Jl > n (l q- 1 ) .  
L 

One can easily obtain the lepton matrix elements also in this case and from 
(27), (18), (28) we get 

E~,~ (m~, mŸ ~ ~ Ÿ ~ V (  2/-4-1) (2l' q- 1)(_)t+t, <j~ IIZL ex li jl> <j~llrL' QlllYl> 

�9 zt (l + 1) ~r (l" q- 1) {(/100 I L0) (l' 100 I L" O) (Jx Lmx 0 I j~ rn~) (Jl L' m lO[j~ ~Ÿ + 

+2P~ +`'+L+L" ( / 1 0 -  I I L -  1 ) ( / ' 1 0 -  l l L ' -  1 ) ( j l L m l - - P .  ]j.m.~). 

�9 (j~ L'mx -- P.  [ j2 mŸ (29) 

We can conclude again that for a given m t m~ = mŸ i.e. 

m i  

The reduced matrix elements < j~l]/Lpl[] JŸ > in (29) ate also real. 
This wiU indeed be the case if 12~~ satisfies (21). Using a~ = -- (-- 1)" T -x a_.  T 
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and ~~ = T -1 Ol T, the  condition can be easily verified. (* denotes complex 
conjugate.)  

The full densi ty mat r ix  E~~ ) (ma, mi) according to (2) and (18) besides 
the  above matrices E~~~ o, E~~) contains in addit ion the interference terms of 
the  "ord inary"  and "relativistic" matrix elements too : 

E v  ( (ma, mŸ = EŸ (rn t, mŸ + E(~) (ma, mŸ + E(~) x (m,, mŸ (30) 

E(~)~ can be calculated similarly, it is : 

E~x (tot, m Ÿ  -- 2 .~~ 2 . ~  V( 2 / +  1) (2/' + 1) ( -  1)t+t, < J t  ti t IIi~ > .  
~1 tt" l." (31) 

�9 < J ,  li r L'  ex I l J l>  ~ (0 ~ ( r  + 1) (l' 100 ] L'0) (Jx L'  m a 0 l j ,  mŸ (Jl lrna 0 l Ja ma). 

I t  can be seen from (31) tha t  similarly to the former two expressions 

E~ (ma, mŸ ~ , , ~  ( . . . )  ~ (m s, mŸ 

Other  members of the full densi ty matr ix  E~v ") (ma, mŸ can be computed  on 
similar lines. We give here only the result  of the  straighfforward calculation 

E~') (ma' mŸ r . ~  ~ V ( 2 / +  1) (2/' + 1) (--  1)t+ :. {e 1 (ll" mi ma mŸ a I (li" Pv) - '~ 
nl 1 li" 

-4-~,, es (U" LL" m I m s mŸ P.) b (li" LL' ,  P )  -4- (32) 

+ ~ "  e s (U" L" m I m a mŸ c (U" L',  P.)I, 
L" I 

where e 1, es, e a and a D bl, c I are 

e I (li" mt ma mŸ = (jt  Ima 0 lis ma) (Jl l'mx 0 lis ma) ~ (ma, mŸ (33) 

e S (li" LL" m 1 m 2 m~, P , )  = 

= l(1100 [ LO) (1100 [ L'0) (ii  Lml  0 [Ja ma) (J'l L 'ml  0 I Ja m2) ~- 
(34) 

+ 2P~, +'+L+L" (/10 --  1 I L --  1) (l" 10 --  1 I L" --  1) fil Lnh --  P ,  Ii2 ma)" 

(]1 L" m a --  P .  ] Ja ms) t ~ (m2, mŸ 

e s (U" L" ma ma mŸ : 

= (l" 100 ] L'O) 0"1 L" m 1 0 [Jt m~) (]1 lmt 0 I Ja ma) ~ (my m i ) ,  
(35) 
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a~ ( l l ' ,  P , )  = 

+ 

+ 

P C~ M s (l) Ms (l') -4- Cv Mvo (l) Mvo (l ) + C~ MAR (I) M ~r (l') -4- 

C~ Mp(l) Mp (l') -- 2C ~ CpM ~,(I) Mp (l') -4- 2P, [C= Cp M~ (l) Mp (l') -f- 

CvC~ MvoM ~= (l') -- CsC~ Ms(l) M ~= (l') -- Cv CvMvo (l) Mp (/')], (36) 

_ _  ! I ~ P ! bl (ll'LL, P, ) - -C~Mv,(IL)Mw(I  L )+CTMTo(IL)MTo(I L ) + 

l ,  , + CTMTr(IL)MT~( L ) + C~A MAo (IL) MAo (l'L') -- (37) 

-- 2Cv CT Mv~(lL) MT~ (/'L') -4- 2P, [-- C~ MTo (IL) MŸ (l'L') + 

-4- Cv Gr M w  (IL) MTo (l'L') + Cv CA Mv ,  (lL) M Ao (/'L')], 

CI (ll'L', P,) = 2 {--C~ Mvo (l) Mv,~ (l'L') -- C~4 MA, (l) M Ao l'L') -- 

-- C s C T M z (l) MTR (l'L') -~ C v C r Mvo (l) MT- R (l'L') -4- 

+ C T CpMp (1) Mro (l'L') + C A Cp Mp (I) MAo (l'L') + 

+ P, [Cs CT Ms (l) MTo (l'L') + C s C A Ms (l) MAo (l'L') - -  

- -  Cv CT Mvo (l) MTo ( l ' L ' )  - -  Cv CA My o (l) M Ao ( l ' L ' )  - -  

- -  Gv CA M A ~ ( I )  M w ( l ' L ' )  -4- Gr Cz My (l) M w  ( l ' L ' )  - -  

- -  CT Cp Mv(1) MT ~ (/'L')]). 

ML occurring in the expressions a I, b l, c I denotes the product of the 
reduced matrix element and the corresponding parity symbol n (/). The exact 
relations are given in Table 1. 

Table I 

Ms (l) = < Jz Ii I~3 II j~ > ~ (~ ; 

Mvo (l) = < Ja II l [] J l  > ~ (/) ; 

Mro(lL) = < Ja I1 IL~s li J l  > ~ (/) ; 

M %  (IE) = < L li IL II Jx > z t  (1) ; 

M%(lL) = < j ~  II IL~ll[jx > ~ ( / ~ -  1); 

M~~(lL) = < Ja [f ILi~~lljl > ~(1 + 1); 

MA,(I) = < jz ll l~~ lljx > zr(l-~ 1); 

Mp (/) : < J2 II li~~ ii J~ > :r (l + 1). 

In (32) all the interference terms have been taken into account except 
the terms S V  and TA. These terms as we know from ~-decay experiments do 
not appear. 

From (32)--(38) ir is seen that  the density matrix E~~~ for Li-capture 
is the same as for K-capture. This can be seen directly from the comparison 
of the state functions ~e too. The transition probabilities for LI- and K-capture 
differ only in temas containing the energy and the radial wave functions of 
the electrons. These factors being unimportant for the correlation had formerly 
been neglected. The density matrices describing the ?-transition being the 

Acta Phylioa X/2. 
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same for both captures,  the  v -  y-angular correlation for the K- and L i- 
capture  are also the same [3]. 

The determinat ion of  the densi ty matrices E (') (m v mŸ E (') (ma, m~)Lili 
for L H- and Lm-captures  using the electron wave  functions (14b)--(14d) 
is similar to our former  calculations. We quote  only the results : 

E(') (mg, m'~)LH ~ ~ .~ V ~ l  + 1) (2/' + 1) (-- 1)~+V {e 1 (ll' mx m~ m ~  a l ,  (li', P , )  + 
m~ I~1" 

--~ .~' e~ (II' LL '  m a m~ mŸ P~) bit (li' LL ' ,  P,) -}- (39) 
LL"  

+ 2 ea (U' L 'ma  m2mŸ c,i (U' L ' , P v )  },  
L" 

where q ,  c 2 and c a ate equal to (33), (34) and (35); aii , bll , Cl| are expressions 
containing the reduced matr ix  elements : 

a l i (ll', P,) = C~ M s  (l) M S (Ir) + C~, Mvo (l') Mvo (l) + C~A MA B (l) MA~ (l') + 

+ C ~ M p ( l ) M p  (l') + 2CACpMAn(I ) M p  (l) + 2P,[CsC A M s  (I) MAR (I') + 

§ C s C p M s ( l ) M p  (l') § CvCAMvo(I)MA~(I')  +CvCpMvo(1  ) Mp  (l')], 
(40) 

bl i (ll' LL ' ,  P,) = ~v M %  (IL) Mvn  (l'L') + 

+ C~r MTo (IL}MTo (l'L') -4- C~ MTR (IL) Mrn  (l'L') + 

--~ C2A MAo (IL) MAo (I'L') + 2C V C T Mv~, (IL) MT~ ('L') + (41 

+ 2P, [-- C v C T M y  R (IL) Mro (l'L') -4- Cv CA M v a (IL) MA o (l'L') --  

- -  C~ M r o  (IL) M T n  (/'L')], 
C I I (ll'L', P,) = 2 (--  C~/Mvo (1) Mvn  (l'L') - -  C~4 MAn (l) MA o (l'L') - -  

--  C s C T M s (l) MrR (l'L') -- C V C T Mvo (l) M r ,  (l'L') + 

+ C T Cp Mp  (1) MTo (l'L') --  C A Cp M p  (l) MA o (l'L') + 

+ P,  [C s C r M s (l) MTo (l'L') --  C s C A M s (l) MAo (l'L') + (42) 

+ Cv CT Mvo (l) M ro (l'L') --  C V C A Mvo (l) MAo (l'L') - -  

- -  C V C A MAn (l) Mv~ (l'L') - -  C v Cp M p  (l) M %  (l'L') - -  

- -  CT Cp M v  (l) MT~ (I'L')]}. 

The Mi ate given in Table  1. (39) is ve ry  similar to (32) only the expressions 
a, b, c are different. The electron energy and the radial wave functions are 
here also different, bu t  being un impor tan t  factors  they  have been omit ted .  

E(,) (m v mŸ I ~ .~~1 ~,  .~, 3 (2l -[- 1) (21" + 1) [ (2J  + 1) (2J" + 1)]-YJ ( - -  1)a. 
mx li" J J" 

�9 Id 1 ( l l 'JJ 'ml  m a mŸ P , )  aro ( l l ' JJ ' ,  P , )  + 2" d~ ( l l ' J J ' L L ' m  1 m a mŸ P , ) .  
LL"  

�9 b m ( I f J J ' L L ' , P . ) 4 -  ~ d a ( l l ' J J ' L ' m l m a m Ÿ  P , ) c m ( l l ' J J ' L ' , P , ) } ,  (43) 
L" 
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where 

A ~ l § l" § � 9 1  § O ( J ' , l ' - -  1), (44) 

d 1 ( l i 'J  J" m I m a mŸ P,)  = 

= (1100 ] JO) (l" 100 [ J'O) {~ (1100 ] JO) (l' 100 [ J'O) (jx J m  I 0 ]J2 ralO" 

�9 (Jl J 'nh  0 l J2 ma) § (/101 [ J1) (l" 101 [ J ' l )  (Jl J m l  P ,  [Ja ma)" 

�9 (jx J'm~ P ,  I j~ ma) + ~ (110 - -  1 l J - -  i )  ( / ' 1 0 - -  1 I J" - -  1) .  

�9 (j~ Jm~ --  P ,  l Ja rn~) (j~ J'm~ --  P ,  l Ja mO} ~ (ma, m Ÿ  

(45) 

4 
= (1100 [JO) (l" 100 [J'O) 

�9 (J  110 I L1) (J" 1101L'I ) 
§  1 ] J - -  l)(l" 

( l I ' JJ 'LL"  m I m a m'2, P,)  = 

pj+J,+L+L, {(/101 I J1 ) ( I '  101 IJ '  1). 

(Jl L m l  P ,  [Ja m2) (Jl L' mi P,  li, rn~ 4- 

I O - - 1 ] J ' - - I ) ( J I - I - - I [ L - - 2 ) .  

�9 (J" 1 --  1 - -  1 ]L" - 2) (Jl L m l  - -  2P,  li2 me) (1"1 L'ma --  2 P v  Ii2 ma) + 

+ ~ ( j x L m l O I j 2 m 2 ) ( 1 " l L ' m l O ] j a m 2 ) [ ( l l O I [ J l ) ( J l l - - 1 ] L O  ) - -  (46) 
- -  (1100 ]JO) (JlO0 I LO)] [(l' 101 I j ,  1) ( J ' l l  - -  1 ]L'O) - -  (l" 100 1J'O) �9 

�9 (J' 100 ] L'O) § l (J i  Lml - -  P ,  ]Ja rn~ (1"~ L" mx --  P ,  [Ja ma)" 

�9 [2 (1100 f JO ) (J lO - -  1 I L - -  1) - -  (/10 - -  1 ] j  - 1) ( j 1  - lO ]L - -  1 ) ] .  

�9 [2 ( l ' lOO1J'O)(J" 1 0 - -  1 I L ' -  1) - ( / ' 1 0 -  1 i J ' -  1) ( J ' l -  I O I L ' -  1) ]} .  

�9 �91 (ma, m~),  

d a (U'JJ'L" m 1 m 2 mŸ P,) =- (1100 ] JO ) (l' 100 1J'O ) Pl,'+L'{(l 101 I J1 ) .  

�9 (/' 101 t J ' l )  (J" 110 ] L ' I )  (.il Jml P, [J~ m~) (ii L" 1111 P,  l J2 m~) - 

- -  ~ (1100  IJO ) [(l' 10~1 I J ' l )  (J '  11 - 11L'O) - -  (l" 1 0 0 1 J ' O  ) (J '  1001L'O)]  �9 

�9 (J'l Jnh  0 ]J2 mz) (1"1 L 'ml  0 ]Ja ma) -- 1 (110 -- 1 l J - -  1) [2 (l' 100 ] J 'O).  (47) 

�9 (J" 10 - -  1 !L" - -  1) - -  (l' 10 - -  1 l J" - -  1) ( J ' l  - -  10 I L ' - -  1 ) ] .  

" ( / 1 J ' l  - -  P .  tA ,,a) (1"1L'm~ --  P .  IJ~ m~)} ~ (ma. ma). 

a l l  I (U'JJ',P,) ---- C~ Ms (I J) Ms (l'J') § C~ Mvo (LI) Mvo (/'J') § 
+ C~A MA~ (I J) MA~ (l'J') § G-~ Mp (l J) Mp (l'J') -- 2 Cp CA Mp (I J) MA~ (l'J') --}- 

§ 2 P, [-- Cs CA Ms (I J) MA,, (l'J') § Cs Cp Ms (I J) Mp (l'J') § (48) 

.2f_ Cv CA Mvo (I J) MA~ (l'J') -- C v Cv Mvo (I J) M v (l'J')], 

6* 



212 L NAGY 

bxll (ll 'JJ'LL',  P,) = ~ Mvz (IJL) Mv~ (l'J'L') q- ~ Mro (liL) MTo (l'J'L') q- 

"4- C~ MTz (IJL) Mrx (l'J'L') q- C~A MA o (IJL) MA o (l'J'L') -- 
(49) 

- -  2Cv Cr M% (IJL) MTR (l'J'L') q- 2P. [Cv Cr Mv~ (liL) Mro (t'J'L') + 

.~- C V C A M %  (liL) MA o (l'J'L') -- C2T Mro (liL) Mrn (l'J'L')], 

clll (ll'JJ'L',P,) = 2 (-- Cs CT Ms (I J) Mr~,(I'J'L') q- C v C T Mvo (II) Mrn (I'J'L') + 

+ Cr Cp M e (li) MTo (l'J'L') + C A Cp Mp (l J) MA o (I'J'L') -- 

-- C~ Mvo (li) Mv~ (l'J'L') -- C~ MA R (li) MAo (l'J'L') A -  (50) 
q- 1>, [Cs CT Ms (li) MTo (l'J'L') q- C s CA Ms (Id) MA o (l'J'L') - -  

- -  Cv CT Mvo (li) Mro ( l ' d ' L ' )  - -  C v C A Mvo (li) MAo ( l ' J ' L ' )  - -  

- -  C V C A MA~ (l J) My ,  (rJ'L') -4- Cv Cp Mp (I J) My ,  (I'J'L') - -  

- -  C r Cp M e (li) MT, ( l ' J ' L ' ) ] } .  

Mi as in Table 1 denotes the product of the reduced matrix element and the 
corresponding parity symbol. The reduced matrix elements occurring here 
are different from the elements treated before. Matrix elements for the Lm- 
shell contain a spherical funetion of type Yx.-1, Y10 or Yn, these ate to be taken 
at the place of the nucleon suffering transition. These ate thus not constants 
as Yo0 was before, this making here some small difference. Let us treat e.g. 
the transition matrix element of scalar interaction from the electronic state 
je = 8/~, me = si2 to the neutrino state having the polaHzation P,  = -f- 1. 
The leptonic matrix element from (8) and (14c) is 

1 l pz 
('f, Qa V' e('l,)) : ~ Yll  gL I ~, e- 

yZ 

Taking into account the series (10) for the l-th term of the matrix element 
(after omitting irrelevant constant factors) we obtain 

<j~rn~; v]H~')(/)ljlml; eL l I i > ~  V4~t(21-4-1)<jrrn2!j,t~ ) i-t y ,oy  ~ ~a I J1 mi > .  (51) 

Yl0 and Yn ate to be  taken at the place of the interacting n-th nueleon. Using 
the identity 

[ (2/4ztA- (2J 1) (2l'A_ -~1) 1) ]~4 (ll'OOIJN) (U' mm'[JN) YjN (tg~0), 
7�9 
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we obtain 

< j 2 m , ;  v]t~')(1)[j~mx;eL~i,>,~ / ( 2 / + 1 )  V3~(2J-}-1)  - ~  ( - / ) t ( lX001J0) .  
J 

(53) 

�9 ( l l O X I J 1 ) < j t  +, j , [~ ]q  

In the sum for J there ate only two terms different from zero, becau~e (li001/0)= 
= 0 ff J = I. In the J ---- l + 1-th term the nuclear ma t ¡  element contains 
q 1Y~+I.1 which results (c. f. 21) real reduced matrix element, i t+ i Yt-l.l~ 
in the terna d : l - -  1 can be written as i~-~ Yt-x~t q ~ _ i~-~ Yl-l.1. There- 
fore the J = l --  1-th terna after facto¡ out (-- 1) gives a real reduced 
matrix element of similar structure. We multiply, consequently, the right side 
of (53) by  (-- 1)~~J't-~). Thus using the Wigner-Eckart theorem we obtain 

,~ i V ~ ( 2 / +  1) Z (2./A- 1)-~4 (_l)Z+~(J,t-x) (1100 l jo)  (1101 I j l ) .  (54) 
J 

�9 ( j lJm~ 1 I jamo) <j• II ~~8 IIJ~ > ~  (~q" 

I t  is to be seen from (53) and (54) tha t  the parity symbol occurring in M t 
contains J and not l, namely in the nuclear matrix element occurs Yjm the 
parity of which is be to considered here. 

4 ,  T h e  v - - ~ '  a n  nrnlAv r  

We have determined in Part  3 the density matrix E (') (ras, mŸ clescrib- 
ing electron capture -- neutrino emission for L-capture. The density matrix 
describing ~-emission is known from our previous paper [3]: 

E(?)(m~,m~ = (--1)"/, +j=+l+m= Z (--1) ~-+'+k V(2J-}- 1)(2J' -f- 1)<ja[[:t l l jm> �9 

�9 < Jal lX'[[ jm>~ ( ~ ' 1 -  l[k0) W ( j m j m ~ ' ;  kja) ( ja j ,  - -  mm mŸ ] k mŸ --  mt) " 

�9 D#~_~,+ (k). (55) 

The angular correlation is given by  (1). 
Ir is to be seen from (32), (39), (43) and (55) that  tha t  part  of 

~Y E~')(rn2, mŸ E <~) (m 2, mŸ which contains m 2 and mŸ is 

~, ~ , ( _  1)m, (ii L m l -  nP ,  I j2 m~) (Jx L'ml - n P ,  I j ,  m2)" 
mr237 mt 

! I k I �9 (JzJ, --  mz mi I kmz  -- m~) Dm;-z,,0 (k) e (taz, mŸ (56) 
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t t where n is an integer. Using ~ (m a m~) one can easily sum for m~, it remains 

, ,  ( _  1)m, (.iZ Lml -- nP, I Ja m~) (]l L'ml -- n P, lj~m~) (JtJa -- m2 m2 [ kO). 
IŸ 

(57) 
One can easily sum here b y  means of the Racah  theorem. According to tha t  

X (ab @ I e ~) (ed~~ [ ~/) (bd~~ i f V) = 
gso 

= V(2e + 1) ( 2 f  A- 1) (afarp I c),) W" (abcd ; ef), (58) 

where W(abcd;ef) is the  so-called Racah coefficient,  the values of which ate 
t abu la ted .  We apply the theorem for 

a = L ,  b----j2, c = L ' ,  d = j 2 ,  e = j l ,  f - = k  

a:nP, ,  ~=m~, 7:nP~, � 9 1  z, ~ - - - - m  l, ~----0.  (59)  

We use,  moreover,  the  well-known formula 

(ab a~l c - ~) = ( -  1)~-~§ ~-~ ] / - 2 7 ~  1 (~a ~a j b - 8) = 
V 2 b  + 1  

~ _  .§ ] ~ ~ r ~  1 (ac ay [ b - ~) = (60) 
= ( - -  1)~ [ 2 b  A- 1 

for the  Clebsch-Gordan coefficients. Using (58), (59) and (60) we obtain 

2 ( - -  x)m, (Jl Lnh -- "P,]jamO (Jl L'm, -- nP, ]J2 mg) (J2J2 --  ma m2 ] k0) = 
r / l , ,m=  

= ( _  1)k-j, + ~ (2jz + 1) (LL" nP,, -- nP.} kO) W (LL~], Ja ; kj~). (61) 

In  expressions (32), (39) and (43) occur the values n = 0, 1, --  1, 2. 
A s a  final result  for the  v - -  ~ angular correlation we obtain  

WLx (�91 P,, Pv) = .�91 A~ ''L') A(~) Pk (cos 0), (62a) 
k 

WLn (0, P,, P~) : v A(k',LH) A~v) pk (cos 0), (62b) 
k 

WL,,, (O, P,., P:,) = .~ A~ ",L'[[) A(k ") Pk (cos/~), (62c) 
k 
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where 

A~r) : ( _  1)],+1 ~y 1/(22 -4- 1)(22' -4- l) < J a  11211J~ > <J3  li 2' IIA > (--1)~-~'P~y " 
22" 

�9 (22' 1-- l ] k0) 1:17 (J2j, 22' ; k j3), (63) 

.4(,,L,) : (__ l)J, X' V(2l + 1) (2/' -f- 1) (-- 1)t+t" i a k (li') a, (ll', 1).) -4- 
li" 

n" " (64a)  A- ~ flg (lI 'LL', P )  b, (ll 'LL', P,) -4- ,~ ?k (U'L') c, ( L ,  P,) }, 
L L "  L" 

A(',LH)= (-- 1)J ,~  ( ~ +  1) (2/' + 1) (1--1)z+r{ak (li') aii (ll',P,) -:r- 
ll" 

d- Z flk (l l 'LL',  P~) bti (ll 'LL', P,) + ~ 7k (ll'L') c,~ (ll'L', P,)t , (64b) 
LL"  L" 

A(~ "''~~') = (-- 1)J' 27 27 3 (21 + 1) (2r + 1) [(2J + 1) (2J" + 1)]-~ ( -  1)~. 
u" J J"  

�9 {% (ll 'JJ' ,  P,) aiH (l l 'JJ ' ,P,)  -f- Z, ra ( l l 'JJ 'LL' ,  P~) bre ( I I ' J J ' L L ' , P )  -4- 
LL"  

�91 2 ~g ( l l 'JJ 'L ' ,  P,) CII I (l l 'JJ'L' ,  P~)} , 
L" 

ak (II') = (li'00 I kO) IV (j ,  j ,  U" ; kj~) , (65a) 

flk (ll 'LL', P.) = [(/100 [LO) (/'100 [L'0) (LL'OO[kO) -- 2P~ + r+ k (/10 -- 1 I L - 1)- 

�9 (/'10 - 1 ]L'--  1) (LL' I  -- 1 [k0)] W(j~j~  LL'; kjl),  (65b) 

Yk (U'L') = (/'100 IL'O ) (IL'OO ! kO) IV ( j z j z  1L" ; kj~) , (65c) 

ak (U'JJ', P,) = (11001JO) (I' 100 I J'O) I ~ (II00 I J 0) (1" 100 [J'O) (JJ'O0 I kO) -- 

-- [ (1101[J1 ) ( l ' lO l l J ' 1 ) ( - -  1)J+J'+k+~(l lO--  l i  J - -  1). (65d) 

�9 (/'10 - -  1 I J" - -  1)] (JJ'l - -  1 Ik0) l PJ,+.r+k W (J2 J, J J" ; k j l ) ,  

�9 k (ll ' .]J'LL',  P )  = (/100 [J0) (l'XO0/J'O) {i [(/101 I J1) ( J l l  - 1 I LO) - 

- -  (I100 l J0)  (J100  I LO)] [(/'101 I J ' l )  ( J ' l  - 1 [L'0) - -  (I'100 I J '0 ) .  

�9 (J ' IOO!L 'O)] (LL 'OOIkO)- - [~(2( I IOO[JO)(J IO--  l [ L - -  1 ) - -  (65e) 

- - ( I 1 0 - -  l i  J - -  1 ) ( J1  - 1 0 I L -  1)) (2 (I '100]J '0) ( J ' 1 0 -  I [L ' - -  1 ) - -  

- - ( l ' 1 0 -  l l J ' -  1 ) ( J ' l -  10 ] L ' - -  1 ) )A-  

--?(-- 1)L+ L'+k(IIOI [J1)(I'IOI I J ' I ) ( J l lO]L1) (J ' l lOIL ' I  )] ( L L ' I - -  1 !kO) -f- 

+ 2 ( 1 1 0 - -  l i  J -  1 ) ( / ' 1 0 -  l l j ' - - l ) ( j l - l - l l n - 2 ) .  

�9 ( j ' l  - 1 - 1 In ' - -2)  (LL'2 -- 2 [k0)l pj+j,+k iV(j .z j  ~ LL ' ;  kjl ) , 



216 L NAGY 

ek (U'JJ'L', P )  = (1100 1 J0)  (/'100 1 J '0)  {-- i (/I00 1 J0  ) ((/'101 I J ' l ) .  

�9 ( Y l X  - 1 I L ' 0 )  - -  (l'100 I J '0)  ( y l 0 0  I L ' 0 ) )  (JL'OOIkO) + 

[-~(ll0 --  1 I J --  1) (2 (l'100 l J '0)  (J '10 --  1 [ L ' - -  1) --  (65f) 

- -  (1'10 - -  1 tJ'  - -  1) ( J ' l  - -  10 [ L ' - -  1 ) )  - -  (1101 I J1) (1"101 { J ' l ) .  

.(j,11O I L,1) ( _  1)J+L,+k] (JL'I  -- 1 [ kO)f pJ+J,+k+~ gŸ kj~)" 

5.  A l l o w e d  L-capture 

We now speci,liTe our general results for allowed L-captures. For allowed 
transitŸ only l -~  0-th order "ordinary"  matr ix  elements ate different 
from zero. In  the general expressions (62a)--(62c) only expressions 
A~"O(t = LI,  LII, Llll)  wiil be modified as follows : 

.AO',LI ) = (__ l )h [a k (00) a I (00) .-~ flk (0011, P )  b I (0011) ~- 
(66a) 

4- rk (001, P, )c ,  (001)],  

~4(ff 'LII) = (--  l )J '  [a l (00) all (00) -q- flk (0011, P,) bll (0011) + 
(~b)  

+ ?k (001) c,, (001,P , ) ] ,  

.~ ( ' 'Lll l)= (--  1)J1[O" k (0011, P,)  all I (0011) -4- Z rk (0011LL', P . ) .  
LL" (66c) 

�9 b m (O011LL') + ~ '  ek (O011L' ,  P , )  Cll I (O011L' ,  P , ) ] ,  
L" 

w h e r e  
ak (00) = W (A A 00; kj~), (67a) 

flk (0011, P.) = [(1100 ] k0) -- 2P~. (111 --  1 I k0)] W( j~A 11; kjl), (67b) 

?k (001) = W ( j t j  ' 01; kj , ) ,  (67c) 

*k (0011, P,) = {~(11oo I ko) - [ ( -  1)k + ~ ] ( l l l  - 1 [ kO)}.  
( 67d)  

.1~, W (j=jz 11; kjx) 

"~k (O011LL', P,) ----{i [(111 -- 1 I LO) -- (1100 I LO)] [(111 -- 1 I L'O) --  

- -  ( 1 1 0 0  [L 'O) ]  (LL'O0 [kO)  - - [ 1 ( 1 1 0  - -  1 [ L - - l ) .  

�9 (110 -- l l L ' - -  1) (2 --  (--  1)L) (2 -- (--  1)L,) + (67e) 

+ ( _  1)L+L,+k (1110 { L1) (1110 ] L ' I)]  (LL'I -- 1 { kO) + 

+ 2 ( 1 1 - -  1 - -  l r L - - 2 ) ( l l - -  1 - - 1 [ L ' - - 2 ) .  

�9 (LL'2 -- 2 I kO)} P~, W (J2.]2 LL'; kj~), 



'ralde 2 

~k (oo) 

,8,~ (0011) 

7k(001) 

#k(oo11) 

Tk(O01100) 

Tk(O01101) 

r 

Tk(O01110) 

~k(o01111) 

Tk(O01112) 

-rk (OOl 12o) 

Tk(O01121) 

~rk (~)1122) 

ex(O0110) 

Of (00111) 

et (00112) 

W (jt j t  O0 ; OjO 

--~'3 FF(j,j. 11; Oj 1) 

2 
- -  :~ ~" ( j , j ,  n ;  ok) 

Va 

-- Y2P, W( j , j ,  ]1 ; ] j~)  

W• 01 ; l i1)  

~-}/2 P, W •  11 ; l i1) 0 o 

8 W• 00; OjO 0 0 0 

0 

7 W(j~j, 11; Ojl) ;W 

2 
"~~�91 P, gT •  ; OJO 

4 
-3~P, w( ] , j ,  o] ; l i 0  

4 p 
, w U , / , l o ;  I k )  

~ W ( j . j .  11 ; l j ~  

7 
~ - - ~  P ,  W• j ,  12 ; l J t )  

7 P ,  
1V(jlj ,  21 ; l J l )  

l l  P" w (J)j, 22; li1) 

4 w ( j , j ,  lO; ] i a  

W •  ]1 ; ] j~)  

5 ~ . . 
- - 3 - - ~  (Jt$, 12 ; lJO 

2_ ~[~ W • 02 ; 2 j t  ) 
9 

4 
3V6 w ( j t j t  11 ; 2jx ) 

2 ~ 2 W ( j , . / , 2 0 ;  2ji  ) 
9 

28 
_ ~ r :  W U , J ,  22 ; 2j l  
9V14 

2 p 
~-~  , W ( j , j ,  11;  2j~) 

2 ] P  w, ( j , ] ,  }2 ; 2ja 

4 P ,  
wU, j, ~2 ; si,) 

43~~" w ( / , j ,  21 ; sj~) 

RP- 
~7--~" W U t j l  22 ; 3j~) 

3VIO 
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~. (OOIIL', P,) = {-- ~ [ ( i i i  -- 1 I L'O) -- (llO0 I L'O)] (IL'O0 I kO) q- 

+ [~110 --  1 I L ' - -  1) (2 - -  (-- 1)L.) __ 

- -  (1110 [ L ' I ) ( - -  1)l+L-+k] (1L'I  - -  1 I k0)}/~, +'  IV( j , j  t 1L';kj l  ) , 

(67./') 

a, (00) = C} M'~ (0) q- C~ M2'o (0), (68a) 

b, (0011) ---- C~ M~. ~ (01) q- ~A M~ o (01), (68b) 

C I (001, P,) = 2P,  [CsC T M s (0) MTo(01) + CsC A M s (0) MAo (01)-- 

-- Cv CT Mvo (0) MT o (01) - -  Cv CA Mvo (0) MA o (01)], (68c 

a l ,  ( 0 0 )  ~-~ a ,  ( 0 0 ) ,  ( 6 9 a )  

bil (0011) ----- b, (0011),  (69b) 

c,, (001, P,) ---- 2P,  [CsCT M s (0) Mvo (01) - -  CsC A M S (O) MA o (01) -~- 

-~- C V C T Mvo (0) MT o (01) --  C v C A Mvo (0) MA o (01)] ,  
690 

a,, ,  (0011) ---- C} M} (01) + C~Mbo (01), (7o~) 

bIII(OOllLL')----OTMro(O1L)Mvo(O1L') +C~AMAo(O1L)MAo(O1L'), (70b) 

c~ii (0011L' ,P,)  = 2P, [Cs Cr Ms  0 1 )  MTo (01L') + Cs CA M s  (01) MAo (01L') - -  

- -  Cv Cv Mvo (01) Mro (O1L') - -  C v C A M y  o (01) MAo (O1L')]. 

(70c) 
From formulae (67a)--(67f) it can be seen what  values of  k may  occur 

and from tables the  Clebsch-Gordan coefficients ak, flk, -- can be determine& 
The results of  the  s t ra ightforward calculations are t abu la t ed  in Table 2. 

For allowed L-captures  k equals at  most  3. The coefficients ak, ~k, . .  
for k more than three all vanish. The correlation terna with k ----- 0 is independent  
of  the  angle 9 be tween  the neutr ino and 7-quantum.  Ÿ ff k ---- 0 there  
is no correlation. Table  2 shows tha t  for allowed LI- and Ln-captures  in the  
case of pure Fermi  (S, V) transit ions there  is no v -- 9' correlation, na tura l ly  
there  is no correlation for K-captures  b u t  there is for Gamow-TeUer (A, T) 
transit ions having the  forra 1 + K cos 9 (K is some constant  depending on 
the  nuclear s ta te  and on the mul t ipolar i ty  of  the  y-transition).  The si tuation 
is different for Lm-captures ,  here also for Fermi  transit ions arises a correlation 
(al (0011) =/= 0) of forra 1 + K 1 cos 0. 
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6. Diseussion 

F r o m  the general expressions (62a)-- (65f)  i t  is to be seen t h a t  - -  j u s t  
as in K-eaptures  - -  A~ "t) and A~ v) depend on P ,  and Pv only ir  k is odd. This 
is t r ivial  for (55). In  the case of A~ "'t) let  us consider e.g. the  t e rm of  (64a) 
conta;ning ak. This depends on P ,  th rough at (l 1', P,) .  F rom (65a) it  follows 
t h a t  ak is different f rom zero only ff I + I" + k -~ an even number ,  namely  
(II'O0 ] k0) : 0 ff  I + l" + k is odd. Let  us suppose first  t ha t  k is cven. Then  
l + l" is also even. There  ate  two cases : (i) bo th  l and I" are even and (ii) 
both  l and I' ate odd. In  (36) each t e rm in the  brackets  beside P ,  contains a 
fac to r  z~ (/) and z~ (l" + 1), thus  these te rms  vanish ir  I and l" are bo th  even 
or odd. Therefore  the t e rm  of  (64a) containing ak does not  depend on P ,  ir 
k is even. Let  us consider now the case when k is odd. Then  ak is different  
f rom zero if  l + l' = an odd number .  We have  again two possibilities : (i) 1 
is even,  l" is odd and (ii) l is odd, l' is even. In  this case those te rms  of 
at (l l', P,) are different f rom zero which contain  the product  of  z~ (1) :r (l" + 1); 
these ate  jus t  propor t ional  to  P, .  This can be seen similarly also for te rms 
flk, 7k - . -  etc. Thus Ak ('t) Ak (v) is propor t ional  to P~ Pv if  k is odd. Thercfore  
ir we do not  measure the polar izat ion of the  7 -quan tum (i.e. we sum for P~) 
the angular  correlat ion does not  depend on the  neutr ino polarizat ion P~. The 
v -  7 angular  correlat ion measurements  with circularly polarized 7-quanta  
on the  o ther  hand make  possible the de te rmina t ion  of P, .  

F inal ly  we should like to ment ion one more  problem. The universal  
Fe rmi  in terac t ion  proposed by  FEY~mAN and GELL-MxNN, SUDAlaSaXN and 
M x a s n x K  as well as b y  SXKUR~J [7] is - -  using the  usual te rminology ot  the 
/~-decay - -  a VA-interact ion.  According to the  t h eo ry  both  the combinat ions  
V q- A and  V - -  A ate possible. The relat ive siga has to be de te rmined  by  
means  of  exper iments .  Therefore  measurements  have  to be carried out  involv- 
ing in terference temas. I t  is ve ry  likely f rom the  measurements  of TELECDI 
et  al. [8] of the electron dis t r ibut ion in polarized neu t ron  decay  t h a t  V - -  A 
is t he  correct  combinat ion.  As it  is to be seen f rom our  general expressions also 
the  v - - 7  angular  corre la t ion formulae contain  interference te rms,  thus  
exper iments  of  the above t ype  are suitable for the  clearing up of  this problem 
as well .  
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3T3-IOBAJ;:I I-(OPPE3-19LIM~ HEFITPHHO H F ~ - I - ( B A H T A  I IPH L - 3 A X B A T E  
33-IEI-(TPOHA 

K. H A ~ b  

P e 3 m M e  

ABTOp0M onpe;ieaeHa yraoBa~ ~oppea~uH~ Mex<ay Heih'pmm H ravar 
H c n y c K a ~  npH L-aaxBaTe a cay~ae II~pk'ya~qaH0 n0” raMMa-KBaUTa 
n npo~0smHO noaapnaouaHHoro ~el~rrprmo. fl Baa~t~oaeficrBHe, ormcumammee aaxBaT aaek'r- 
p0Ha 6sum BaS~0 naMn Ka~ zrmeapHaa KoM6~mmma BaarL~o~eficrmffi S, V, T, A H P.  Kop- 
peam/aa B~qrtcaeHa ~ ~  aanpemermoro B np0rl3BOJIbn0t~ n o p ~ ~ e  3axBaTa a~ercrpona n ma~ 
airo~oro r ~ - n e p e x o a a .  I<aK qac'rHtafl cJiyqal~ ~aHa Koppeamma v--7 ,  o'mocm~a~ca K paa- 
pememmMy L-aaxBaTy. 


