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1. Introduction 

In paper I 11 Korenman and Eramzhian considered the muon cap

ture process taking into account the hyperfine ( hf) structure of mesonic 

atom levels. The influence of this effect is important x). Recently Bukh

vostov and Popov obtained in this c ase a g eneral expression for the 

angular correlations among pseudovector of muon polarization a nd the 

directions of emission of the neutrino and gamma ray quantum for 

partial transitions of any order of forbiddenness. They considered in 

detail the allowed transitions only I 31 • In this paper w e shall extend 

the ·esults of refs. I 3 1 and I 41 by mea ns of a detailed consideration 

of these angular con .elations to the cases both of unique allowed and 

unique forbidden processes. It is known tha t in this case the influence 

of the nuclear structure is rather small. Finally, we applied our formulas 

to some interesting reactions (e.g. the muon capture by 
1 ~ N ) • 

x) 
We notice that the muon capture from definite hf states was experi-
mentally measured I 21 • 
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2, General Analys i s 

The general form of the angular correlation in the process of muon 

c apture from K- orbit of mesonic atom with the following spin sequence 

j 
p. -- y 

0 

for the N-th forbidden transitions in the case of nonzero spin o f c aptured 

nuclei looks as follows ( for allowed ·transitions N- 0) 

N 2N+8 N ~... 2N+8 N ~ ..,. ..,. .... 
W = l: s = o a 8 p s ( k · q ) + l: s s 1 h s a ' q p 8 ( lc • q ) + 

+ 
2 N + 4 

l: S s I 
N .... 

c a· k s 
p' 

8 k·~ ) + 

N 

2 N+~ 

l: S s I 

N -. -t ..,. , .. ..., 

8 [axq]·kP 
8 

(lc·q ) , 

( 1) 

N 
where a 8 

N 
hs 

N 
Cg a nd d 8 a re the correlation constants depending 

on the weak interaction form factors, the structure of n uclei and kinematic 
N N .. 

effects. We n ormed II' so tha t a = I , We denote by a , q 
.. 0 

a nd k the fo llowing unit vector s: the polarization pseudo-vector of a 

muon on the K- orbit of the me sonic a tom, the vectors in the direction of 

the neutrino a nd gam'Tla qua ntum momenta respectively. The quantities Pf (k· q) are 

the Legendre p olynomials, and 

x} 

p' (X) = 
I' 

d 

~ 

x) 
pf (X ) • 

The expansion ( 1) is convenient beca u s e it i s directly connected with 
the expa nsion of /the/ function II' N in the Legendre hyperpolyno-
mials (see Ref. 4b , Appendix). 
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'!he total r a te of the N- th forbidde n unique muon c a pture x) is propor

tional to the quantity 

for 

for i 1 • j 0 - N - 1 , 

2 io + l 
2 

------ p ( I M 1 I +21 Re M 1 P1* ) io+ 1 

and (2) 

where M 1 and P 1 are the combinations of wea k formfactors a nd 

nuclear matrix elements ( M.E.) of the Gamov- Teller type only and are 

defined by formula ( 10) in R ef. I 4 b/ xx). 

The approxima te formulas for M 1 and are given below ( 9). The 

quantity I takes on the follow ing values 

For the unique tra nsitions we can restrict ourselves only to one value of I 

and in all our formulas w e h a ve 

I - N + 1 - I - i I. 
I 0 

We deno te by p the probability of occupation of the 

F . 1 
+ • I o + -2-

bility of o c cupatio n of the second level F • j - -
1
-

- 0 2 

sonic a tom with total angular momentum 

hf level of a me

Then the proba

is 1- p . When 

, then p ,., l . Some of specia l i nteresting correlation 

constants w ill be c o n s idered in next sectio ns. 

x) For the proce ss of unique muon capture we h a ve by definition I i 0 - ~ I • 
•N+1 a nd the parity cha n g e is~" • (-11i. 

x x ) /4a/ They a r e the same as the formulas ( 25- 26 ) in paper 
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3. Capture of Unpolarized Muons 

ln Ref. /4/ a n expression for the gamma- neutrino correlation in the 

case of statistical population of the hf levels of the K shell of a meso-

atom is obtained. Considering the muon capture with any population of 

hf l evels we have 

N 2iN +3 N .. .,. 
W • I + ~ S =I 0 s ps ( lr.•q ) (3) 

The qua ntities 
N 

as take on the following form in dependence on 

the spin sequence and the parity of number s. lf we average over the 

polarization of gamma quanta, then S is even only. 

i. i 0 c i 1 - N- I , S is an even number 

N N I a
5 

A • ( -1) _2_1_+ __ _ 
2 I 

V 2 j I+ I 

j + I 
0 

so 
c 

1010 
B W ( j 0 j 

1 
I S I j ) . 

S '7 I 

I [ I \II 1
2 

( 2 I 
2 

( i 0 + 1 ) + 2 I ( 2 i 0 + i ) - s ( s + 1 ) ( 2 i 0 + 1 )) + 

2 2 
+ 21 ( I P I ( j + 1 ) + 2 j Re P 

1 
M 

1
• · ) ) p + 

I 0 0. 

+ 2 ( i + I ) I 
2 

I M I - pI 1
2 

( 1- p ) I 
0 

ii. j •i -N-1 
0 I 

, S is an odd number 
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a N AN o (-1 ) N 2 1 + 
s ----2-1~---

..j 2 j
1
+ I 

________ ·· [ ( 2 j I + s + I ) 5 ( 5 + I ) I ~ 

i
0

+ I (2 j
1

- 5 + ll(2 1+ 5 +1H 2 1+ 5 + 2 l 

6 0 
C I + I 0 1 0 8 s l'/ W ( io i 1 I 5 - I I j 1) 

I [ I M 
1 

1
2 

( 2 I 2 ( 3 j 
0 

+ 2 l + 2 ( 3 I +I l ( 2 j
0 

+ I l - 5 ( 5 + I) ( 2 j 
0 

+ 1 l l - ( 5 ) 

2 2 
- 2 I j 0 ( I P 1 I - 2 Re M 1 P 1 * ) I p + 

+ 21
2 

( j 0 + I) I M p 12 ( I - P ) l 
I 

In o rder to o btai n 
s 
N 

for j 0~ j 
1 

+ N + I w e should make th e follo-

w ing r eplaceme nt 

p 1- p 

and 

everywhere for the e x c e p tion of the R acah functio n s which do not cha ng e. 

The qua ntities B8 17 = B 8 17 < i 1 i 2 L l depend on the multipolarity 2 L 

on the character of the g amma tra n s ition and on the parameter of the cir-

cular p olariza tion 17 - + I (fo r right- and left- p ola rized radiation re s pec-

tively) o f the ga mma quantum. For pure electromagnetic transitions of multi-

polarity 2 t,. we have 

~ 

8 8 1'/ -( (25 + I )(2L + 1 )(2it+ I )j 
L1J 

CL1JSO IV(j
2
Lj

1
5j

1
L). ( 6 ) 
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It is connected with the 

in Ref. I 4 bl, V\here the 

An 
8,77 coefficients defined by the formula ( 3) 

generalization on the mixed electromagnetic tran-

sitions is given. 

IJ ~ 

1\ 8 • 71 ~< 2j
1

+ll W(j
0 

lSI j ) 8 
I 877 

( 7) 

i 0 + 1 
When p = 

2 j
0 

+ 1 i.e. when we have the statistical population of the 

hf levels of a mesonic atom F+ and 

ents are the same as the coefficients N 
a{ 

F ) the correlation coeffid-
. . I 41 gtven m paper • 

The allowed tra n s itions are cons idered in detail by Bukhvo stov and 

Popov I 31. 

If we know the c o rrela tion coefficients ( 4) and ( 5) we can easily 
N find the circular polarization of gamma quanta Py 

N +I N .... 
ll "'0 a 

+I p 2 I +I (k·q) 
( 8) 

pN 2 I 
= y N +I N .... 

ll a 2 1 p2 1 ( k;q ) 
=0 

B e low we illustra te our formulas as applied to some reactions assuming 

pure electromag netic tra nsitions. 

On fig.l 1<\e s how the correla tio n coefficient 
15 

r e by N 

15 N (_I __ l 

2 

unique firs t- forbidden tra nsition). 

p. 
15 

C* ( ~ 
2 

y 
+· ) 

a 
4 for muon c a ptu " 

15 C( _I_+) . 
2 

In this case we have mainly the capture from F state (curve a ) be-
•• + 

cause the nuclei N h a s the negative magnetic moment. We c ompare 

it with the same coeffiCient for statistical population of hf levels (curve b). 

When the capture g oes from the F_state then we get the cons tant v a lue 
I 4 

a =- --
4 7 

On all the figures we neglect the influence of the small additional 
1 4 51 x) 

M.E. 1 
' , i.e, 1<\e put 

x}The notation is taken from Ref. I 41 
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and 

q 

2M 

P1 • > P 3 C A + -ik-- ( C A - C P 

CA • - 1.25 C v 

-,... •3 .7 

q a O,J M 

4. Capture of Polarized Muons 

(9) 

The account of the muon polarization leads to the appearance of 

new important anguldr correlations. The polarization of muons in various 

hf states of mesonic atom structure F+ and F is ~haracterized 

by the quantities A + and A respe ctively. They are defined by 

the mean value of the muon spin in these states 

:: I A < s_> ~ -2-

These quantities are small always because of the strong depolari

zation of muons in me sonic atom caused by the spirr- orbital a nd hf inte

ractions I 6 • 7 I . 
Therefore the experimental investigation of angular correlations i n clu

ding the pseudovector of polarization of muons becomes difficult. The very 

interesting angular correlation is the correlation between the direction of 

neutrino momentum and the polarization pseudovector of a muon when the 
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gamma quantum distribution is not measured. 

I 
_4_11_ f IV N d !}-+ k 

N 
• I + a 

,.. .... 
O•q 

From formula ( 1) we obtain 

When i = 
0 

N N+~ N I N) 
a 0 l: 1 : I ( b 21 - I + -y- c2 I · • 

-I we have 

aNAN=3(( 2I + 3)(2j + 3)(j + I) ]-I 
0 0 

I I M I 12 
[ 2 I 2 ( 2 j 0 + I) + I ( 6 j 0 + 15 j 0 + 5) + 3 ( 2 j: + 4 j 0 + I) l -

- I I p 1
2 

[ 2 I ( 2 j + I ) + ( 2 j + 3 )( j + I ) l + 
I 0 0 0 

+ 2 I j 
0 

( 2 j 
0 

-I ) R e M 
1 

P 
1
* lpA+ -

/ 

3 I ~ 

I p - M ,I (I - p l A _ 
2I + 3 I 

( 10) 

For j
0 

a i 
1 

+ I 

tions 

we should make in formula ( 10) the following substitu-

p -1- p 

j 0 - j 0- 1 

A+ · A 
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The same should be made for the coefficient 

or 

.. 
0 • considered below ( 11). 

For the processes 

6 
Li (I + ) 6 

He ( 0 + ) 

14 N ( 1 + ) I< c ( 0 + ) 

the coefficients 

are constant , namely 

0 
a 

for the muon capture from 

for F state 

for F 
+ 

-state 

F' 

for the correlation 

or s tates 

~cause the nuclei 6Li a nd 14 N have the positive magnetic moments 

the statistical population of the hf states will be violated in favour of the 

F -state. 

We compare on fig .2 the coefficient for F state and the same 

coefficient for statistical population of hf levels. We used the following 

theoretical estimates of the quantities A 

taken from paper / 6 / 

A ~ 0.108 
+ 

A 0.01 

.and for io= I, 

Another simple correlation refers to the case when we do not take 

into consideration the angular distribution of recoil nuclei. Namely the an

gular correlation has now the form 

The formula ( 1) gives · us 

N N+l 
f3 -~.-1 ( 

N N 
c + -- b 

21-1 3 21 
) + 

11 

N 
c 

2N + 3 



when i 
0 

= i 
1 

- I w: ·can easily obtain 

N N 
f3 A 

3 ( j 0 + I + I ) ~ -1 
-[ l [(2j +3)(j +ll] 

io + I o o s,'l 

I [ I j ( 2 j + 3 ) ( I M 12 
+ I p ,~ ) + I ( 2 j 0 + I ) M I~ + 

0 0 1 I I 

( 11) 

+ 21(2j: +j
0 

+I)ReM
1

P
1
*]pA+-

2 
-(2j 0 +3l(j

0
+1lJP

1 
M I I ( I .- p) A- I 

'The quantities B are defined by formula ( 7 ) and ( 8). This corre--
1 '1 

lation for allowed transitions ""as considered firstly in !Ef. / 
7
/. 

For the above proposed reaction of muon capture by UN the 

. . . d /8/ qua nhty A + ts eshmate to be 

A+ ~ 0.074 

Of course •. A is identically equal to zero. 'The coefficient f3 1 
for thi~ 

reaction is shown Ot1 fig.3. 

We give also the formula for the angular correlations which are non

invariant under time reversal 

N N N ~ 
d 5 A =(-1) 3(2j

0
+1)(2j

1
+1l (21 +I)B 5 '1 

W ( j 
0 

I j
1 

S j 
1 

I ) X 

( 1 2 ) 
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X 

'I'he case 

([ (21-5)(5+21+1) 
S(S +I l 

8 

~ so 
J c 101-10 

j I • lo +I 

lm M P~ 
I I 

so 
+ c 1010 

(I- p) ,\_ 

j - 0 0 
was considered in Ref. / gf. 

5. Some Remarks 

( 12) 

We would like to notice that for the unique muon capture from the 
11-hf level, namely, from the F state for j 

0 
j 

0 
+ or from the 

ll 
F + s tate for j

0 
j 

0 
.,.. I , all the angular corre lation c oefficients 

are constants (not depending both on any weak interaction p a rameters, 

i.e. on M' 1 a nd P 1 , and on any M.E.) because the total angular 
3 

momentum of a neutrino is only N + - 2-

'This follows from the c onservation of the tota l angular momentum of 

mesonic a tom in muon capture a nd from the fact that the other term s be

l o nging to the higher forbidden tra n s itio n s are neg lected. 'Therefore a ny 

interference effects do not appear. 

'This is the reason for that the noninvariant correla tions under time 

r ev e rsal disappear because they are connected only with the interference 

of terms with d ifferent I (in the case of nonunique process) or different 

total angular momenta of a neutrino. 

We would like to stress that in these cases the neglected of higher 

order forbiddennesses _is not always justified. Namely, when c .. 0 
p 



then the contribution of the higher forblddenness is of the same order of 

'nagnitude as the main term. 

But for large c p ( I cp I ~ 10 ) this neglect is valid. 

We can see also that the correlation coefficients lor the unique 

muon capture from the remaining hf levels have sometimes a strong de

pendence on ~ ( s ee f ig.1). It is characteristic that the extremal 
A 

value of all gamma neutrino correlation coefficients ( a~ ) is now shif-

ted in the direction of large ~: (see e.g. also fig.1) in comparison 

to the statistical population 

i.e. 

~ 
c 

A 

where always the maximal point is P
1 

• 0 

.. 2 M 
+ 1 - 21 . 

'The experimental study of the angular correlations can -give us a n 

additional information about the muon capture constants and the nuclear 

structure, 

'The authors would like to grateful Drs. N .P.Popov and A.P.Bukhvos

tov for sending us their results before publication and for stimulating dis

cussions. We are also deeply indebted to Dr.R.A.Eramzhian for valuable 

remarks. 
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