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PART I. THE KINEMATICS FOR ANY· SPINS 

.Only the discussion of the angular correlations in 

various partial· transitions in muon capture reaction 

may lead to a reliableconfirmation of the theoretical 

assumptions concerned with fundamental nature of muon

-nuclei weak interaction as well as with the structure of 

involved nuclear states. As a consequence of the increa

sing number of experimental data on muon capture as well . 

as because of the development of nuclear models :l.t 

seems desirable to calculate the accurate kinematical 

formulae.describing observables in terms of the invariant 

amplitudes, which are,· from a phenomenological point· of · 

view,the only quantities that can be obtain<:Jd from muon cap -

ture experiments.Besides them the elements of the density. rna-

trix·of mesic atom at the moment of .capture from K orbit can 

also be determined. 

Our formulas are convenient for accurate model 

calculations of concrete·partial transitions with 

realistic wave functions ~f nuClei and the muon, as well 

as for the phenomenological iuuu.ysis of the experimenti:U 
I 

data. The approximations ( e.g. allowed) appropriated in 

special cases, can be easily deduced. 

The form~as based .only on kinematics of the normal 
' ' , • t ·; ,'. • ··: 

muon capture process are strictly valid for any nuclei, 

·.both for :light and heavier ones. 
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At present the theory of the muon nuc~ei ~nteracti~n 

. (i.e. dynamics) investigates many problems such as: 

i. The effects which violate the impulse approxi- . 

mation of Fujii and Primakoff (1) due to the e.g. 

meson exchange currents in nucLei extensively 

studied recently by Chemtob and Rho [2]~ 

ii.The shell model structure of light nuclei. 

iii.The fundamental nature of the weak muon-nuclei 

interaction e.g. violation of the G parity (J],etc. 

iv.The very important contribution of the higher 

forbiddennesses [4] as well as the~~ correct~ 

ions due to the realistic muon wave functions [5]. 

Besides these, ju-st mentioned "patties" problems we hav-e 

of course, ,the ,main one in the S-4at:r1x· approach to weak 

interactions which is a dynamical theory that goes 

beyond the lowest order of perturbation theor7. 

The theoretical study o,f such problems continually 

neads new and new calculat:1.ons of the invariant amplitu-

des .describing .the transition under consideration but the gene

ral connection presented here between the~e amplitudes and 

obs_ervables ( i.e. a kinematics) is unaltered. 

_The need of -such kinematical tables appears, after 

discovering of the importance of. the contributions of the 

interference between different forbiddennesses (4]. Such 
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2. Th£...£ill.£llL!E!I!;!.gude,!L_and sim];!le an~ 

correlation§. 

The muon: capture Ilr~cess'is a slow (we~) binary 

decay of corresponding mu-mesicatom. The capture rate from 
' 

K orbit of the atom proceeds froc combinations of the 
. . ~ -~ . . I 

two hyperfine states. F'-+ = 'J• + 2: and • F-: = 3t -2: , 

where o, ·is the spin.of the initial target. 

In the rest frame of the mu-mesic atom with spin F, 
. . 

let q, be the momentum of the neutrino. Then, the 

amplitude describing the decay of spin: F, with the '2-

component M into final nuclei· ( spin· ~f ) and· a 

neutrino with helicities >. ·and h respectively may 

be written [lol 

( ~(h1;~"l['Jt1)\\T Hrl M> =f~ 'T: . .D: h-~q.) -(l) 

Yle adopt here normal;tzation of the states _in Poin!la.r6 

invariant_ manner and other notation as in book by Werle /11 f 
·. ~ 

In (l) ~he constants· T>-. are the helicity mu-mesic 

atom decay amplitudes. The helicity h for massless 

particle is fixed and therefore is not written explicitly 
~ 

in T>-
In order to calculate the probability and angular " 

distributions for 'the process ~~ -J=-- ~.f..::.--.-~ 
it is n~cessary to average over the mu~nic and· nucl. ear 

polarization states with the dimsity mat~ix: 
Using the .amplitude (l) we perform these calcUlations a 

described in detail by Bukhvostov and Popov/121. 
5 
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Below we denote by p the probability of occupation 

of the ~erfinc (hf) level of the atom with F-= t= + . 

( if :Ji. =0, then p:: 1. ) • The existence of the 

conversion rateR between hf K-shell levels causes the· 

time dependence of the capture .rate and of the coefficients 

determining angular correlations [lJ] because f> = p (Rt.) . 

Assuming the statistical initial population of the hf 

levels ( t=O) 

[ 

:l;+i. e.xo(-Rt) . 
2:l<+i r · 

P = i _ _2i._ e.xp(:- Rt) 
. 2.'1;+1 

\f 

;~ 

r- 7:> 0' 

)A< 0 

Here ~ is the dipole magnetic moment of the capturing 

nuclei. Moreover we introduce a short notation for the 

helicity amplitudes 

. r T~+ i{ F = :J, + i 
1')\ = 

:J I -r.- if F: ,-2. 
' 

')\ 

i. The transition capture rate. 

The transition capture rate is given by: 

1\r:. = ~,_L>- (p\T)\+12. +~-p)\T;I) 

= ~ ,_ 2.:Jr+i. I\ 
- 3 q. 2 ::l; + i 

h 

(2) 

(J) 

(4) 

-

\ 
\' Here q, denotes the neutrino energy 

q. A.~ ~.E. VV\- A- !!..'C. 
. . . .· J 

M:" -:: (i- \'VI }[i- 2.(R M + 'ffl.- !!. .c..) 

where the notation is as follows~ m and M are muon 

and nucleon masses respectively, 

.6. is an energy difference between the 

initial and final nuclear states 

without the recoil energy,. and 

finally B.:E. '::7 0 denote a 

binding energy of the muon on the \.-<.' 

orbit. 

The range of the summation over the final nucleus 

helicities A ~ (4) as well as in other subsequent 

formulas is clear from expression (1). 

It is convenient to transform'(4) into two forms·· 

depending on the sign of the dipole magnetic moment of 

the capt~ring nuclai ''f- using (2) 

1\ = 1:\ ±. + (1\s'ro .. -l - 1\ ±.)IOU<~~ Rt) . 

The upper ( lower) sign refers to negative ( positive) 

~ , respectively. /\±. describe the ~apture from 
r-> .. 1\s-\o.t. 

1 ower hf level r ± respectively. . 
i and 1\ are related by the identity: 

+ s\ .... ~ 
8.1\- + (.:J;.-1- i)/\ = (.2.'Ji,+i)"', • 

7 



ii. The gamma-neutrino correlation between the 

unit vectors of the nuclear gamma deexcitation 

·linear momenta k and neutrino momenta ~ 

( cf. [5]) 

W = L Bs'Z O.s t?s\k•'\) + 2.h.I ~s~ a.; Ps(k·cll) 
S:e.ve.n. . S=add 

Here the Bs"L term 'describes the nuclear radiation 

process and O.s the w~ak vertex. 

Adopting the common normalization a.
0 

=1 we may write 
( s =.V 2.S+~) -

1\ l(2.:J;,+i)"'- 'J.r'>l ( \ +\l.. \ ·-\l.) 
as= 2." 2.'Jt+i SL>-~t'h s~ p 1',_ +(i-p) \",__ 

which may be p~esented using (2)' in the. convenient form 

± { s{.;..t +) f ) 
- O.s + \O.s - a.~ e.;xp'-- Rt 

(a) 

(9) 

(10) 

with notations analogous to fonnula (6) and a relation like 

(7) 
·# (ll) 

:lt a.s: +(':::li. +. i) a.i = (2. 'J, -t i) a.~~ ... t 

The term .Bs'Z('Jf-J) looks like 

" " ,., L'Z . 
Bswz.= .SL':l~CL'ZS.OW(!L'JfS'JfL)+ ... 

(12) 
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Here the parameter of the circular polarization of . . . . 

the nuclear deex:cita~ion gamma-ray is denot~d by· 1. = ±i 

( for right and left-polarized radiation respectively). 

Obviously Bs(yt=-i) =£1(L.L~L:Jt) > 

where the quantities Fs are given generally not 

only for a pure ~L radiation and tabulated in the 

work by FrauOfelder and Steffen [l4] • 
' 

Bsrz. for s even is independent of the gamma 

polarization 'l.. 
We mention that.our Bstt are connected 

\Vith the. 2.lr coe"fficient tabulated for j =· 1/2 

by Baldin et al.[15]. 

" . (, t" ) 'Jf-J + i ( .• -
'J; &si\~;-J =t....:) . zlt,L::lfL'J.r.iS). 

For 2.'J.f ~ S > 2. L. Bs"2-oe..b 

·is a parameter of a mixing. radiation~ 

The convenient table of B~i 

given in Part II. 

where b 

quantities ¥e 

iii. Angular distributi~ns of recoils is given 

by ra.s1 

W=i+2.hct..ct·CJ, 

where ~ denotes the unit pseud.ovector of muon 

polarization, and oC..J looks generally as follows 

{\d..= p "A+ do-+ + (i-~) 'A- d...-

<:' 

(1J) 



The _muon polarization )., is given by 

A= p 'A+ +li-?) ~- , 

where- A 't characterizes this·. polarization in h:f 

·states F't respectively. 

d.+=(2'J;+i\~ ~ ('A-h)\1'+\l 
2.':1-t~i·J 2!l;,+~ L>- · ,.. 

o{- = _(2.'J;+i~~ "\ ('A-'n)\l'_\2. 
\i'JfH-, 2.!li. -i L>. >. 

iv. The circular polarization of the nuclear 

deexitation gamma quanta with respect to the 

direction of the muon polarization looks 

generally like ( cf.(51). 

_E~ = Bu ~ Qt.\-t 
-i . • . 

~ = 1\ r p ).T \\ + .+ (i- p)). _ ~-1 

10 
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an interference is essentially due to large momentum . " . . 
transfer in muon capture reaction. It is obvious that 

in all effects wher~ such an interferenc~ appears the 
- . 

restriction only to the terms of one :forbiddenness is 

not justified. The. classification of Morita and Fujii [6) 

in these cases can not be applied. 

our formulas· take into account the full contribution 

of higher forbiddennesses, i.e. the ""all multipole ampli-

tudes, and show clearly the existence of the kinematical 

enh~cement of" higher multipole_in ~ame'tra.n'sitions. 

The explicit formulae presented in the tables 

describe the capture rate, the gamma-neutrino norrela

tions [7] and angular distributions o~ recoils [s) 

in lepton capture processes :from K-o~bit 

for 'J, ~ J, 'Jf ~ 5/2 with change and without change 

o.f the parities o{ nii~ar levels. we miss the case ::::1•= 2, 

because of the absence of such stable targets in nature. 

The triple angular correlations, interesting 

mostly from the point of view of the T-nonconservation 

are concerned here _ ~hortly ( of. [9] ) •. 

We refer ge:nerally to , [5), which wa·s. a base for 

the present work and which contains a rather complete 

references concerned with angular correlations .in normal 

muon capture. 
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If we ·:Lntro duce 

~ >-\13,; ~ ~+>.-'n 'F . ":l"-
~ :l = \ 'i' L :l <..-) l\, C,'J~ ?\ F h -}. 

- . . . ~ 

then the latter expressions may: 'be ;ewritten as · 
. . . - . ·• . . . : .· i ·_ ·. .-
.. ' .• l.'l;,+-i ..;, (~};.+'\\(2.~;:+2.).2.') ,. . . "\-M+\l.. 
v.+ ~ ~) . {l' ~.\l.'l~...{J\2.'3, +i} LJ ::l\.J(.':lt:l i F+f+ 'JfJ. I :l \ 

. :. ,. _.-.. . • . J. . : 

· f~~t~t~?·~~~:i)(~~~~,):z.L:":lfi~<:"lt:li•F_r_~t)\"T~\~ 
.·- . . - ;·-.:~ ;~··:. 

~ t •• 

J. -• The..J.!Lulti:J2~~l:1.tudes 

In terms' of the hel:Lcity mu-mes:Lc atom decay ampl:L-
'F . . . . . . • ,: . . . . 

tudes 'T' )'\ · :introduced above, the_ caleulat:Lon of 

the angulardi~tr1butions'and polar:Lzat:Lons and hence 

the phenome~ological analysis of the eJCperfmental data 

are of course the simplest ones. However -these amplitUdes 
-- . . .. ·• -

calculated.e.g. in the current-current model ofthe 

weak interact::l.ons _and in the illipulu. approximations 

have no simple structure, and the theoretical interpreta

tion of these constants from the point. of view of tbe 

weak vertex :Ls very complicated. -Therefore it is convenient 

to introduce another basis in whio1t the theoretical 
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interpretation of the muon capture amplitudes is the . 

clearest one • From the point of view _of the 

fundamental weak vertex in cu~rent current model 

of interaction the multipole amplit•des are the best 

ones. In terms af these amplitudes the weak process 

has an analogy with the usUal nuclear radation. The 

multipole amplitudes have a great advantage in compari

son with all other, because they are almost ( up to the 

d..?.. corrections, e'tc) " diagonalized" in vector 

and axial weak currents. 

Following Morita: and Fujii (61 we are interested 

in the calculation o~ tbe matrix element of the muon 

capture reaction between canonical, spin 'Z- compo

nent, eigenvectors. 

The initial. state, i.e. nuclei with the· muon 

on the K-orbit is 

\ C'J~r: :Ji1 }A')~ I~ c~~~- ~,._.\tF1 ""') 
.. . 

The free neutrino state may be specified py 

its linear momentum q. , the helicity ~ aii.d 

the Z-component of t~e "spin" ~ 

\q,l~1 r'> = ~ t; .... t'\) \q,Ch1> 

lJ 

. (18) 

(19) 



wh~re S is a "spin" of the.free massless particle • 

Because 
') $ >(... s . 
Lr.D p-~ ~') j) r~(q.)-= i , this "spin11 does. not 

contribute to. the probability of the process, which is 

natural as the massless particle is fully described by . 
. •, :X: 

the helicity alone 

x---------:----
One of us (Z.O.) is deeply indepted to Prof.V~I.Ogie-

vetsky. for the explanation of this point • 

\ -q. c~~1 rt) = I,.. .D~~ -)\ (q,) \-q,~'JT1 >-) 

:using (18)-(20) and (1) the muon capture 

transition amplitude may be wr:l.tten [111· 

<' \!1 r- ~ -q,t"Ji1 r~ \ <""T'. \C"Ja rL >· ~ r'J 
. S '\ " ~ ~ M s." ':l~ >1. 1= 

= .~rr L ~ rr,.. t..:s,"'iir'D>"\o.~).Dri->-(5.,) DM,-...-,..l') 
F,)\ I . 

. _ s " · 'L r t:= M F 'n-)1 ~ 'r.-). 
- mr L__.. ~ '1' }\ c.:l•r• ir, c."IO (S" ..... ). c. S\- :lT _,.. x. 

. ~.'>.,I.,~ 

c~=M . ~YY\~ Y.\; 
x t. '"'~--~V't\~ C.,sr ~-\ )"~ VVI~ ( \) . ., 
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Here L is the relative orbital momentum of neutrino 

and recall nucleus in tbe oEilter of mass system, and <3"" 

is total spin of the final state. 

Now :1.nstead of the helicHy couplings { F • <!"J).. "J 
it is easy to int.roduce tbe mul.tipole .coupl~s {'r·.;·:l, ...,} 
where r denotes .mul.tipolarity of the lepton 

field; .:J 

and finally \l 

is called usually a •neutrino wave" 

is the muon helicity • 

In terms of multipole coupings tae muon capture 

amplitude (21) looks as follows :x: ·• 

<\
'""\) ~ "\ 't (:-')\~r.-r·~r{ CIJ-{r{ . 

I : - L__. 2.'l:+ i. . X 
~ · !l•r•"'r~-r· I ;:l }.11) 

-r r•- ,..~ '.hi\_,. ~ \- -r "'·" . '-
~ c'l'M~ i-r c.LY"'I. sr clos'-" c.:l .... i.~\1 o"'I '( 'M~, L'\) .. 

fhe multipole amplitudes 

the helicity amplitudes 

'I Q :t are connected with 

"· \i 1l:+i 'II._" "T1 F ('::\~ '>. t: h·'>l 
0..:: '::"- -(:-) ~ '· \.... • I 2. 2.JtH. )\ J;'>I;YI-\-'tl CJ·->.·1.'11 

. ·~))\ . . '.':Z. 

x This expreasi~n is equivalent (10) 1n [5)~ 
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The·inverse relation reads 

,.. . ~ 2. ~ r. 1 :lf "» . F h .;.'h .· 
t=" ,).. :IT L (:-) 0.::! ~ J, >-iT \-.-'11 c.'Jt ->-; l 'I 

r~..., . 
Manipulation with (16) leads to 

{:· ,... ~· 2.F +:I+ t-» y Jh . \\= 
'1"' .:J .-= 'fX Jf L ... }=-) . · 0.:! C.r h-» i.ll r 

r . 2. 
)\I 

.)· i} 
; a{ . 

Next we consider the restrictions which follow from 

T conservation in muon capture process. ·T.:.conservation 

in terms of the multipole amplitudes re'adily reads 

:)M.. Q:t =.0 

0 'I ·. 
"e. o.: :r = a 

whEme It\. and 

't '1Tt"\i:~ = +! 

;~ 1i\,1it: - i 

"i''~ are the parities· of initial and 

final nuclear state respectively. 

.Therefore if T conservation holds then 

. ~ 

J'M..~~ :0 if i\;~1t-t=+~ o.."'a :JF'J;,=.e..,.e.'Y'l.) 

oT" '1\~it'-r=:-.!. ·o..""o.. 'J-i-~i.-= cad. 

(24) 

(25) 

(26) 

(27) 

RQ. t-p~: o 'in the opposite oases• 
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For the model calculations it is convenient to introduce· 
. 'I . 

i~stead of the co~p~ex ~~ n~bers pure.real C.if 

T-invariance holds) amplituedes. We. introduce them 

as follows ( cf.(l.61and[51)· 

•I 'I 6f '%l~) 2.~t-~J:hMI ~
,fr+l' r: '! ,.... . . 1 if 'Y=-'n. 

I. Q.I - .... 
lC=)"'·2.'n.. Yr.+ t EI 1 if » = h 

4. ImpUlse ~pproximation 

. . 
Neglecting ~tarity corrections due the final 

state:( weak) interaction, ·we may take the transition 

operator· T in (i) as Hermitian. Next we represent T by 

.the ourrent;...ourrent. operator. and as. usuaJ.iy in V-A 

form. Taking a Foldy-Wout·huysen transformation in the 

impulse approximation theory ( one body weak operat~;s 
o.n the mass shell) ~f Fujii and Primakoff (11 ~e have 

up to the term of order 1/M , ·where M is a nucleon 

mass [5) 

n rH. G ~2::r-H:' "-" [ 1 1-i'I = L-') . F\ . :r·H ., !. iT! - ••• 

·V . "I :r = (:-) Gv ~l.'IH ~ [O"I"I1 +- ... 
. M:r-= G R G [i. "I-i. !l+- • ~ •. 

.P~ =.(GA- G2)G [i 1:-~i1 + ••. 

17 
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·rn (29) we neglect important many other contributions 

of the nuclear matrix elements [\<.~I'} defined by 

Morita and Fujii [61 , as well as o{'t. corrections. The 

·formulas (29) are. given only for the illustration of 

"names" of new amplitudes defined by (28). The most accu

rate expressions for these including the second class 

currents and taking into account rigorously the 

relativistic corrections to the muon wave functions 

are given in\?1• Any corrections to (29) are the subject 

of the extensive theoretical studies. 

The effective coupling constant in (29) GFI) Gv 

and Gp called axial, vector and pseudoscalar 

··constants. were introduced by Primakoff [17). The physical 

interpretation of the· amplitude (28) is clear from 

formulas (29). We see that the induced pseudoscalar 

coupling contributes to fi only. Moreover in. the 

absence of the vector current 

absence of the axial current , 
I 

Vr. =0, and in the 

fi =0 X • 

x These statements are strictly correct up to the at~ 

corrections. 

The contributions of the axial and vector currents 

cannot be separated even approximatelly ·i~ Ax ··~d M:r 
amplitudes. This is due to the fact that the muon is not 

on the mass shell at the moment of capture. We return to 

this point in connection with elementary particle approach 

to muon capture processes. 
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5. Bal~~~Eramz~~~ot:=tion (181_ 
and elementary particle approach ------------------

In the frame of the M~rita"and. Fujii formalism t61 
Balashov and Eramzhyan use. for the calculat~ons of ~he 

. n 
muon capture rates the "neutrino waves~ _amplitudes J>-:r.. 

The. 11neutrino waves" amplitudes are defined in terms 

of the multipole ones 

(JO: 

" . ':J \["2:' ~ i.:..v Y C.f"JY. ·. 
I f"r = \:i L...~ ~)z. a.~ . 'I n-'1 ~ \1 

The helicity amplitudes ~.J ( see. (16) and ·(25) ) in 

their terms look 

F " ~ 2.H'l""' . ~ fF :l~ v~.1 
. ~o = ~ IJ.f L.I~-) I fi l :r . ::l :l;) 

The notations of B.alashov ·and Eramzhyan, using explicitely 

-the T-invariance, are as follows 

,T ') 

t•JAI =. 

rx l'I) : ;~ J-= r- ~ ) 11', itt := (:-)"'. 
i. ]1-rl- r) it 'J -= r..:. 'Yz:. , 

}1-x~'I-1) . it J: I+ Vz. , 

ii. i\~ = f.:=-)1:+ i 

, .. 11+ =(:-)'I: 

-i.y-rt~-~-~) it J=I-+."12.. ,"rrrt'\'\~-= (:-)-:t·H 

19 
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Therefore· the multipole amplitudes defined by (28) and· 

(29) in the Balashov and Eramzhyan notation (:32) are 

Ptr = E::-)J: r-~;· [P.:t l"I) -f1:~~ fJ-r t-"I-i)} 

V-r =f:-):t '{t l'fi' ~xti) +~I+ip-:t(..:T-~)J 
Mr =-'{t 'fi' l~r ( -1:) + ~.;~ Y.:t (I~i.)] 
·;.Pr =-if l'ff P.'J:(-I) -li+i )A'It":t+0J 

(JJ) 

In terms of the 11 neutri~o waves" ampl:i.tudes the kinematical 

formulae for angular distributions are more complicated. 

These amplitudes have not any advantage in compar:i.son 

··· with the helicity and mUltipole amplitudes ( cf.Sec.4) 

and thus we.do not consider them here'. 

In the elementary particle approach (19] the muon 

captm:e process is deecribed as scattering on the threshold 

of the free parU.cles at rest •. This unrealistic simpli

fied assumption enables one to introduce the multipole 

form facto~s (constant for muon· capt~e) for any spins 

of the nuclea:r states as was performetl by Rafael ~ 20,\; Th~se 
formfactors are defined ful.ly by the nuclear currents iu.one, 

contrat"T''/ to the e.g. helicity amplitudes (1) defined 

by the full muon capture transition amplitude. Therefore 

for these formfactors it is easy to find the general.· 

restrictio~s fo~lowing from eve, PeAe and G-parity conser

vat:i.on without the help of any nuclear m~del calculat:i.on$. 

2.0 

l ... 
.! 

.i 
~· 
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' 
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Unrealisticity of such approach follows from the fact that 

the contributions ~rom the different nuclear currents { V 

and A) are strictly separated by kinematics alone. Of 

course, this is not the case, whi.ch :is shown :in Sec.4. 

Finally, we gj.ve. the Galindo and P.ascual notat:i.ons [21) 

A =Irs' (:-) :r I ,ry, ~ tl:) 
r lu 'V1 A 

v = ,rs' ~)r ~ ;; u1 
"! ~ii . '-Oy 

.. '· ,· 

M ... ~)~ fi' G t:r- fj ti 1 . 
,r : ·~i!n 1. A 

M . o ,~ -Cr-i] 
. l.- .Ly = ~1:; 'f? G; .2. LI 1 

6. ~rule~~la!:..:E~~J:ati2!U:!!2~iruUl::Bon!nvariant 

In polarized muon :capture it. is possible,- in 

principle, to measure experimentally triple angular 

correlations between neutrino and nuclear radiation momenta 

<\- and k with.·respect to the direction of muon 

polarization cr :ic 

--------------------
X 
· . In our notation 4\, ., k and ~ · ·are always 

the unit vectors • 

---------------------
Such a rather compl:i.cated angular d:i.stribution is the 

most interesting one mainly from the point of view 

of proving the T-conservation of the~muon nuclei 

21 



vteak interaction. Moreover they may give of course 

additioruil independent valuable information on the details 

of the interaction and nuclear structure. Generally, 

such a triple angular correlation looks as follows: 

w t~)~)CS" ~yt) 
'2.'l{ 

i + £;-:,;-~~ Bs"2 a..s Eslk·cv) + 

+ 2.~nL2~\. Bs"l O..s £slk.·cv) + 
S= odG\ 

. )2.'J~ . 

+ ~=i Bs2 ~.s ~·k E~lk·cv) + 
~2.'J.v+ :i > 

+Lf= i ol..~ tr•(\, 2-f(k·q,J + 

+ L1
s'3=\ Bsl ds (\"~·k k?~(k;.'\f) 

If we introduce the Q s~ quantities as follows 

·. . · \ ~ IJ~n \')f '3_, s1 ,... 
. O.s.f :['i-'n +~).f(t+\-.)1L '"J' C.J'h~o F F, i ~F rr;~ 'A 

. . r- :l "J' 'J J -f 
) I . 

{ 
'A ~ f5T~ 'i :\'A \\ST"' b (. 

x ~. + f:",F-t-b.J,+i -~-~' -1~ ~.v=-J 
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(J4) 

(J5) 

~ 
ii'' 
' • -1· 

0 

i 
~ i I 

)·! 
i,-) 

I 

l)i 

i 
i 
!:' 

_) 

then for the triple angular correlation coefficients we have 

generally 
~ 

S+i 3, -~ 
ll._s ":: (_-) 3 fi' (2.J. +i) -;:::- {\ X 
r: . !:l~ 

f (2.S+.:!.)
11

>. (2.S-i)%. . ] 
)t l S+i O.s,sH. +\--:s- O.s,s-1 

-' .fH" !J;: -i. 
<J..~ = (:-) t .:!. 'fi' (2. :l' H) -;:::- f\. :.r. 
. Jt 

f ~ · Y:~. . I,.. ,- 11:t. o l 
,X L I E>;.i,'l. a.,.i,.f + \!+iJ .o~H .. ~ Q-tH,, .l 

s . ;. ~ -i. (: 
ds =(:--) ~U'Q.'J•·H) ~ VstsH) 1\ L a.ss 

Here the f\ is defined by (4), and Bs'l by formula 

(12). The coefficients d~ demonstrate the T-nonconser-

vation in muon capture. 

In the particular important case of zero spin targets 

Osf (J5) looks simply .. 

>-. ~ " "Jh . tr I s1 ~ Cls~=a [t-\.-.+C:-)~(i_+-\.,)1L'J'CJ'h.~o Y:~. 11:~. i '""\''J'"\'!J, 
~ ':l,:l' :J :;• -r 

lt-)'ne.ve 

":)+'II ~ !) \-, rs -= - L.v <=-) o..l. c~ \-.-\1 -v, '} 

2J 



PART II 

TABLES OF FORMULAE FOR ANGULAR DISTRIBUTIONS FOR 

LOY/ VALUES OF NUCLEAR SPINS 

USE OF THE TABLES. In the tables we P,resent the 

formulas· for the capture rate 1\ 

angular correlation coefficients O.s 

gariuna-neutrino 

and the coefficient which describes th~ angular distribu-

tio.ns of recoils defined in Part I ·by (4) - (6-7), (8-11), 

and. (lJ-14) respectively. 

These formulas are given in terms .of the multipole 

amplitudes (28-29). iiily formtila. for the ·transition ~l.f+ 'Jf 

with change of parities of the ,nuclear levels may be 

obtained from the formula fa~ the transition .1Ji. ~ 'J ~ 
without change of parities and inversely by simple 

. substitution x [5) 
M:x: ~ Pt1: 

£ :x:' ~ "'""L --------
x The amplitudes Ar and v"I used in this paper 

differ from the introduced previously [16, 5] • 
------

Therefore in the .tables we give these formulas only 

for one of these two oases. 
. ± ± Next the quantities 1\ and Os are related by 

formulas (7) and (11) re.speotively, and therefore 

consequently we· calculated only /\- and O.s which 

describe the muon captur~ by nuclei with positive dipole 

magnetic moments~. 
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(J7) 
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r /; 
( 
i~ 

,j 
~ r 
'· I 
i 

J -
) 

For the ·convenience we add to each part of the tables 

the examples of the reactions which are described by 

the given formulas.· 

In these examples we restri~t ourselves to the captu

res from g.s. of the light nuclei, however, the corres

ponding formulae are strictly valid for light and heavy 

nuclei. The sign of"the dipole magnetic moment ~ of 

the capturing nucleus is always shown. The formulas in 

the Tables are derived using ,(28) with h-= -"1-2 ... 

To summarize, the follO\Ving look-up procedure for 

using the Tables is· recommended. 

Rule 1. If the change of paDties.of the nuclear levels 

in transition under .consideration is opposite tc 

. that:hown in Taoles the substitution (J7) 

then should be made. 

Rule 2. In the case· of the capture by spin nucl. ei 

with nt;lgative dipole uagnetic moment ]J'- . 

in the absence of formulas for /\+. and o.! 
they must be calculated from {7) and (11)~ 

MUON CAPTURE "BY ZERO SPIN TARGETS 

This most important case includes e.g. the foll~ving 
• 12 16. . 18 20 reactions. C ~ B, 0 __.. N, 0 __,. N, Ne _. F, · . . . 

22Ne~ F, 24Mg- Na, 2~ig- Na, 
28

si ;- Al;.' etc. 

Each of such transitionsare fully described by two 



independent amplitudesx • They are real numbers if T 

conservation holds. 

------------
X Exception are the simplest 0 __. 0 transitions each of 

which is described by one amplitude only. 
-------------------

\ o- ol no 

' '2. ./\-:: Yo 

a..-=-Y2. 0 

\o-il Yl.c 

2.. 4 ~ 1. 
1\-= ~ \'-'\~ + ~ Ei 

{i' (f...A 1_ 4) 
Ql. = 3~"'1- f, 

~ (. '4 2.) 
0-. : 3' \.2. t-'1 1 - I? 1 

\a- 2.\ n.c 

1\ : to(~ ~i + 2 v;) 

02.= -·!~csfvl.(~J:\i +lJ.v:) 

' ~ (2.)ih( '1. . 1. 
O.CJ. = - s ~ . P\.~.- 2.. v,_) 

d.. = io (~ J:\~- 2.v:) 

("). 
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MUON CAPTURE BY l./2 SPill TARGETS 

The formulas presented here may describe.e.g. the 

following muon capture reactions. 

1. with the_]osi~- dipole magnetic moment of 

capturing nuclei: p - n, 13c - · ~ , l9F- ~' 
Jlp - st etc. 

ii.with the negat~ dipole magnetic moment of 

capturing· nuclei: 3He- H, 15N- c, 29si- Al 

etc. r~- t'\ no 

~~..s·\o .. -t - "2. + ~ ""2. + i 0 '2. ' 
1\ - '~o ~'-'1 .3~1.. 

~~.- - '" -!:.. ........ - .i. I'> ,,. 
1\ - \.. '~o . '(S •-·~ '{S r:.1..) 

+ . 2. 2. I ) i, ,· ~ 1. 1\. -:::: Yo+ ~Vo\2.M~..~2~, + .9 M11..M1-~1) + 3~!.. 

cl.+ = - (~f.o + . .Js: 2!.Y ; d..- = a 
The gamma-neutrino angular correlation 

.s+o..t 2. v. 0 2. ~ - -o...s.. = - a .. ,I;~..+ :3 M1. ; a.~.. = /'\ 

1\s\.o...\. _ !:, tv\ '2.. + i. n '2. + l ~l. + i. \./1. 
- ~ '"'1. -3 .z:.t. 1o :t S a. 

1\- =- 3; [ M~.."" f1- ~ (1: P.1."" vS1' 

27 

\t- f} YU: 



+ .- ':j. 'l. 'l. tv. I 'l. '1. ,\X(, )p . '\ 
f\ :: ~ Mt. + '$ ,.,1.!21. + :3 ~ + ];' \s\Mt.-~i. \ "i ~·a.:~Vt.J + 

i1.. 1. ( ' + 'j_ I=\ a.. - s: "l.. \. P.a.,- ":&. J 

<:J..+= lM1.~ !~ P.z.Y·- ~\2,._-~vl.')\.. ·) .;...--= o 

o..~\o.\; = ~lM~ + 1(~ M~ ~,_ 'r ~ f~ 'l1. +,to~~) l 
. .s.\ \:. 1.. l. .~ . . ~ 1. :!. 2. ~ ol. o.. : M~- ~1. -t- ~'\~ M:1.PI~- iO F\'1.- s"' 

c.~lo>.t = ~£: (N\1. P.'l.- ?:1. "1.- -i -G ~;) 
_ ~ lfa.. ~Ia. _ 

O..,i. ~ .\2.SH ... C.:s~z.. Vz. So 1\ 

~ai = <s(\1. -21)(~ M:1.+ 2:1. -~ vl.) +'\t ~1.~1;'(\.1.. +?.~..)- ~ <! ~~.-vS 
. '{- ~] ~es 

5 
,.,s~-1:. _:_ ~ M' + na.. + ~ "1... !. y'l. 
'·" - 2. l. ~2.' 1..:!. ~.:!. + ::t- . .:!. 

s"--= [M1..- ~2. +~ (-!P~~+v.l)1l. 
. + ( ... l. ,JF .. '\"l.. ( .\S '\1. 

Sol.. = 2..\M1..-~ ~J::\~J- \.~z.+nV~J) cl..- = 0 

s\'b...\; l. ~~(':!. 1. '&.. ~~ ~ 1.. "i 1.\ 
0..,_ =- s W ~ Mt. + ~z. + \"':i"·Ml..~3 + ~~~ +_~'-I"J.) 

s.\:o..t i. .~ ( 1. 2. i.O .~ i.O 2. ~'/"2.'\ 
O...'i -= - s \T M1. - ~l.. - """S' ~. M~ ~"'- ~ ~~- ~ J. J 

0.~ ~ - 2..~ /\-

- ,{"i" ,...-
o..'J. = '{~ '' 

28 

UUON CAPTURE BY SPIN ONE TARGETS 

There are the two well known reactions for this case 

in the region of the very light nuclei both corresponding 

to positive value of dipole magnetic moment of the 

target t41~6Li _.He and 14N"'"* c. 

... 

~ f\sto..\. "= 2.Mt + 2; 
3/C 

o(+ 

= (2.Ms. + 2:1.Y· = «
i. (,. . . )' -=- s\.Ms.- f:1. 

IT~ a] V'l..O 

\i -1\ ~0 
~~.s~o.\. v' "l.. i.t. :a. ') ~ t~ 1. 2.) " = o+~\-2.Mi~2s +-1:00~,+2.\/2. 

1\ = [vo~ ~l2.M1.-1-2i)1l.+f~ltv~.~..-?~)-m(3.~1.""'l.\./:L)1"l... 
sTh.\. '2. \1 \1 . ~. (~ l. 1.) . 3, f\1\ " - -~- (':I. "1. . 1.). 

0.2.. :: -a o .1.-..J~~i.- ~1 + U0 I \\1 H1. 2.C'{i \:? l"i1, t- L \}2. 

. . ' .. 
ci~ = ~v .. (t\1.-:- ~i)- fr. Vo (2~~+-'l\/1.)- ..3~(t'\s.-~:1.J~M1 + £1) +. 

+ i~~ [.3.P1"l.. \~'lM~-i.i~.!..) + l. \/4 (_\'l\1. ~i~ 2i.)"1.-

- '2.~{2' ~ ~2..+ 2..\/2..? 

d.-=- -(yo- -a £1. )' +~1- 2S· +.Js(2."\i'V.,-:!>M1-~i)~~"l..-+:2."v1.)+ 
. ' . ., 

+ fo ~ ~1. + 'l. v1.Y 

ioo~.,+-= 2. vQ[-svo-s-IT 21. -~-~~ P.~""2.V~1+M~-~M121:-':i~~+ 
+ ,Ps[3P~2.(?>t~~,_-21)-'l..Vi(~N'I.~..-s~ 1)J + 

+ £:o (~Pia.+ 8 \/1..) (3 ~2...~ l.i \/1.) 
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ri-. 2.1 
.. sW ~ 'L 1. 1- ~ l. i.\}1- ~Ml. ·· o'L 1\ · · = -3. M1. +- ~ ~1. + i.o ~2. + s 1. + ~ ~ + .t.~ 

n.c 

f\--= s(M~..-E:~.Y·- ~lM~..- ~1-)C~~'L +2.Yi.) + :c P.~ + ~ Vl.l~,_+Yl.) +-

:L.,fi' fr ·· )('-~ )· i (~ '\2.. + s Ff \..P.'L- v'L :1 t<'l:!. +- i:!. + ~ \.l N\~ +12~J _ 

.a:u.+-= -~~ { Mr- ~~+ ~M~..P.z.- tWC~ M1.M_,+ 2i2.l')-

:!.l:!. ,...~ ') 2.'1. (·IT 1'"\ 2.. '\ 'l.. -"') ~.-.,+V, - ~9 \"i'~""~2.M.l+M~+:2-:~.Jj 

sh..\: . Lt f 1. ,fr (, "L 1.) ~ o..'i ~- 2:I1_M1~~-21E~- s-\tl...(:).z.-\/1. -u_(:).l.t-1\:!.-

- .i..(1..M'+ i.22.)\ ffi _.9 ~ 2. .l j 

.. Oi" =-~~ {(M1- ?.1t- -tCM~..- fs.)LS'~l.+'l\/1-.+~(~M.la +~~)1 +, 
. ·- . 

4- ~ l1~ A~~~l.Vl.+Vt+ S~_(§"~l.-l.\/1.\!~+~.la) + 

'a(!:!_ . ']1 + ~ \-3 M.l+ 2.:~.J j 

o.;;_ =-ts~ t ~Ml.- ~i)C t:\l..-\/1. +~liM:!. +~:!.')1-

-lP-2.-Vt) (P.~·+ ~\fl.) -'WQ-~ P.2.. t\/J~~ M~ + 2.lJ-

- ~ l ~ ""':!. + 23 y 5 

)0 

MUOU C.AI'TURE B:Y SPIN J/ 2 NUCLEI 

Exanples of reactions Vlith negative y are 

9Be-. Li, 21Ne- F, etc. In the case of positive r 
we have 11B -Be, 23na- Ue,etc_. Muon capture by 

9
Be 

and 11B was studied extensively both experimentaliy and 

theoretically ( see e.g. the recent work of Bukhvostov 

et al. [41 ) I ~- ! \ n_~ 
(\s~t..:... i. 'L.M 'L+ o '&..) + 1.f l. P.l.+ vl.) 

- .3 ~ 1. l:s_ s-\.2. 2. 2. 

9 f\--:::: -i.i. Mt + i.O t--\1.2:~. +3. 2~ -~~t'-\l.-?. 1)0> ~'Z.. +-2.. V2..) + 

+ :o (_3. ~~ ~'l. v,')"J.. 

'1 s~\: ~.- ,11:' ( • o '1 "l '\ ~ 2-
...:l o1. = - M~ + Ys\.2. ~~ "2.. + ...:> M1 J::\~J+ u; \-\~ 

S Qi_ -=-1-M~- 2. M~ ~i. + 2~ + ~ (SM!. +~21)Q,~2.+2.. v,_)+

+ ~0 (:!, ~l. T- "l. \{ l.l'Z.. 

:!> o~-- -= [~ M1 + ~~ - ! ~ c~ P\1. +- 2. ",_)) ,_ 

Sa...+=- [M,_- 21.- ~~ l~~ -'2.. V,_') ]1. 

\ ~ __,_ ~ 1 ~0 
1\sto."- ,_ i.r., 2.. 'Z..) i. r~ ,_ 2..\ .i.ft 1. ,_) = V~ + .3~M1 +~1. + ,_0 ~j:.\2.. +'l..'I2..J + 'l.~~M~ +~~..?. . 

-1\-:: VolVo- !i~(2.M1~~i.')}+ ~l~MiQ.~1. +- ~1)+.3£~-j

....: ~-rs(t-\1.- 21)(~ ~'Z.. +'L \/2.) + t['-PI.:~.(J::\l. + Vl.} + '\/2.
4 J + 

+ 1;'f1"(~,_-\/,_)(_4.MJ.~~2.l') + G~ (~M~•~23)
2 
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MUON CAPTURE BY SPIN 5/2 NUCLEI 

.The ~ormulas presented here_ described the muon-capture 
. ·_ 17 

processes by targets. with negative p- : 0- N, 

25Mg- Na, etc: and by targets with positive J 
as e.g •. 27 Al- Mg. . · \ §. .i. 1 

. 2. --- 2. J Vl.C) 

1\s\o..:l: ~ r"\L + i.u'L j_(/ 1 ~1... '), o:L) 
:10 M).. S ":1. + 2.i \"':Ln-3 + ,j ~;;~ 

. 1\- = 2.i {_H. P\~ + i'il=l-a. V1 tiVt) + t;ffi(P.l.-VL)(~ l'/13., ~2-l) + 

-t 6\(':i.M~+ 323.')2.. 

.sb..\ ~ :1. 2.. (' . ·).. lt '1. 
a..!. = .- :to ~2. -~ \~ V-a. E3. + 4. ~2. M:!. + '"l M3. 

iS 0.i-=- ~(S ~~ + 'l.~2.V:a. -\/1
1
)- k t~2.(1&Ml.-+2il?.\J + 

+ V1. (2.0 M~ + ~ 23.)1 + IT_(l!M.l + 3 f3.J2. 

o..- =· :?> L ~ l2~a_+V2.') +·3~(~M3.+~23.)12. 
1 o.+ = -L~(t:\'1.-'\/,') + drllM3.-~ 23.)12. 

~,-_-t.;;._-~--t"""l Yl.O 

/\s~t>-4: =. ~(2.M~ + 2~) +roc~~~+~ \J~) + ~ (l:i t"\~ -+~Pi")+ • • • 
., 

!S 1\--=- -i'i M~ 4- i'i M1 2~ ~ S 2~- ~ fflM~-~1)(?~~. +-l "') + 

+ ~('<'-~ ~~ +i-i.Pt:a.."'a.+S'V:)+ ~~<l\-a:-"'L)\l:!.M3"~-~il)+ 
1! 2. n ~ n2. + 3 M 3 + ":J M3. 23. + ":J r;;..l + ••. 

S~t . .1_ fr '2.. ,_) f.i" 4 ff (/J '\ 
0..1. . = i.s\..M1 - 2:s.. - s:- M:s.. P.1.- ts \'f\."J..M~t'-\3. +32s.~~J + 

. ~(· ,_ '1.) 4.~ ~(, 2. o2.'\ · +- i':l \.~ ~'1. t 2. 'Ia. - 3S ?,:J..\'1\l + ~s:' 0"\3. + 4 3. ) + 

)4 

i. r~ ~ · o ,_) 1 T. · · · ) · 
5o;: = i.S' \i~ M~- 1.1:1. M~~s. --:-S r;;.'i. +uffl\'1'\i. ~l.~ ~Lo\-~I!Ya. + 

+ Pi. c~~ ~'1. -s2vs1 + ~W [M1 ts M3. +3.1?~')+ :12!. tMl+ ~~)J 
.. "" fi1 "\2. '2. 'fi' f. . . )'• . '\ . + ~~ \2:" ~2. +S'V2.J -'tO'S ~i ~L + tOVa. \.t"\:!.+::!a2lJ -· . 

_.!. (ii. r..A2. + i.O "-A n. n2.) +. 
~- 3 ,-,~ . · '"S" ,-,l.t:l- r~ . • •• 

2.S ol- = ~i M~+2.& M1.l!~ +~~-.:a.ff[M1(l- ~2.+!iVa.)+ 2_p !.(~l-'\Vl 

- ~~ (M,.- 21.)(1:!. M.:~o+ ~ 2.3) + tlsi ~44+io ~:a.\1~- S'lt) + 

+ ~ ~[1=\2. tss t-'1:!. +~~-~.:~o)+ 2. '/1. (~~~l +il.f.:~o) + i 1 Mi·- ~ 
+ ~ £~ (2'2.M3-~fl) + ••• · 

S d..+= -~.1- 'ti)2.+ ~~1- 2~)(P\~'2. Va.)- t'\\'~1- ~i.J(~ M1 ~~2~ 
-~ ( ¥- ~~- s ~2."1.+ilV2.4)-~ (I=-\,_(~8M:!.-ls2~) + . 

, + 2.V'l.(2.':1.~3 -i:1Ml)] + ~ (~ M~ + ii M.:~o~3-2.~:t~l)+ •• ·• 

( ~- i \ vio 
sb.\ 2. .if. 1. 1.) j_ f· ,_ 1.) 1 ft 2. :J..) 1\ =Yo+ .3\l.M1+P1 + 10\3~:1.+2.\/a. +u\.l:i.Ml +.32~ -\-;· •• 

o..i'o.-l=-~fft ~wvo v,_ + s~~-F~)-s'\rM1 ~2.- ~~?.~+rv; 

+~~F\2.M~-~~+2;))+ ••• 
~t6...t ~ { \I%" fM "-A " ur, ~ 2.) ~ f'\ ""' · · c.~ = '!:f i u' i:.E.fl ~ .,i "\l- E1~.1r s \.~2.-\/l. -io,:!> N2.' .,~-

~ l. 2.'\ 
- ~ M-3 - 3 f~ j + ••• 

)5 



0:~ = ~\.i~'{Ivo (M1-~i) +f-tVo~.lPt1.-S"Y1,;)+~'ffiyo\l:lM~+~2.))
- :s(s':~-'i M£.~~-s ~t),+ ~~ t_2.M~ (-ts9 P\1. +L.OS\/1,;) + 

+ E~ (i.2.3 A2. +32.SV1)) + ~'W [Ms.Q..\'1\:. -l2~- E:,fs.\"1:!.1-

- ~s ( 'i2. A~ +SO t:\2-'J:t.~ 2.SV;) ...:_ ;-r: [~z.('iMl-t-1 ~3)+SVz.l>,l1+ 
~·· ·c 2. o ~"l · . + 10s- 18 M.l + i.96.~:~::~ + S ~.l Jj + ••• 

e1.-;_ = ;sffi i- ~ ~.~~ Vo(?.""~-P.l)+ :;ff(Mi-~i)(~2.-'12.)+ 
+ i;'{f [Ms.(iiM.l-2.2.l)-fi(L.!.M~+S23)l-
- t (._~'2.-'\/1) (1.~ ~1 +S\1-.a.) -'1.~fi l :!> ~~ (l.:l·~1 ~3-T-~i2:!1) + 

+ Vz. ( l;L:Y.9M3 + ~1 23.)]- 8M~- 8M.l23-S"2.~ J + ••• 

ol--= -V!' +2.'{f Yo 2:~.. + ~~V0 ~~1. +2.\f~)+~(iG~-llM121-
- i~~~)- ~~L€. Ms.~ ~1+\/:t.)+ ~t.~~:t.+ 8V1)] + 

+ ~s ~~ ~~- F\,_\1~ -3>Y;)+ ~:~l~f.\2.(2.Ml+23)+V2.(lMl+lPl)} 
+ ~ts (is ':f. Mi- '! Ml2~-''H~ .2{) +- ••• 

d..+-= -\1: -2..~ \/o ~:L +'lliVo(l~1.:\-2.\/a;) or A:@ M~-i~ M1 P~
- n ~~}+ ~ [€.Ms.(3~2.-v1.')- 21~~2.~i6V2.)1 + 

+ ';l!c (G.~ ~~- s (::hv:t.- 96 Vl.2.}:-· 

- i~ L3Pi2.l2.t-'1,.-2.l)-2.V2.(M.l-.l2.l)1 + 

+ ~(82.Mi'--2.tv\3 2.l-i05E~)+ ••• 

)6 

THE MUON CAPT~ .REACTIONS l.o:a(~+)·s.. B~ · 
' ·.· . . '··~ 

This target has the pos:itive magnetic moment. : · 

.I ~~oJ~o 
/\~~~-~ = ~\(4.~~+3Pt) 
. . .. z. 

t 1\- = ( ~ M.l + 2.1) 

.,.J- = ~I\- c~.+=- i..rM .. -~3)~ """ s ., . 2.1. ~ ... . .... ' .. 

. [.3-. r·l Vl.o 

As+o..t:. ~ ~~ ~2.+ 2. v.a.) + .1,; ;4.""?- +.3P2.) + . . . 
1.0\:: 2. a. 2.1\: '"'3 . l ••• . . 

. . . ' ' - . . lf . . . .. 
~/\- = i0 (1:!.~~+iG~J:Va.""':l~~) + ~atJ:\a.-Va.)('iM3t.3.~~)+· 

i '~ l. ' 4'\ •· + ':l \.3 tv\~+ 12. ""~~.l + s .2.l) + ••• 
s~\; . ~ { . i ( 1'\2. ,, . ~) . .._ 1'\ .'-A ~2. . ~ \ ·. , 

Ql. = ffi -to '3. "'i "'":L,\1~ +if! "2.'''l + '''J. + P.l .l + ••• · 

a;: = ~ { ~ ·;o ( s P.i +.l2. R~ v~. + t'l..v:)+.is [F\\.(~6~ +~~l). 
+ Va.(S.Ml-lE3)1.+ ~ Mi + 2.'2.~21 + S e_r }+ .. • · .. 

' 

ios_ac = ~ (i~l ~~ +ll. ~~va..+l:!.V:t}+ ~l~a.tlat'll,l+l12 
. . 

-+Va. (ia M 3 + 1S e-1)}+ G.,; M_i+ i8 M-12.1+·~ P.34 +., 

· 2i ci.. + =- ~ (.P!a.-'la.)'l.- ~ (~a.-V:a.)(2.Ml..;:!. ~ 3)-
- i (M~-. GMl2l+~ 2~)+ •• ~ -----* . . . 

These formulas were derived in coll.aboration with 

Drs.N.p.Popov and A•P.Bukhvostov. 
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~~2.] Yl-0 

"'s~~-l :._ 1..J2.M,_ + n ,_) -r· i.-':1 p..'2. ~t-l. \f.7..) + .i fl:i.M '2. -\-:12 -a.) + . · 
I \ -:'" ,.:l \!. 1 z; 1 i.O \:: :2. :2. :u. \.: .l .l ~ • • 

- iO ·7.. a n 4 i.'l-'1(., )("l f'\ ...,'\+ ~ f'\'2. · 
3/\ =~_Mi.+ :1M~z:1..+2s.- 1.s'16~s.-2i \J:"'l.+v2.) · s "'' + 

+ ~ ~2.\/2. + ~V2.~ + ;s~tf\z.-Vz.)l~M~ + 2~)-\- \\'<\l"+~M~2.l -r 
· ·~ ,_ {o r. )(s- "' · \ . !.(1l ~,_ i:!. :1.\ ·· 
+ i f.l - u::ff ~.:!.- 23 ii ..;'1 +V'iJ + ~ i~ '""'1 + T ~Ai \/~;~..-\- ~ V':l:J+ 

. + ~ ~ ~f:\~:.\/'i)l~ Ms+21:) + f-1 (~ ~,s.+ 2 ~J
4 

~-t~~ G r t--A ,_ o 2. r.:'l ho. "' 02. =,+ .3.ffi \' .,1- 1.1. -3,6 M 1 P.'l.- '"';"\"::.. M1M.l + ~ £1 23 J + 

+ ~ (~~~ +'iY12.)- ~ ~t:\2..t"\.l + ~(Ml"+ 2~JJ + ••• 
~~l ·'2..\1'%' r ~ ,, ,_ ,_) s-_ll"" "-A ·i 1:· 

~':!.. =u \l l.-M~M.l+ 21. 2.l + i:O'-t::\2.. -v2. + "i:ti "'t..'''1.+ .:!.Ml + 
··~ '1. \. + 2: 2.l J + ••• 

- . ~ r i.fJ 2. n '2.'\ ·cr \.t r ) 
02. = .3ffi t·.:!. \.ii M 1 ~ 8 M,_~,_ -.3.~1 J- ~u l"J..~ Vz._.,M,_- ~s. + 

. . 
. ~~ · :1 :1 r i" ,_ · ), 

+~P.2.\....3.9M1+102 1)j +~l2:~t.+l:iV:z..t'l.~l.+V:z..l.l-

- ~ ~9 2,_(\'1\ . .l+ l?.l) +M,_(1..~ tl\,l+1'l..2~)l + ~ t M.l (:!. P-.'1.-\f,_)

~ 23 (?_~'2. -\-~V:z..)J+ -tMi + 1~E3(M.l + ~ E-lJJ + ~ •• 
0.~ = ~ 'fft-~ (~1.-~i.){__PI,_-Vl.)+ ~l'o\,_(-t0\''\.l+~2.l)+2itt~~~+~-l)+ 

+ {
0 
(~ t:\i -'2. P.:2.V, -Vl.,_) + ~ l_M.l(2.iV, +i~ ~2.J + 

+_2.2-:llL:L~,_-~v,_')]+ 3M.l23 + l2l'~ + ••. 

J8 

HELICITY R4PLITUDES 

Here we give the explicit formul~s for the helicity 

amplitudes· in terms of the ~ultipole amplitudes calculated 

from (24) and (28) for low values. of the nuclear 

. spins IJi. ~ 'J.f for the case of left handed neuttino 

emission ( n ~- S.t,_) .. 

To.save the space we introduced 

defined as follows. 

x:t and 'l:t' 

--------------------------------------------------------------
I 1it1if ><":r . ~'I . ---------------------------------------

even IIO ·-'I" ·-'I v -1. M'I -C. .'I 

. yes l.i-'IM
1 

ti-'I .P:r 
----------------------------

·1-'I ~ I. . 
'I· odd no .1-I M ... 

I. .... 

·-I 1"\ .. -'I V _____________ ~. __ _:_:_ __ :.__.!::_. ____ ._;,_ __ yes 

~~~r]· 
,rr 

'"ro-=~:l 'lx > '1'_1 -=~rr:s. x:t Jry-1 (1: .. 0) 'S 0 

+ :t'-+i. { . ,f2:" ,, \ 
~ 0 = <::-) • fi+i \3' \.."Xr-:YxJ 

""' - - (::-)'I' ,{'I' (1:+ i )( + v ) • 
I o - 2.1:+ i ,:1 l: l: I X J 

I r~ol 

1;; (l:=o): o 

11:~ 
-p+ '-i,2:l+i{ . . ,[Y(l.:l+.l \} -v2.=s ~ x!l·i+~:l;;.i.-G+1 ~x.J+"s,.-Y':l+Yz.) 
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'\' + .: . .' i ~2.:l-£' ( . _,r=s ) 
+'Y2.- .::!. :l \Y::l-Ya. '15+, 'J::~+'I,_ 

rr'+ -1[2:l+1.)t.'l.:l+~\'ta.(, +2.:l-\\f"'S:" '\ o-n+ 
-l,z.:-.ll 'J().J-1) ·~ 0~-~ oo'~i x:l+v ... ,; '-l; ... l:l=~) =.o 
'1'-~-'~"'l.f - \f5:(2.:l+} \1 -~a.- \E.~") \ "X:l-Ya. 'j::>-'~ -,s;-1 2.:l""i '><:l+

1
1a. + '::l:l+'t,_)J 

. .., I . \ :J - Y2.\ 
,..-t /. rr + (:-) 2. r ,rs: (2. '3+:!. · , 1 

. _,,.,_ -='{E.~tJ\-'-) \)(.l-·~-·~b-'lz. +ys:;:i E+i x:l~,, .. -':::IJ+'IdJ 

T+ - (:-')~~Vz. h~·,._\la..S . - . -l::l •(2.-::l-\ - \1 
'lz.. -:"{~::>t:lH.) \?-JH.) 1'XJ-~ 'jj-'~ ::l+i 2.:1+1 )(..:l-t"'- ~::>+'It) j 

'T- . (;-)~-·Ia.~ ,r=;: (2.:l..\l. . '\1 
.. -~-= ::.'('6 '\.x~_,,l.+Y:l-'•a.+~:l+\ ~)(.l+'lz.+':JJt'lz.JJ 

rr.- t:=-)"J-''t.(~~-\\'z.f l:l-\":l> · \r:r (2:l~.l ~ 
+'lz..-=. ~ \'E+\) t_"'23=t )<.J- 1/a.+'.:b-1/a.-:-\~ ~~:)+1/t.+'jJ-1-'I)j. 

Ncte. ·. 'Tvl. l"J = i_) E. 0 

+ \ ( .~ ' ' :!. '\ To-= 3'\.n 'Jo- ~i.- ~ '::13. -r ~ ~z..J 

T_"t -= 3'"--rrl-IT ::lo + ~~ -_2.x,- .ts )<z. ..,. ~ 'j·'&.J 
.T ~ \12 ( 1. . - .L ...L ' 
.. 1. = ,:;: U 'jo 2.. ':h +- 2.~ 'j1.:J 

T
- . . . '2.. ( .L +- .1.. ''-I :!. ~ \ 
0 = ~ \\f'i. ':Jo )(..,_-~.H..- 2.U. ~) 

. - ·. · .. \i. ·, • .L . _L X \ 
T -i. = ""3" \. '{'i ':1• + Xi_+'::),+ \(?''h.+ 2.. "R 2..) 

T + - \\2:'" ' l. ' ,fi:' \ -2..- ':i \..)(.~T ~)t.:t.+ '3''f "')(.:!.) 

\1.-D 

\ i .... 2.1 

T.;. - .i. l . ,r-2:' ~ .~ \ 
-• - ·.1-ri: '::h. +.2.')(.s_ +<.jz.. -)(l. +v.r ~::!.- :3,~ )(l) 

-. . + . -\ . ,\'2:' .~ '\ To -=.3Gll.~~+~,.-!~l.-~·r;;~~+·'Ly~ "X'J.) 

T~ = * ('h-~~ +~ ':J"-J 
,40 

T_~ :: ·~ ('j~ -')(..~ ~ 'h_:r·!. )(.1. +W 'h t- j-\f X3J. 
T - - ~ (u. . -v ..,. ·~ 'V - ~ ,fi: " - 2.~ ..., ) 

o - ~u J"- .... ,.. 2: "l. 2.. ,;r Jl \~ "3 

':!. 3,• K=~--, 

~ --.... __ _ 
. ~· 2.j· 

T_tz.-= ,ffi {rs 'io +G l'J,_ -l ")(,_)+~a.-:!.")(. a...,.,~ ( 'j3 ..:':!. 'J<-1) ~ 

T~vz.. = f~ t~ 'io + ,h ('js_ -t.i·x~) -~L- ft(.l~h -1:!. XlJ 1 
T~: -= ~t 'G ~o-~ ( '.h+ 2. x,)-'h + X1. +\~ (:1'j3 - ~ )(..1J) 

+ 2.. r · · · 1 
T ll~ = Sfi '\. fS :::Jo - {l ·;h + ~ :r.. - h 'il J 

T-l~z.:: A-t~ ~0-\-\fS~~+ ~'X,)+ ':1~~ Xt. + ~( 'h+1-)<.;)). 
T_~1l.-= [~ {.'{S 'jo +,fi.~~+ L.txi)-~1.- ft(~'j~ + 'i X~J ~ . . 

I;~ : 3:rstrs'jo- .h(':h..:6 )C.i.)-·:~h -3 ><-:t. + ~(::.':1.1 + ~ x 3) J 
l~- ~] 

+ ,(2 { :!. u: . . ~ff ) 
T_sh -=~u 2.x~- '(1: Xt_+\~ 'Xl+ 2:\u x'i 

T_~,l.-= 'r; { S ~~ + )(,_ +.-{\ (':h.- i x~.) + f.q ('jl- ~ x3)+lli ls'J'1-~X 
'"t.t,. = ~t )(s.~~,_ +A(~'l.~ ~'XaJ-~l~~+ ~xl)-\;_~(~'J.~ ~x~) 
1'~-= l ~1~1. + l )(.,_-~(~.h+ ~xl.)-'\t(':h-x3) +.~ l'::lY.- fi x'i)J 
'1' + '2..' \\'i:' f :!. :?. \ f5=' \. 

lh-:: s= \3 1 'j~--fi' ':h.+ ffi 'j~- '~ ':h J 
..,.... - \~ r 1. r . .1. \ .1. r'l · 1 ) ,ff' r ";' , 

I -lJl.:: liS L ':h- X,_+ ~\.:!.'j:a. +- 2. Xz..J +'(i\i~'jl + .J..X.l +'fi'"L. \'::\'1 + "i ')(.'1.. 

T-v~.-=-~ th-)(,_ + ~('Ja. + t"Xl.J -\t(~h-! "><3")-~ C'J~t+ ~ xY.)) 

Ty~:: 2~{':h -)1.1 - fil'j1.~ t xl.)-~('J:!. t.3.x.l) +_~;~ (~':1 ~~ ~'1) 

"' 
<!.' 



THE TABLE OF THE Bs1. ( IJf .:!:. ~) 

rd~·fined by formulas (a} and (12)] 

- 'C 
4~-r--J _: .s ;:. i S=-2.. S=~ 

0 I~ 
..i. 
.'\1': 

--.{~i ~ !'{{~ ... 
-~~····I . 

i~ . 2. -2. 'i~ ... iC>'li~ ... 

~+ ... I o(,~ /til~···· 
1-~ + ... -~-3 I i.+ I ~ );' 

2.~2. 1\(S ... 
s I :!. ~ .d..~ ~ -2.'(?+ ... ro+ ... 

0 
II 

...L _.i. -'Vi: 

_.?i ~ 'f:iC 
' 
~+- i~+ ... I oe.); 2.~ .•. 

\2 -( 1-!~~ ... I or- <b 2.-{i' + ... 

11-Ji,+ ... ~ + 3 
t~o ··· oC..~ 

~- -~+ ... \~- . 
"' +- - -s+: .. 

__.s/~: 
~ ... 

·~ 1: 2.1 . i~·- Q..~ 

2.~: 
2. -s+ ... s. '2.. + ... 

~ + ... ~-~~+ ... ·I~}; 2 
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~~~-
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