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PREFACE

This thesis embodies the research work done by the
author on "Muon Capture by Complex Wuclei! during the years
1977-1982 at the Institute of Mathematical Sciences, under
the guidance of Dr,R.Parthasarathy, It is devoted to a study
of the following problems in muon capture (i) Gamma=-Neutrino
Angular Correlations (ii) recoil nuclear polarization (iii)
total eapture rates and (iv) an investigation of (V+i) admixture
in the mwn capture Hamiltonian, |

Part I of the thesls provides a brief review of the
fheory of muwon capture process and the density matrix formalism

which 1s employed in most of the ensuing chapters.

In Part II, a systematic and detalled investigation
of gamma-neutrino angular correlations in unpolarized and

2331 is carrlied ocut employlng den-

polarized muon capture by
sity matrix methods, The existence of another observable in
muon capture (apart from average recoil polarization), namely
Bo (the Y= ") angular correlation coefficient) is pointed

out which is nearly insensitive to nuclear models, Interest-
ing relations among the Y= angular correlation coefficients
and other nbservablE%in mwn capture process have been obtained,

which are independent of nucleasr wodels and muon capture coupling



B B

constants, 4 reliable numerical value for (g, + gT) is
deduced by comparing B, with available experimental data,.
Meson Bxchange effects have been taken into account through
the time part of the axial vector current and are found to
be negligible,

Part III is devoted to the study of average recoil
in muon capture by lgc, incorporating the effect of the ex-
cited states of 125 (predominantly the 1° level at 2,62 lMeV)
on lEB(l"'; ZeS.) polarization, 4 numerical value for {gp + gT)
is obtained by comparing with experiment, which is consistent
with our value for (gP + gT) obtained in part II for the
A = 28 systen, Part IV contains a discussion of total capture
rates in heavy nuclei within the context of the Salan-
Strathdee idea of the vanishing of Cabibbo angle at large
magnetlic fields, In absence of a clear indicatlon of such
large nuclear magnetic fields, our results show the importance
of nucleon momentum dependent terms in the analysis of total

capture rates,

In part V, we discuss (V+4) admixture in muon cap ture
by hydrogen motivated by the left-right synmetric gauge theory
of electro-weak interactionsg and obtain a lower limit for the

mass of right handed gauge boson,
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The results of the thesis are summarised in the

Introduction,

Based on this thesis, the following five papers have
been published in International Journalss-

l, Gamma-feutrino Angular Correlations in Muon

Capture by %Si' (with R,Parthasarathy)

Phys. Rev. C18 (1978) 1796,

Ze Gamma-lleutrino Angular Correlations in Muon
Capture by EBEi*H{ﬂth R.Parthasarathy)
Phys. Rev, C23 (198l) 861,

3« Quenching of Cabibbo Angle and Total Muon
' Capture Rates (with R.,Parthasarathy)
Can, J, Phys. 56 (1978) 1&06.

4e¢ A Note on the Induced Psaudo-Sc¢alar Coupling
Constant in 1~ + ~2c(0™) —""?128(1*;3. s.)w“
(with R, Parthasarathy)
Phys, Lett, B82 (1279) 167,

S5¢ Bffect of Meson Exchange Corrections on allowed
Muon Capture (with R.Parthasarathy)
Phys. Letts 106B (1981) 363,

and in Confsrences;

1. (V+i) Admixture in Muon Capture by Hydrogen
(with R,Parthasarathy)
Silver Jubilee Physics Symposium, BARC, Bombay (1981),
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Collaboration with my guldeDr,R,Parthasarathy was
necessitated by the nature of the problem and it is gratefully
acknowledged, Avzilable reprints are attached a2t the end of
the thesis,
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Dr.R.Parthasarathy for constant encouragement and inspiring

guldance without which this work would not have been completed.
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The study of muon capture by nuclei is of two fold interest.
It can be used to obtain information azbout the strong interaction
induced weak hadronic form factors in general and the induced
pseudoscalar form factor {gp) in particular, Since the strong
interaction induced form factors are dependent on the momentum
transfer involved, the muon capture process 1s a better probe
than g decay to gain information about the induced form factors,
This is due to the fact thet the momentum transfer (q) 1is -
~/ 100 MeV/e in muon capture whereas q~ 0 in pg-decay.
Secondly, having obtained reliable informatien about these form
faetors; the muon capture process can be used as a probe to study
the nueclear structure, The six weak hadronic form factors are
governed by the CVC hypothesis of Feynman and Gell-Mann [17]
and the PCAC hypothesis of Gell-<Mann and Levy [21 . Using CVC
and the near equality of neutron and proton masses, asswning
fermions to be on the mass shell, gy, Byy and gy are determined
to be By = 0,987Gy gy = SN gy and gg = 0 at thelr statlc
limits. The Goldberger-Treiman [3] relation gives g, =—|s25§,
in agreement with the Adler-Weisberger sum rule (2] and a
recent analysis of Willdnson EE]_ on p=-decay. The one plon
pole dominance and PCAC gives & v 4 Y for muon capture by
proton, In the case of finite nuclel, there is no clear and un~-

ambiguous treatment of g, .at peesent y such a treatment
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requires the knowledge of w-nuclear coupling which in turn in-
volves the explicit use of nuclear wavefunctions, While CVC im=-
plies Bg = 0y PCAC gives no information sbout Bp o In this
thesis, & and g are treated as unimown and are determined
by comparing with experiment, Further, these form factors possess
an intrinsic qz dependence which is expected fo be weak, since
the momentum transfer involved here is relztively small,

Weinberg EE] has classified the six form factors as
first and second class wnder G-parity transformation (G = C ei H'.T%
and it 1s generally believed that the second class form factors
(gg and &) o not exist, In fact CVC 1tself rules out gg
and recent experiments in pg-decay and muon capture f’?l seenm to
rule out the existence of g, « However, in view of the fact
that Ep and A always occur as a linear combination in muon
capture, it is worthwhile to ‘onsider this combination as unknowm,

to be determined by appealing to experiment,

In order to determine the above comblnation of & and B
in a reliable manner, it 1s necessary to examine those observables
in mwon capture which are to a large extent free from nuclear

wavefunction uncertainties, The various observables in muon

capture process are partial and total capture rates, recoll nuclear
polarization and asymmetry in the angular distribution of the re-

coil nucleus, gamma-neutrino angular correlation coefficients,




asymmetry in the angular distribution and the longitudinal polari-
zation of the emitted neutrons, alignment and longitudinal polari-
zatlon of the recoil nucleus, BExtensive studies on partial and
total capture rates [8] reveal that they are very sensiti*ﬁré.

to nuclear models, The asymmetry and longitudinal polarization

of emltted neutrons are very sensitive not only to the bound nuclear
proton wavefunction but a2lso to the final state interaction of the
emitted neutron [9] with the residual nucleus. There is as yet
no experimental determination of the asymmetry in the angular
distribution of the recoil nucleus, The experimental uncertainties
in alignment and longitudinal polarization [10] , charged
particle multiplicity [117] are rather large.

It has been shown by Devanathan, Parthasarathy and Subra-
nani an [12:[ that average recoil polarizatiom i1s almost Ilnsensi-
tive to nuclear wavefunction uncertainties but sensitive to gP

and hence is a sultable observable to obtaln a reliable value for

Epe This observable has been measured by the Louvain-ETH-Saclay
group [1131 and its nuclear model insensitivity has been examined
ecently by Kobayashi et. al, [14¢7) , Ciechanowicz {157] and
osenfelder \:15] using different nuclear models, In this thesis
take into accqunt the corrections to the recoll polarization

ue to the gamma decay of the excited states of the recoil nucleus
nd also consider possible meson exchange effects as a means of

mproving the impulse approximation procedure.




We find after examining the garma-neutrinoc angular correla-

2851 that only one of the

tion coefficients’ in muon capture by
angular correlation coefficients Bs (see Chapter III for defini-
tion) is neatly free from nuclear wavefunction uncertainties and
this observable has been measured rather precisely by the William
and Mary group [l'?] « Thus we compare the values of (gp - g.I)
obtained from these two observables and find that they are con-

glstent although the nuclei involved are different,

Thls thesis is devoted to the theoretical study of the
following problems in muon capture :

{i) Gamma-eutrino angular correlations in muon capture by 2831.

(2) EBffective average recoil nuclear polarization in muon capture
120.

(8) Total capture rates in certain heavy nuclei,

by

(4 Analysis of (V + A admixture in muon cepture by protom.

(8 8Study of Generalised Meson Dominance Model for muon cap ture .

Hamiltondian,
Before summarising the main results of owr study, we now

proceed to review briefly earlier works in the above topics and then
point out how our work is either different from or an lmprovenent

over them,

The general theory of Y- angular correlations in mwon

capture has been developed in a series of papers by Pgopov et. al.
[l&] hase:}lan the multipole expansion similar to orbital electron




capture and it has been applied to 2851 by Ciechanowicz E.B]
By comparing with the experiment of Miller et, =zl, - @.?] g he
obtains = 4,8 gx < =Y ( 1.2 8y with a claim that this value
‘ indicates a downward renormalization of 2 from the Goldberger-

with the idea of quenching in nuclear matter [‘Ei:n] s such a large
ampunt of guenching is guite unlikely in light nuclei such as EEE':.l
Also, while the treatment of Y- p angular correlations in
Ref, [191 is essentially based on the impulse approximation
approach which treats the nucleons in nucleus as free, the reason
for the rerormalization of g, is the many body effect {207
(possible scattering of virtual pions by nucleons and introduction
of the pion optical potential). Further, the numerical values

of the angular correlation coefficients in Ref, EJBI for the
PCAC estimate of Ep and Bp = 0 are not in agreement with ex-
‘periment E.'?] s as noted by Mukhopadhyay [El] +« This problen
has been studled by Devanathan and Subramanian [_221 using
density matrix methods, who applied it to the case of muon capture

by lﬁﬂ for which there are no experimental measurements availa 1o

- at present.

In this thesis, we develop a formalism to study Y - D

angular correlations in muon capture-by spin-zero nucleus for bo.L
unpolarized and polarized muon capture using density matrix method .
The formalism developed is general and can be applied to a genercl

Treiman value, for the A = 28 system. While this claim is consistent



cascade of the type \Ji Hi> LE o

T }1f>_Y_.)lJF M, S, as

long as the initial nucleus is unoriented. Detailed and exact
expressions for the correlation coefficients are derived taking
into account the nucleon momentum dependtnt terms and higher order
partial waves for the outgoing neutrino, During the course of our
study we obtain very interesting relations among the correlation

coefficients and other observables in muon capture, They are given
belows

& S
P
3 N
B = 1 = -
5 | 'Epg
= 3 3
Be = ”1+'EﬁE“EPL
Bl+52 = 1+ o

_'.;har: « By and B, are the Y- D  angular correlation coefficients,
III PL, P, are the longitudinal and average polarization of the inter-

—>
mediate nucleus and P“ is the muon polarization at the lnstant
of capture . These relations are independent of nuclear models and
N muon capture coupling constants, The first relation has been deri-

ved by Devanathzn and Subramanian [227] « Identifying the

28&1‘(14' y 2202 KeV) level as the isobaric analogue of EESi( 1+§

13,67 MeV)y, we have used the particle-hole wavefunctions of Donnelly
and Wallker [33] to evaluate the correlation coefficients in
the process




- ¥
W+ Bhioh) ——>%Ba" t 22 ke + D,
L’) 2841(0% 3 973 KeV) + Y

In Table I, we summarize our values for <, By and py (Parthasarathy

and 8ridhar E‘%&, 25:' ) and compare then with the values obtained

by Cechanowicz ]:5.9,21] and experiment EI.'?:],,
TABLE T

Gomparison of the values of <, p; and B, in FPA and exact cal-
on experiment.

Correlation Ciechanowlcz FPA Qurs Expt.

goefficient (o5 ] 2g,25]  [17]

0.29 * 0,30

By 0.88 0.0809 0,19243 0,02 + 0,03
BE 0.5 1l,2115 11,2278 1L.12 # 0.1

FPA means Fujli-Primakeff Approximation, wherein we neglect nucleon
momentum dependent terms (MDI) and confine only to 8 wave neutrinos,
Then the nuclear matrix elements cancel out in the expressions for
<y By and B, 3 the exact celculation (Column 4) includes the effect
of MDT and higher order neutrino partial waves, It is easily

‘seen from the table that our values for «, p, and g, are in better
‘agreement with experiment and more ifmortantly, it is the correla-
&lon coefficient B, mhich is nearly nuclear model insensitive,




The FPA gnd exact values for 132 are seen ffer by a very

gnall amount indicating ¢ nuclear structure effects do not play
an dmpoptant part in confrast to « and B, ch are ob L
sensitive to nuclear models, This coefficient B, has been mea-
sured rather precisely by Miller ef, al, [1'?] as compared

with large experimental uncertainties in <« and B,. Thus we have
amother observable in mupn capture, other than the average recoil
polarization, which i1s almost free from nuclear wavefunction un-
certainties, By comparing with experiment [l’?] y we find

+ 3.
- 5.5) &

hen

(gp + gp) = (13.5

a value reasonably free from nuclear wavefunction uncertainties.
In Chapter III, we compare this value of (g + gp) with other
‘estimates and the conclusion is that it is in good agreement with
them,

We have referred to the importance of average recoll nuclear
polarization as & reliable observable for determining gp. The
interest in this topic has been recently activated by a remeasure-
ment by Possoz et. al. [mj of the 125(l+;g. S.) average recoll
! polarization in muon capture by 1EG{D+). They have considered
the contribution from the gamia-decay of 125{ s f 3 2.62 MeV) state
to 125(1-1- 3 B.S.) average polarization following a theoretical
galculation by Clechanowicz ELE] using the generalised Helm model



- and conclude that (gp - gT) = (7.1 £ 2,7 8y 9 implying the validdty
- of nueleon PCAC in nuclel and the absence of &p » Intrigued

by the large correction from the 125( 17 3 2,62 MeV) gamma decay to
-l‘?_'B{l 3 EeSs) Tecoil polarization, especially when the capture
rate to 125(1'-; 2,62 MeV) level is very small compared to that of
_ ;‘l%B(l"' y E+Ss)y we have studied this problem in detail. ¥e have

- calculated the correction due to the 12'5(1') gamma feed by appeals
- ing to a theorem of Rose [261 y which states that if a nuclear
level is polarized, the state to which it decays by gamma=-emi ssion
(parity conserving transition) will also be polarized, the two

being related a simple Racah coefficienf. We fipst calculate the ge-
coil polarization of T2B(1” j 2,62 MeV) and then the correction to
the 1213( s T4 % EZeSs) polarization due to the gamma feed from

1213{1" } 2,62:MeV) locvels Thus 125( ;i } BeSe) will be polarized by
(1) direct much capture denoted by P‘;m (128(1"')) and (ii) gamma
decay of 12‘3{ 1™ y 2,62 MeV) to 125(1"' } E+S.) denoted by

P':_v.(l?'ﬁil"'}). The resultant or effective recoil polarization of
lgBtf } 8.5.) will now be a statistical sum

L _Tes, 1o . I AM1H L | A1T
i - L{:L*) e gy S L{f) + Mﬁ}

) ffaRaie |
Pl (B,

where }.{l"') and 1) are partial capture rates to 125{1"') and
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level respectively, For the spin sequence involved, we
that

Y 12 1

Pl BED) & 0.5RE )

?g#.(laﬂ( 17)) 4is the average recoil polarization of

: § 2,62 MeV) in nuon capture by lEG(D+). We have calculated
1, N1D), B% (*%B(1") ana PX (1FB1D)) using the particle
& wavefunctions of Gillet and Vinh Mau E‘!—’}'—] and Donnelly and
[23] « We find ‘q small correction to ng.(l?‘ﬂ{ 1M) and
th DW wavefunctions, the correction to P':v‘(lzﬂ(l"‘)) = 0,5792
s 0,0247 at gp = 75 gge Couparing with the Louvain-ETH-Saclay
experinent, we find 28

EEP + gT} = (13,8 & 1..8) g

in good agre-ment with our deteriination of (g + gp) from the

28

(Y= ) angular correlation coefficient B, in "78i.

This problen has been studied recently by many authors.

In particular, the caleulation of the Ciechanowicz Els] whi ch
48 based on the generalised Helm model has been criticlised by
obayashi et. al. EI{] and Truttman E.‘Q-_] on the grounds that
the use of Helm model for 3'25{1") nay not give correct results
due to the fact that capture rates csleulated by the Helm model
gre not in good agreement with experiment, Further, the Helm model

yarameters are taken from inelastic scattering data which are not
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-

. 15
known for the 12B(I7) level. This,reflected in the capture

y A
‘calculation of Devanathan and Subramanian EBD} « Kobayashi

EL&] have caloulated the resultant average polarization
Gﬁhen-liul"ath wave functicns and they obtain

(g, + ET] = (10.3 & 27¢g,

1

ch is consistent with our value of (gP + gT) / g4 + In Table II,
'ﬁTEBEﬂt values for »(17), Pﬁv (17) and coupare them with
q‘@ﬁnt estimates,

I Table I
Bartial Gapture Rate N1 in 10° sec™ rage g
zation of l%( 1-) -
- u 1
- ML) Pay, %5(17)
Ciechanowicz {15 0,23 - 0425
| ours [28] 04593 046523
| Kobayashi [14] 1,40 0.4310
Bmt.  [19] 0438 + 0.1 08 Bi2

‘It is to be noted that our results are in better agreement with
experiment, both for partial eapture rate and recoil polarization,

We now briefly discuss the effect of meson exchange currents
"as a means of improving the impulse approximation approach,
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”"."nt of soft pion theorems and current algebra technigues
glven 2 new impetus to the studybf two body meson exchange
ctions (MEC) to impulse aporoximation approaches, The earli-
pidence for MEC effects was found in the np —> dY re-

on where a M discrepancy in the rate between theory and ex-
ent was Tesolved by including HMEC effects and a—isobarjas
shown by Riska and Brown 1] . In the context of weak inter-
actions, it has been shown by Kubodera, Delorme and Rho [32] that,
ming one pion exchange (OPE) dominance of the two body exchange

eurrent,the space component of the single particle (IA) vector

gurrent operator ‘Li"u is enhanced by MBC effects whereas i ’
 the time part of the single particle (IA) axial vector current
operator Lu is enhanced by MEC effects. There is some evidence
‘for such an enhancement of the time part of 4 in the calculation
‘of partial capture rates in muon cap ture by 160 E}B-] « We have
\incorporated [34] MEC effects in the Fujii-Prinakoff Hamilto-
nian in a phenomenological way and studied its effects on @, and
%ﬁf'{-l‘.'). We find that Meson exchange corrections affect directly
| the nucleon momentum denendent tern j ( {; o 'ﬁ?) « - This 135 the

| reason why the 15{3[0*} 2 lﬁmu"} partial capture rate which

Iis very sensitive to such relativistic terms, is in turn sensitive

to MEC effects, This was first pointed out by Rood [85] in the
| context of the importance of relativisiic terms, Our calculations
| show (with 50 MEC) that MEC efiects are negligible,as is expected




- of the axial vector current ., Conseguently our values
.+ ET) remain alnost wmchanged,

es of (g + 2p) is now in order, Our values are to a
tent free from nuclear wavefunction uncertesinties,

in mucn capture it is impossible to disentangle gp and Ep
e Fujii-Primakoff Hamiltoniany they always occur in the combi-

A brief discussion on

First

relativiskic reduction, Secondly, ubiquitous nuclear physics un-

'g':;l_.-nities do not hinder us as the two observables Bg and Pa?.

e almost insensitive to nuclear mocels, A4lso, these are not pla-
L by final state interaction effects since the outgoing particle

45 just the neutrino, Thirdly, the Goldberger-Treiman estimate

or gth‘?g*)
..

L

has been shown on general grounds to be the upper

bound for Y in a nucleus by Castro and Dominguez E?rﬁj « Then
pur results indicate that the wpper bound on gp could be

At a first glance, this could be interpreted as a
I J

yrima facle argument for the existence of second class currents.

jowever, as pointed out by Wilkinson [5] , such a conclusion

fould be true only in a phenomenological sense , the Lorentz in-

: ant form factor gp can at best be a cualitative indicator of
econd class currents (8CC) and one has to pinpoint the relevant
_g;yn_ exchange which generates SCC, similar to the spirit in which
e OPE diagram dominates the & form factor, On the experimental




y the recent measureuent of the ratio P, /Py by Truttnan
and 2B ali gnment by Roesch et, al, [10] in. A= )12
) seeir to show the absence of Ep o In view of these recent
rimental measurements, our value can be interpreted as

(13.3 + 3) €y which is consistent with the recent Argonne

onal Laboratory measureument on pe-decay and muon capture in
4 = 16 systen by Galiarai et. al, [37] .

We proceed now to the discussion of total capture rates.
The standard prescriptian for the evaluation of total capture rates
which is the sum of partial capture rates to all the final nuclear
ﬁ;ﬁ‘mls energetically possible, has been that of Primakoff EB]
'ﬁ!if:_ho'used the closure approximation to sum over the final nuclear
levels, The problen is then assa.ntinlly reduced to the ground state
%ﬂ.-iﬂ;tial nuclear state) expectation value of the relevant muon
i:aptura operators, The very convenient SU(4) symmetry relations

of Foldy and Walecka E‘:‘E:} reduce the computational burden con-
siderably and therc are very many attempts in this direction (see
the review of Mukhopadhyay I-_El—_‘ s In an interesting paper,

S8alam and Strathdee EBB] have advanced the viewpoint that the

Cabl bbo angle @, could vanish at high magnetic fields (~v lt}lﬁ

Gauss)e It was pointed out by Suranyl and Hedinger Eﬂ}j and

‘Lee and Khanna (411  that such large magnetic fields could

'pussibljr be present in the interior of odd-proton mucleil. In fact,
Hardy and Towner [421 point out that the long standing anomaly
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3
in Oir as coipared with other nuclel,

" removed 1f one acgcepts the idea of the vanishing of
bbo angle, Following the suggestion of Salam and Strathdee [s9]
on [43] arzued that the anomalously large value of the

92

0
. muon capture rate in “THb as compared with that of Zr

‘culation of total capture rate- in °wp, ®%, 2%y, %; 4nq

:'igz!l?h talkang into accowmnt (i) hyperfine effects following Bernstein
oty al. [457 (11) nucleon MDT following Rood [356] and (iii) an
"-‘-‘ng;mvad formila of Goulard and Primakoff ]:4»6] for the evaluation

‘of momentun independent terms, Our results indicate that while

's'e inprovements bring theory into better agreement with experi-
‘ment, there is still a residual discrepancy in odd-proton nuclei
iwhich could be explained by the vamishing of o ¢ However, this
‘cannot be considered as an unambiguous indication of the vanishing



£ 8, s Hecently, Suzuld Eé’?] 2 has made an extensive study
1l capture rates in many nuclei with improved experimental
ues and his results for 931-?1:- do indeed show a large cap-
ate when coupared with nei ghbouring nuclei, A4lso, Wilcke

[-483 show that the larze capture rates in Actinide

kds in nuclei, our calculations show the importance of hyper-
effects and nucleon MDT which should be taken into account
‘before drawing conclusions regarding the vanishing of Cabibbo angle,

¥

We now discuss briefly some elementary particle aspects of
r c;ptura. By now, it is an accepted fact that the SU( E}L x U(L)
model of Salam [B0] and Weinberg [51] is the most successful
and renormalizable model which mifies weak and electromagnetic
interactions, This model reduces to the standard (V-4) theory at
low energies and its prediction of neutral currents via the neutral
4 boson has been confirmed by experiments, There have been numer-
ous attempts to enlarze the gauge group and in particular the

.;EEE'JL x 8U(2)p % U(L) theory EEE:] has received much attention,

iIn such left-right sysmetric theortes theve are left and right

handed gauge bosons which mediate the charged and neutral current

‘We are grateful to Professor Measday for providing us the thesis
of SuZUki.
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and (V#4) interactions respectively. The Higgs potential is
such that parity is violated spontancously, that is to say the

parameters of the Higgs potential yield HE (mass of the right

ha vector Boson) >> M& (mass of the left handed gauge boson)

80 that the weak interaction is preddminantly (V-A) in character at
present day available energies, There have been many attempts

i

iy

] to set a lower limit én the ME based on neutral current
neutrino interacticns and the general consensus is that Mﬂ D 200 Gev,
l anal‘.;,rse:i [54] hyperfine muon capture rates in hydrogen,
writing the muon capture Hamiltonian as a linear combination of

(V-4 and (V4+d) form, With available data on singlet capture rate,

we obtain a lower limit on Hf} as Hﬁ D 420 GeV, a value not

‘inconsistent with gauge theoretic estimates. Finally,we give a

following Igarishi et, al, [_'.551 and deduce interesting limits on
) the second class axial current,

L We now summarise the salient features of the thesis,

Fij 4 convenient formalism for the description of Y~ ) angular

| correlations in muon capture is developed employing density matrix

| methods and applied to the process

L 285500M) — By %t $ 2202 KeV) + D h

. |
L——) 281(0% 5 978 KoV) + Y

fboth for polarized and unholarized muons,
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Interesting relations among the correlation coefficients
“"i.’ P; of the recoil nucleus are derived and are shown

[ndependent of nuclear models and muon capture cowpling
ants,

Closed expressions for the correlation coefficients are deri-

neluding nucleon MDI and higher order neutrino partial waves,
i can be evaluated in any nuclear model,

Numerica] values for the Y- 7)) angular correlation coeffi-

fs have been computed using the particle hole wavefunctions for
ous values of (gp + gT).

The recoil polarization of 2311*( g $ 2202 KeV) and the partial
capture rate are calculated using particle-hole wavefunctions for
‘various values of (g + gT).

(6)

The effect of the excited states of ~°B, especially the 1

at.al at 2,62 MeV on the average recoil polarization of 1‘2]3(1""'; Ee Se)
are calculated,

ﬁ') The partial capture to and the recoil nuclear polarization of
.ﬁ'l-) have been calculated and are found to be in excellent

.

"_'eamant with recent experimental measurements,

(8) The effect of MEC corrections on B, and P,, ~are studled
- -

in a phenomenological way and are found to be negligible, since the
processes studied are allowed transitions,
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. (9) By comparing the numerical value of B, with experiment, a
reliable value for (g + -gT} wiich is to a large extent free from

‘nuclear wavefunction uncertainities has been obtained as

f

(g + g8 = (13.5 taﬁ’:?gl
the 4 = 28 system, By comparinz the corrected effective recoil
‘nuclear polarization of 12]3( 1") with Louvain-ETH-Saglay experi-
‘ment we find

BN

(g + &) = (13.311..8)51

‘in the A =12 gystem, in good agreement with the value obtained
Emtm A = 28 system, These values are z2lmost free from nuclear
wavefunction uncertainties and are shown to be nearly the same even
alter tald.hg into account MEC effects, These values are consis~
tent with the recent ANL measurement in the & = 16 system which
ydelds (g + &p) = (10,0 & 2.5) g

gn} The importange of hyperfine effecfs and nucleon MDT d1in the
analysis of total muon cap ture rates in odd-proton nuclei 1s pointed

out, These have to be kept in mind when discussing evidence for
the vanishing of the Cabibbo angle.




20

tidied
- i

d by analysing singlet and triplet capture rates in Hydrogen,
sible lower liuit on the massof the right handed gauge bosons
uced as b% ) 420 GeV in agreement with gauge theoretic

-tes..

The six hadronic forn factors have been given a phenomeno=-
Generalised Meson Dominance description and in parti cular,
;E;amectinn between e and a particular decay mode of the
I~lepton has been analysed,
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G

The nmuon capture process 18 essentially a four-fermion

weak interaction process, and the elementary reaction is given

O
|

be L + P

>n+ P, (D
It differs fron the well kmown p-decay process

- -

A sp+eT+3,

(2)

in tw “important respectss (1) Due to the larger rest mass of

ot
K &1z

mwon (~v 100 MeV) as compared to the electron (0.5 MeV)

_ the four-momentum transfer W, is of the order of 100 MeV/c,

_':Bas $n.rﬂ in B~-decay, (ii) the effect of induced

couplings due to the strong interactions (8I) of the nucleons

is important in muon capture,especlally the induced pseudoscalar
coupling. Hence the bare (V-A) weak interaction Hamiltonian

j_;i‘*'mdiﬂ.ed by the induced couplings in muon capture, and in

this chapter we discuss the construction of a Hamiltonian which

on non-relativistic reduction yields the Fujil-Primakoff

£17
Hamdltonian for u* capture,

This chapter gives a brief re-
view of the standard works available in literature (2] and
is presented for the purpose of providing the general background
i’ar ensuing chapters, We also review briefly the recent
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“'a Universal Fermi Interaction

In 1958, Feynnan and Gell-Mann (4| proposed that the

Y by means of the " current-current Interaction”
ng to which, the Hamiltonian is given by

75 Yudy (2)

where in terms of 'bare nucleon' spinors,

accord-

(4)

To= Ty Y (v + LAMC AL IR R TR ALY Youn | 148
A

In eqss (4 and (9§ Yuc'% are the Dirac matrices, Yg; = Y Y Y, Y,

-:‘m “’n,llip,lba, lll.pE ,ll»'u and \lLvP_ are Dirac spinors for neu-
‘tron, proton, electron, electron-neutrino, muon and nuon neu-

trino respectively. The above (V-4) form was first suggested

by Marshak and Sudarshan [5] on the basis of chiral in-

wariance and also by Sakurai [6 1 on the basis of mass rever=-

sal invariance. The cross terms in eqn, (3) can be identified
" to represent the strangeness conserving weak processes like
prdecay (without strong interaction effects),

s -
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'}{_ﬁ =]z (b Yu(I+YQb) (B Y (1Y ¥5)) (6
cepture (without strong interaction effects),

el A d
' TF W LA By vaage) ()

0 the lowest order in weak interaction, the S-matrix element

muon capture is given by

S = 1(2m% &(n+P-pw)M (8)

n,V , p and g are the four momenta for neutron, neutrino,
ton and ° pgon. respecti?ély apud M 1is the matrix element
;e process, (From now on, the muon neutrino is referred to

1e neutrino itself as this is always associated with muon

in this thesis), The matrix element M can be written as

-ﬁﬂ(l.ys)i YY B, (n\dn B>+ T, (Y8, T (n| v, \ 1?'

(9)
In the absence of strong interaction effects .'tu and V“ are
ven by
&, = L% 1V, Vs
— (10)
i Ty ¥, i ‘PP

" and fV are the unrenomalized :Axial vector and

‘vector coupling constants respectively., However, nucleons can-

‘action effects will modify the form for .i.u and ‘FI“ and in the
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58 of rodification, the various muwn capture form factors
are dependent on the four nmomentum transfer of the process
iroduceds On the other hand leptons can be considered
' point like particles, and the leptonic couplings in (V-43)

T are not renoroalised since we treat the weak interaction

lowest order and neglect electromagnetic effects,

The fundamental coupling constant G in eqns (3) is found
.
o be the same for mwn capture, B=decay, muon decay and plon
I

It is this fact which is responsible for the universality
ak interactions,

The Fuili-F nalkoff Hamiltonian for Muon Captures

The polar vector matrix element must be of the form [77]

G RACEEIER G N i

where 'U-n and "Bi' are the neutron and proton spinors respecti-
i is an operator, to be constructed from Dirac Y-matrices

the four momenta

and n, such that <%v, \ 'D,ul 'Dp‘y trans-
ar vector under rentz transformations,
' a8 a.,(Thua we may expect 0

to be a linear combination
16 following four-vectors,

n
FI-‘-’ n?-'-’ *t"u, n'u_ p. and o

p P HEe ¢
&, =ARAY Y. =XeX)
p T 2% e el

£l

d I’H and n, are the four momenta of the proton and neutron
ﬁ.&ﬂvely. Defining
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"

D, =D, (4-momentum transfer)

W T Py
= +
Pu = P+ 1,
an be expressed as a linear combination of

“ur Pus Yr Fupr T, 2 o Py

dting that the only available scalar is (12 = 'Clu 51“ which is
are of four momentum transfer, the polar vector matrix

'b can be written as

vy = T %rltqz)qu + 20D, + (DY,
+ f[ng) u‘up F+ fs(qz) ”-F F}%
(12)

19 Lo fgy £, and f. are form factors which gre
tions nf :12 + Further, by using the Dirac equation (for on
1ass shell fermions) and neglecting proton-neutron mass difference,
, be shown easily that among the five terms in (12) only

@ are linearly independent. Thus

q Tup Tp Wy = Tgl (4 }I’fp- a'u}up

pal=

e P T Tl

lnating the 'p“ and THP'PF terms from (12), we obtain the

_-.',:_=‘_}*‘= al form for the polar vector matrix element as

(n\?“\p> = Fn(G\’u-iDa'upqp+inﬁ)up (13)
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L 1oT convenience C,D and £ are introduced in place of f's,

an entirely similar way the axial vector matrix element can
: ten as

2
Ke D (19
Se (13) and {14}, the D,F,B and E terms represent strong
ction effects on the bare (V-4) wvector and axial vector

2 Introducing a factor JE from eqn, (3) the complete-
latrix element for muém capture following Tolhoek (8]

g [(u)} (I‘Ys)i “u { Yu YE_ up
: - BT, q, Yg up} + B(T %up I ¥s up}}
£ (1 (- v, u) { O, ¥y uy) = DR, o0, W)

| + AR q up}}] ; (15)

 4,B,C,D,E and F are the form factors which are functions
"

S ~
lp> 11\*“? By, Y +Ec qFYﬁf a

,iE

£4q" , which are real if time reversal invariance holds, The

gv + Vector coupling constant

8, + Axial vector coupling constant

[
]

s = Induced pseudoscalar coupling constant,
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= Weak magnetism coupling constant

= Induced tensor coupling constant

= Induced : - scalar coupling constant

vhere mu and M are the muon and nucleon masses respectively.,

- The non-relativistic reduction of eq.(15) consists in

ting a two component wave function: for the nucleons (nucleons
‘with non-relativistic velocities in nucleus) in analogy with
two component theory for the neutrimo, In this scheme, fhe

Ll .I | bemﬂas

e Do
X=-E+H 4)

E and M are energy and mass of the nucleon and X  and

¢ are the two component Fiuli spinors. As the neutrino is a

L
N

nassless particle we have
—»
VAR -9

i [Ty

Cfﬁp is the 2-component wavefunction for the neutrino.
ds the mwn is captured at rest from the atomiec K-orbit

e N

';_'gferg') E‘?A] ) the muon spinor becomes

l

%% {4
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d}; is the muon wave function in the atomic K-orbit
ng finite nuclear size corrections, With the following

ion for the Dirac Y-matrices

=riﬁ"fu

-1 0 0 1 =-io .
3, big = 5 . = =
o 3 5 1 6 ic, O
k = 1, 2 3 3.

I“”=_1llustrate the technigque of non-relativistic reduction

Bds (15) , by choosing a typical term, vizy the 4 term,

- Consider

AT, (1% 1Y, Y W) G IV T (16)
1 ovaluate the space and time components separately by

=k (k=123 and g =4 respectively in eqn, (16),
jace and time components of the leptonic sector in eqn, (16)
 simplified tc-

1- 7 . ]} 3w and i(1 = o '3?') ¢H ‘i:‘"' respectively,

hile the space and timﬂ components of tha nucle c:nic sector can

Bicea o (#,**—*% and ﬂb [ = (G F ]+1H @ ->) V]tﬁ

gpectiively, 8o the 4 tern is given by

.A
f“v

-i—F?;?L)rh, (i)
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g,” and 'ri Tefer to lepton and nucleon Pauli spin

(19)

gy (1 + "22-1' ) + gg
g, = (& + gy Y/ (20)

(gp + &p - 8; - &y - g) V/2u
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ective Hamiltonian deraved above is known as the 'Fujii-
1! Hamiltonian, The neutrino momentum which is also the

un transfer of the process is given by

P m - (B, - E) "E‘u

Ef and Ei are the final and initial energies of nuclear

} and Eu is atomic binding energy.

4as remarked in the
gduetion -~y is of the order of 100 MeV/c,

Muon Cepture Form Factors

4s we have seen in the previous section., the muon capture

iltonian involves six forn factors which are functions of the

variant four momentun transfer square (tvz). It is to be noted

i‘ha‘h the forn factors in u~ capture are evaluated at space
momentun transfer, i,e, the energy transfer to the final

gus or nucleon ( ~v»10-15 MeV) is very much less than the

Bhree momentun transfer., This is because the neutrino carries

Way most of the energy (85 MeV) released in the u~ capture

a ( ~2105 MeV), In this section we discuss the six form

Vector Coupling Constant.
1

- The near equally between the Fermi coupling constant in
lecay and u decay suggests the universality of 4~fermion

tion, Extending this to p-capture at zero momentum trans-
e have




34

o) = £ = 0.987¢, ©=1.02x 107

dependence of g; is not knmown and it is usually gssu-

1 'Ba nearly a constant independent of ﬁa « However,
ate of the ©° variation of gA¢) can be given within
framework of CVC theory of Feynman and Gell:Mann [4] « 4as
‘by Bernstein [25 ] , it is possible to relate gv{»-tla) to
elastic electron nucleon seattering form factors, gs(fq-z) and
, by the equation
gled) = 2429 - gied) (209)
P and N refer to proton and neutron respectively.

Expanding gvﬁqaj in powers of q.z, it can be shownthat

PE 0,03 . .2
g (a7 ~ 1 = qQ (201b)
v Fa _I.ﬂ%:‘
hoth for p-decay and u -capture, where the momentum trans-
. 2 2 2 2
ars are T~ n, and Q ~ o, respectively, it is reasona-

te to ignore the "-12

the CVC (Conserved Vector Current) theory of Feynman .dnd
Mann E?-.] gives &y rv L
) Axial Vector Coupling Constant.
Experimental analysis of B decay 'ft' - values [9 |
the following relationship between the axial vector and

dependence of the vector form factor,

getor couwling constants. The best current value for g, , from
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utron lifetime measurements, according to Wilkinson [20] is
g (o) = —(1.2507 £ 0,0085)gj(o)

yalue has also been theoretically deduced by adler [10]
' Weisberger [llj

f energy theorems.
[

on the basis of current algebra and

S8tudies on elastic neutrino scattering

1 i
12 1
== 1§

show that the following qg dependence exists for the
dal-vector form factor,

. -2
, g"_}f( D = gﬁ(o) (1 +'q,2fn§]

2

%o n- ~ 0.7 Gev% This is the so called double pole

trization for the axial vector form factor. Since
E 3 Eﬁf'll?') . gﬁta}. Further the PCAC hypothesis of

a1l Mann and Levy [14] yields the Goldberger Trelman re-
ion wracn o0 =0 ctves 5,00 (/% Iy

- and the Wea aFne S

2SIl LOUDLLTIE (OIlo belllle

_decording te the Conserved Vector Current (CVG) hypothesis
Feymanpand Gell-Mann [4] y the weak vector current V, is
lentified as one of the components of the divergenceless iso-

‘current of the strong interactions, More precisely, the

harge raising and lowering vector currents (vz, ‘t.f; )
with the isovector part of the non-leptonic electro-
ic current (VS) transform like the I, = +1, -1, and

members of a single I = 1 triplet. A4ssuming this hypothesis,
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and the fact that ?El is conserved, one expects ?u faatizo

e conserved (neglecting electromagnetic corrections)

P

This is the statement of the CVC hypothesis. A4s a direct
consequence of this, we have,

glo) = (D¢ (21)
i

glo = (b -u) g0 (22
g(o) = 0 (22)

first eqn, (21) shows that there is no renormalization of
the vector form factor due to strong interaction effects similar

y,
 the cnse where the electromagnetic form factor of the proton

dch the proton emits a 7 meson which in turn is converted
into a 7° meson after a  ( 2, i) vertex, resulting in a
final neutron. It is this mesonic cladding which glves rise to
'weak magnetism', exactly analogous to the nucleon ana-

us magnetic moment in the electromagnetic case represented




37

By the Paull form factor, The theoretical value of g, coup-
deduced by Feynman and Gell-Mann [_'&] is not
In disagreement with experiments,

Finally, according to CVC, one of the two second class
pling constants, Bgy 1s identically zero. Hevertheless,

A8 shown by Dominguez [237) using( ci'jiral symmetry breaking
. : Eg\° -2

onts, 1f m, Am o, then B0 v 1077, which is an

_t of magnitude larger than the naive expectation |(EQMLL’:1 Nlﬂﬂa).
C he duce sc C

In contrast to CVC, the axial vector current cannot be

against decay EJ.E] or an impossibly high value of g in
fidecay [27] . Gell-Mann and Levy [147 proposed the follow-

ing partial conservation for 4

m.. 1s the pion mass, a, 1s the pion decay constant

the Klein Gordon equation, The above PCAC hypothesis leads
the Goldberger-Trieman relation [15]

Ex N = & f“. (g is the pion-nucleon-nucleon
3 coupling constant),
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on the basis of single pion pole dominance assumption,

true within ©f . The Goldberger-Trieman (G¥) relation

s a %2 dependence for g, in the form

g () 2 ¥Mm =

—g)— S 6.7 for K - capture.
£ &V -2, ~t

4 CV B

ew remarks are in order here,

Firstly, it has been recently
ed [16] that the

@ discrepancy in the Goldberger-

an relation can be explained by allowing for a 3% G‘)E
on from 0 to m_ in the pion decay constant f_n, y and

ilar 3% variation in the m-nucleon-nucleon vertex,

Koy »
y the Goldberger-Treiman estimate for

g seens’ tohave
erimentally verified for the case of p capture by hydrogen

e Thirdly, the quenching of Ep (due to meson exchanges
virt al pion scattering »y other nucleons) has been established
for nuclear matter and for a finite nucleus surface effects
jocome important and Shers is no clear and unambigucs understanding
8% present \'_18] +» S0, in our study we vary EP";EA over a

pange and study its effect on the muon capture process. We
Ay note here that even though 4, contains g, term, PCAC

nothing about it,

ﬂ;f_arm Transformation:

G-parity transformation consists in the successive appli-

n of charge conjugation and rotation through = about I2




einberg ]:19] defines the currents which conserve G-parity

&8 first class and currents violating G-parity as second class;

u = up %
N 3
vu = m, )

A = 1g¥, Y - ;& 5%

25, 1 3 - L oo
lu = gl.fy:prs,‘Iu+vu-?“,:lu+Au_u A”

Helr transformation properties are given by

G
——e—y
i v
2 G o
Vi o
1ﬁ G wad
2 G 2

“ 3
3 4
2

L?ﬁ and .iu are known as Ge-parity vidlating or second-
 currents. While the CVC hypothesis tells us that the
T second class form factor gg( -1,2) is zero, no such theore-
[ guidance is available for the axial second class form factor

ipe 4n excellent review of the present status of second class




gurrents can be found in Wiixinson [ED]

e
A1) Induced Tensor Form Factor:

It is well known that in muon capture, gp and gp
always occur in the combination (g + gI.}. This is due to the
._:& that the induced tensor term % Ty u-“f q‘f Z‘(ﬁ uP

Er
=T "'il-n P]\ ?E'Up ( where

on using the free Dirac ecuation for on-mass-

-
&

reduced to the pseudoscalar form

2 PL o qh}

nucleons, Specificallyiwe obtain the following combi-~

1;_ on of % and g.[' -]

E% Iy % (2py = ) E’h""s’“pl

giich on non-relativistic reduction yields the appropriate terms
in the Fujii-Primakoff Hamiltondan, However, the above argu-

is true only for impulse approximation and does not hold

Or nucleons off the mass ghel},in this case the vector and

axlal vector matrix elements consist of 12 bilinear covariants
onstructed out of the available vectors, Further details can
be found in Bernstein [25] and a discussion of off-shell

ets pertaining to second elass currents in B-~decay has been

by Kubodera, Delorme and Rho [33_]. We have already
ioted the fact that the PCAC estimate for g 1n the elementary
seers 129

won cap ture process/preclude any possibility of Ep [173 TG
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T the case of nuclear muon capture it has been shown in quite
terms by Castro and Dominguez Ezl] that the PCAC

ate for g 15 its upper bound in a nucleus. In absence of
Ay compelling theoretical argument which forbids the existence
.:i_:;;lw:-u class currents, and noting that the second class pseudo-
r term is dependent on momentum transfer involved, there

8 & possibility that the presence of By could be deduced
dn higher momentum transfer processes like muon capture and

im0 interactions, provided the nuclear physics part is either
évﬁlﬂ well understood or does mot affect the observables

neds In this thesisjwﬁ have studied the variation of

g5 + Bp) with respect to observables which are insensitive to

ar structure viz,, the gamma-neutrino angular correlation
goefficient, p,, the average recoil nuclear polarization Py

and deduce a value for gy by comparing with experiment, It

frae from nuclear wavefunction urocertainties.

Tho following choice of numerical values of the coupling

G = 1,02 x 1079
g, = 0.987 G

By = 2P gy
g =0
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gﬁ. = =1,25 gv

*
g = TS5 g,

&g = O

ihe starred quantities are varied and their effects are studied,

on Exchange Correctionss

In the Impulse Approximation (I4) approach, the inter-
detion Hamiltonian responsible for the elementary process

4+ p—>n + ﬁ}“_, is taken over to the nuclear case, the
o A

Summation index El expressing the fact that the one-body
il 4=

jerator is summed over A nugleons, However, the nucleus is

ely a collection of indepondent nucleons, but is bound

necessary to invoke meson exchange corrections in the case of
> dY electromagnetic process to remove the discrepancy

0 I4 theory and experiment, Recently Kubodera, Delorme
[3] , have argued on the basis of soft pion theorems
At only the time component of the two body mesonic ampli tude
mced relative to the single particle operator, They have
ed the explicit formm for the two body mesonic amplitude in
e pon-relativistic 1imit, on the assumption that one-pion ex-

3 process is dominant over other short-ranged processes such
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Bltipion or heavier meson exchanges, In part II of the thesis,

3 indicate a method of incorporating the enhancesment of the

= rt of the axial vector current in the cone=body Fujii-
ff Hamiltonian in a phenomenclogical way, and evéluﬂte its
on the gamma neutrino angular correlation coeffeclent

It's effect on the average recoil nuclear polarization, P

av.?
gidered in Part IIT of the thesis,

srticle Model (EPM).

To circumvent the problem of nuclear model uncertainties

impulse approximation approach, Kim and Primakoff [?é]
sted the 'Elementary Particle Model' approach to muon cap-

In this approach nuclei are treated as elementary parti-

and the muon capture rates (and other observables) are written

i terms of nuclear form facvors, These form factors are deter-

by invok ing general principles such as CVC and PCAiC,

nd by appealing to related experiments involving weak and
e

omagnetic interactions, 4ll nuclear physics complications

do in the form factors and the need for nuclear models does

jt arise since the form factors are determined from experiments.

rix elements in the EPM aproach are similar in form to

getor and axial vector matrix elements in muon capture

See section 2) with the difference that the initial and final
pueleus replace the nucleons,

jelldann [4 )

The CVC hypothesis of Feynman and

relates the vector and weak magnetism form
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) to the Dirac and Pauli charge form factor in the corres-
 electromagnetic process such as inelastic electron scatter-
PCiC hypothesis of Gell-Mann and Levy @.41 connects
nduced pseudoscalar and axial vector coupling constants ;

dle the axial vector coupling constant is determined from the
résponding B decay process. Calﬂulationsugllowed transi-

3 12 & A
He , 7 G and 1 have been performed by various

EE?] on the basis of Blementary Particle Model and
eenent with experiment has been obtained. However, this
proach has many limitations:

Much experimental insut is needed. While g decay experi-
ments are quite feasihlaj the inelastic electron scattering
experiments are more difficult to perform and accounts for
a sizeable fraction of uncertainity in the predicted muon

capture rate, Forkexcitad transition such

(T lED(D"') 1%y ')J”, the inelastic scattering
@xperiment 4is not even possible,
} method is limited to partial capture rates at the most,

)

assumption that relations among nuclear form factors
deduced from 'nuclear' CVC and PCiAC (analogous to relations
among nucleon form factors obtained from CVC and PCAC) are
‘truc beyond the impulse approximnticn is not justifiable.
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~ The closure approximation of Primakoff [lj ‘has been

ensively in the calculation of total muon capture rates,
approximation,the calculation of total capture rate is

| to the evaluation of ground state expectation values of
0 capture operators,

L)

0 and

a1

In the case of doubly magic nuclei such

Ca, most of the capture takes place through the
5t forbidden dipole matrix elements due to the suppias-

Bof allowed ttansitions by Pauli principle, It has been shown

lyten, Rood and Tolhoek [28] that in the single particle

Rell model, the following equality holdss
| 2 _ 42 . ua
My = M = M

H’V’ M, and M, are the vector, axial vector and pseudo-

ar matrix elements, On the assumption that the basic nucleon-

o interaction is of Wigner and Majorane type (spin-isospin

ideépendent forces), Foldy and Walecka ]:29] have shown that

dlabove equalities hold true even when the effects of inter-
Ptlele forces on shell model states are taken into account.

Hisuch a case the Wigner supermultiplet [30| theory is appli-

then belong to the

4Ble and ground states of nuclei (4 = 4n)
gity representation of SU(4) s 1.2 they constitute a scalar

_-_51-; tiplet, if the nuclear forces are short ranged and
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Foldy and Walecka then relatd the vector matrix
it to an integral over photoabsorption eross-sections and

Pedicted capture rates are in good agreement with experi-
I|

Many authors  [31)  have considered supermultiplet

breaking by spin-dependent nuclear forces and they con-
it spin dependent forces do not play a significant role.
tion has also been considered by Parthasarathy [32]
wed that swpermultiplet symmetry is broken in the muon

‘process with emission of neutmnsjwhen final state inter-
is taken into account,
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CHAPIER L

DENSITY MATRIX WETHODS

_ Introduction

The density matrix formalism [l] is a very convenient

tool for the description of nuclear reactions, and in particular,
the application of density matrix methods to the study of angular
correlations has been extensively reviewed by Fraunfelder and

[2] « In this chapter we give a brief review of
the density matrix formalism with special reference to Y=y

gular correlations and then discuss recoil nuclear polarization

._:r_-+- into accomt the contribution due to excited states of
‘the recolling nucleus,

e
auc
I

clear reactions in cascade and its application to the specific
oase of muon capture by 2981 will be dealt with in part II
of the thesis,

We give here the general formalism for

We also discuss briefly the Fano's statistical

isors and quote a theorem which enables us to calculate the

gontribution of 125{1') state to the average recoil polariza-

Hon of 125(1%)  stato, an expression is derived here for the
average expectation value of a set of statistical tensors which
clfy nuclear orlentation and its application to the case of
U eapture by '®B will be considered in Part IIT of the thosis.




Matrix,

In quantun mechanics, a pure state is characterised by
existence of an experiment that gives a result predictable
rtainty when performed on a system in that state, It is
esented as an eigenstate of an operator or as a superposi-
‘of eigenstates of an arbitrary operator. On the other hand,

Xed state, there exists no experiment which gives =
Tesult predictable with certainity, and hence there is less
dmum information about the system, Such a mixed state
epresented by an incoherent superposition of pure states,
ord in"roherent implying that, to find the expectation value
a0 observable in the mixed state, one must first caleulate

batdlity for each pure state and then take an average,
ributing to each of the pure state an assigned weight,
4 Jure state can in general be written as

'J”':ian’“n

U, 's are eigenvectors of some complete set of opera=-

W8, Tho cxpectation value of an observable § with respect

W P-".' ':s

e T q
mnaman nn

@ mixed state is a weighted superposition of the pure states

ng the weights Py 9 the average expectation value of @
now given by

1



~
{q) = f g {9y
Defining
*
Pom = f by Ewtai) 3511} (D
we obtain
S
{’) = nEn bon W = Ir [BF] (2

?
The matrix p is called the M density matrix" for the rmixed
state. It is easily seen that the density matrix is ‘Hermitign .

‘and that Tr [p] = 1, Further details about the density
matrix and its properties can be found in the review of Fano 1]

.

angular Correlationss

Consider the sequence |‘T:LH:L> ‘—'-E-'———)\“Tf“f> —-I-)[Jpl"j}

- the J's refer to the angular momenta and M's +to their

projectlens on the Z-axis., We now derive a relation between

the final and initial state density matrices,

Suppose the systen IJ:LHi> is initially not in a pure

State but in a mixed state described by the derd.ty matrix element

J: M7, to which the ten
P'Ijlii at If the Eiﬂal{ systar:y\wclvas 5{1{15&&% the action of
: ]

ihe operator H (in our case the K~ capture Hamiltonian) is

described by the density matrix element ( pf) 1 ¢ then we have
' M
T




D2

'."-:’-_\Ff |M;.>- bei <Jf f] 1 Mi><.3' Mil pI}Ji My )
<& M HT'JiM;.>
R R L LR O RS TR LIE RN

.. (3)
[he above equation expresses the final state density matrix (p.))

terms o f the initial state density matrix (p;) and can also

@applied to the second reaction in the cascade viz,

,Mf> ¥ 51 IJP Mg >_ Denoting the interaction Hamiltonian

Y=decay as HY; we have

"___;;;5_;:-:, M}} coN r“i Oete |By | TS <$f“f)f L i'Mi’>
(3 e b (4

jere ( PP ) is the density matrix of final nucleus after
gmission, In the specific case of Y- angular correlations,

conelder muon capture by spin zero nucleus viz, 28&1.(0"'} 3

¥
":-'..ﬂ | m&trix ( P"‘l ) 1 = ! L] Th& dﬂnﬂity
2 Ty T F T S
frix element for the intermediate nucleus ( Ff ) y in eqn,

Mo
) is obtained by expressing the muon capture Hamiltonian in
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al tensors and performing standard angular momentium

. The density matrix element ( PF) M _'MII‘ for the final
Ol

=23l

j8 after Y-emission is obtained by substituting for (P 1‘) 1
M

e

gon, (4 fron egn, (3) tern by term, and carrying out the

angular momentum algebra, The full details of this

8 are presented in Part II of this thesls wherein we

880 both unpolarized and polarized muon capture by zasiw"'}.

‘of density matrix methods in the study of Y-3 angular

tions in lﬁﬂ with a more general fcrm for H.], has been

. t out first by Devanathan and Subramaniam [Eu:l :
clear Polarization,

The importance of the average recoil nuclear polarization
in uclear muon capture was first poinfad out by Devanathan,
sarathy and Subramanian (3] who showed using density

,. that P,, 1s insensitive to nuclear structure

anece 1s eminently suitable for obtaining information about
[ nduced Paﬂuﬂn scalar Cﬂupling %)-
9807Z T:.l;. al, E‘l]

In a recent experiment,
have determined the average recoil nuclear
tlon of ‘?B(1") 1in the reaction Zc(n,V )'%8, taking

haccomt the contribution from the 1° branch. In part III

He thesis we present in detail our calculations of the contri-
' i'iu._ average recoil polarization of 123( 1% from the
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jecay of the 125(1") level, In this section we discuss
statistical tensor and a theorem due toRose EE]

1se of which enables us to calculate the contribution from
i r"' W 'El.

_. 0 15 tatistical Tensor
Fano's statistical tensor is defined bys
: (07 Mp, TV -Ho) (5)

.
Y

P, denotes the population of the magnetic sublevel M,

o % N

‘15 the rank of the tensor. These statistical tensors

8 the effect of the initial emitting state on the angular
tion and polarization of the emitted radiation.

The following special cases are of interest [5J

' wnoriented nuclei, if the populations are normalized

- = el A == :L
easily shown that
i 1
Gl} iy 2] +1 %ﬂ
G (J) - (6)
= b A >
S 2r+1 M M

Phis shows that I}Q(J] represents total population,

Y= 1, and IEMPH# 0, then

2 /s 1 ¥ MP
0l = V&I 53y M

(N




1)

I
and we say that the nucleus is polarized,

" when ) = 2 and EPﬂgtﬁl-fE-J{J-bl}E + 04 then

JE

,} z PH
(.]'{J'+l){2.1~l) (2T+l}(2.1+3]) M

{ ( BHE-J (J+ l}}
(8)

then the nucleus is aligned.

By using orthogonality of Clebsch-Gordon coefficient

B(TTY 4M~M 0)y it can easily be shown that Py and

G (J) are transforms of one pnothor 1.,

Y

G () = 2 (-1)"M p, c(ITD; MM0)
b2 M

' 5 TN
ey o=z (-1) G (N ST TV, M=-MO. (9

" We now enuntiate a theorem due to Rose (6] which is

tly relevant to our purpose of calculating the average recoi}

L parity violating one.
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fhe proof of the above theorem is siraighforward and
s‘;g_j'nmﬂ in Rose [5-_! g We now briefly comment upon

e relevance of the above theorem to our caleculation, deferring
plete detalls to Part III of the thesis, The process of
-. by 120({1"') leads predominantly to the 12}3{1+)

however there is also a small excitation of 123( 1) state

2%)e The 125(1'} state is polarized by muon capture (being
,. conserving) and hence the rank of the statistical

* describing the 1 state is 1. 8ince it decays by

gitission to the 1" state (being a parity conserving transition),
g rank of the statistical tensor is unchanged in accordance ~

e above theorem. The details of the method by which we have
ulated this additional polarization of the ~2B(1%) level

@to the -y gamma-decay of 17 level is given in Part III of

i@ thesis.

lear Spin Orientation,

The description of nuclear spin orientation requires
expecintion

@ knowledge of the averagefvalues of the spherical tensor para-

ers TKP, where K is the rank of the tensor and u is °

§projection, The section briefly reviews the method of obtain-

he average expectation values, for the tensor parameters.

cussion is after Devanathan, Parthasarathy and Subramaniam




o7

vonsider a nuclear iransition from an initial state
-—;e‘.]'i}if> widch is caused by ‘I:'ne. transi tion operator
g’_ijamﬁ-ng by py and o the density matrices for initial
1‘51“_4115—? respectively, we can write

Cep -

e (\Jf”fl v ' IS Cpy) o

MiMi

.}'il-i;_ > H I (10)

El
Mi Mi

1
Iy \ J
8 density matrix Pe completely specifies the spin orienta-
4on of the final nucleus and can be conveniently represented

y'a set of tensor parameters, 1‘}; g whose expectation value

o = Trace (g; pﬂ (13)

K Tracﬂ P‘r LU B L
B are spherical tensors of rank,{in the spin space of the final

fieleus, obeying the following erthonormality condition

_ wt ! 2
.Trﬂ.cﬂ { (TK ) TH,} = [Jf] 61{[{' 5#-1#-!-' (12)
8 transition operator t is written in spherical tensor form,
£ = T .00, (13)

Nyl
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[f the initial nucleus is in an woriented state, the density

X becomes
| 1
G = i By (18
F Pr g (Bl M1
_'J (T‘-{é Ff} iE g,iVEﬂ w
' 4

(T ) = [a:rl+1} B Hi s l"'”' \Jf Mg

Mp Mp
'T #le

1‘

0y } .T1-1><J£1-Ifl '-’*'3;1 :x' IiM i> (15)

gng Wigncr-Eckart Theorem and simplifying, we obtain
Nem, [T}
B CLANYK mh—mﬂu}(-lj ) i

e 313 X !-K]
KT 5 TN T[T )] T LIel|on Py e || Oonrll® } (16)
#5e expressions have been derived by Devanathan, Parthasarathy

SWbramanian [3) . By putting K = g =0 in the above
Bsgion we obtain Trace (pg)e Thus knowing Trace (TE py) and

(T‘E'} can be calculated, The above eqn. (16) is

8 generally applicable to obtain the orientation of the final
gis in any nuclear transition from an unoriented nuclei, and
::.:'=-'='-';£ of the thesis we apply it to calculate the reedil
larization of 1213( 17) in muon capture by J'EG.
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CEHAPIEBR I
GUMA-NEUTRINO ANGULAR CORRELATIONS IN MUON CAPTURE
*®
BY g,

In this chapter, we present a detailed account of our

__-.-_ zed and polarized muon capture by 2381. The process
oL interest in

+ %Bgico™ ~——~———‘:: a1t | 2202 Kev) + ‘1>F

lﬁ ..E.l(l‘.': 4973 KeV) +Y
(D

allowed transition (as in the above case), the angular
bu.ion of Y-rays with respect to the Z-axis (neutrino
ion) is glven by

A AA
= 1(0) |1+ « P(Cos By) +:31(?.T) (Yen)

P,(Cos GY};)'F‘ﬁg{? T)( ¥ }J)] (2

here <, B1 and Bo are the correlation coefficients, P is the
olarization at the instant of capture ( |F| ~ 164 in Z851)

thasarathy and V.M, Sridhar, Phys. Rev, G% (l978) 1796,
Phys. Rev, C (198 861,
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s . :
P are the unit vectors along photon and neutrino

ectively. It is to be noted here that in the case
ed muon capture ( \?l = 0), cﬂy one coeffi cdent (<)
eqn. (2). The experimental determination of the
coefficients was carried out by Miller et, al, [1
a suggestion by Grenacs [27] that the Y~ angular
1 coefficients in muon capture can be measured by ob-

Doppler broadening of Y-rays due to recoil of the

theory of Y- Y angular correlations was developed

of papers by Popov et, .al, [:3] in terms of multipole
»-"!_';ha weak hadronic operators in close analogy with the
bital electron capture, and by Devanathan and

[4\ wusing density matrix methods, The miltipole
2853
wicz [57] who obtained a range for the induced pseu-
pling constant (gp) as ~49  g/g; ( 1.2 by

opov was applied to the case of muca capture in

th the experimental of Miller et. al. [1] and claimed
result indicates a downward renormalization of the
Treiman value for & 9 for the 4 = 28 system. This

ard renormalization of Ep in nmuclei, as predicted

¢z seens to be unlikely for two reasonss

'I#Ehe dovnward renornslization of & has been esta~

ed only for infinite nuclear matter. (See for example,
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¢te al. [6] and 3o [ 7] ). In the case of finite

g surface effects play an important role and there is no

aderstanding of the renormalization of & at present,

‘the rencrmalization of g 1n nuclei is basically due to
body effects such as virtual pion scattering by other -

s etc,, while the calculation of Clechanowicz is based
Impﬁlsa apprmximation, in which one ignores meson exchange
The treatment of Devanathan and Subramanian E%j cons
in the use of density matrix mefhods and a general Y-decay
onian, They have studied the problem of Y- 7)) angular

lﬁ{} for which no experimental

ations in muon capture by
ements are available at present, We derive here an ex-
n for I(6yy) for both wnpolarized and polarized muon

i

e which can be compared directly with the experiment of

28

am rnd Mary group [1) on muon capture by “si.

In Section 2 we discuss the Fujii-Primakoff Hamiltonian
ielear muon capture, In Section 3 we give detalls pertain-
 the construction fof density matrix for the intermediate
jeleus after muon capture, The operator for gamma emission and
etion of densitry matrix for the final nucleus after gamma
'ﬁi‘_gcussed in Section 4, In section 5 complete expressions
the gamma-neutrino angular correlation coefficients o , B
are obtained. In Section 6, we deduce relations among

ﬂa‘l PH and Fp, where Py and P are the average recoil
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and longitudinal polarization respectively, in the
off Approximation and discuss their significance, In
and 8, we review briefly the formalism for partial
pate and recoil nuclear polarization respectively, Meson
rection (MEC) effects on allowed muon capture are

.n Section 8, In Section 10, the nuclear models used
ssed and in Section 11 numerical results for the Y-
?ralation coefficients are presented along with dis-

S

ippendices I and II, we give detalls of angular
gebra techniques necessary to obtain the angular corre-
fficientses In Appendix ITI ';} Egi‘re expressions requlred
culation of partial capture rate.s In Appendix IV, we
e%.ear matrix elements in particlé-hole model and in

 reduced matrix elements are evaluated.

ansition operator for the nucleusf

e Fujii-Prinakoff Hamiltonian for muon capture is

A —
— n : —_— -
& hear T [lem'ln +Gy o0y = Gploged)

A A —> g A
) cpE (e IE ) gt B

(s .“E"n)l E-F ) @
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1s the isospin operator for leptons

e

is the isospin operator for nucleons
is the wnit operator for leptons

is the wunit operator for nucleons

e

is the Pauli spin cperataf for leptons

.9

0, 1s the Paulli spin operator for nucleons

py) is the wunit vector in the direction of neutrino

momentun

‘EE: 1s the linear momentum operator for nucleons, and

E?’ Q£! GF are muon capture coupling constants. The

n in eqn, (3) implies the use of Impulse ipproximation,
g to which the individual particle operators are being

er 1 and we repeat them here for convenience.
Gy = g1+ _ Y )+
v v il 3
Gp = (g + &y = 8y =~ &y = §) »/2AL

rical values of Bys By Bpy &y 8p and gy which are
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ot gP(the induced pseudoscalar coupling constant) and
he induced tensor coupling constant) and their variation
Y= 2 angular correlation coefficients is studied in

Using this effective muon capture Hamiltonian, the matrix

en for the process

u= + ZBgi(oh) - > 281t y 222 ken) + Y,
written as

R CRIC (2

2 in (4 1is given by

—
Q = (1""3' o]}}{ﬂi‘d‘- }

e /Y and My e Tidieas natvi elements whose explicit
‘are given below:s (We follow the notation of Devanathan
thy and Subramanian [87] ).

o=
Al GVM'J."% i M ] (6)
—_— — ] A —
").{‘:.n 0 M =Gl Do) -1 DMy -

- 5 M45} (7
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A T
Le Z T e = ‘#“(Yn} \1>
A
A oy R
s I hoe R f#{?) l
A 15 ¥
| 15
SIRORE ‘f’{*f}pnl i)
=2
4 =174 =
(£ g e = #’uwn) i .pnl e
above ecuations, !i) and lf) refer to initial and

. ?
gl states respectively, ¢“(Y;1) is the muon wavefunction

i) T

sutrino.

is due to the plane wave description of the out-

Following Sens [9] , the muon wavefunction can
dered to be a constant over the nuclear volume and hence
factored out. However, the finite size of the nucleus
ges the muon wavefunction and hencme a correction is applied

7jalue of muon wave function at the centre of the nucleus,

3 3
__ 2 1 7 )
{47;.1.) e T %) a Ry ()
is mass of the muon

'53 is mass of the electron
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- the atomic number of capturing nucleus

ds the Bohr radius of Hydrogen atom (0,529 x 1078 cm, )

1s the correction factor for finite size of the nucleus,
Z 3

by R, =( —22%) , where Zggs, 1is the effective

arge as seen by the mion, a concept first introduced by
« The approxination of the nucleus as a point

Its down at large Z( ~»30) when the muon orbit is

side the nucleus, The values for Zeff, obtained by
uming harmonic oscillator wavefunctions 1s in agreement
re reliable calculation of Sens {21 wusing X-ray
gcbron scattering data to determine nuclear charge dlstribu-
28

uon wavefunctions, For the case of 5i, H” = 0,6653,

liate State density matrix after muon caiture,

isider the process \J‘iMi> —}!‘Tfmf> o 4s
n Chapter II (Section 3), the density matrix element
[70,5  denotea by (%), g1y s s gven by

]..:'Jf Mp> o= (T By \J1H1> <‘TiMil FI) J":i."‘b
' My
<Ji}i;.{ Hie JfM;> (10)

is the density matrixz element of the initial state
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. 1
agual to 'EJ-'EI ﬁMiH:’:. if the imtial state is un-

(as is the case with process (1)) and H’_m is the

ure Hamiltonian., In Section 2 of this Chapter, we have
tha muon capbure Hamiltonian HMG in a convenient way
(4 - (8)). It is easily seen from .. - egns (4) that
, of the matrix element after swmming and averaging

n spins is given by (for polarized muon capture)

2 - —
jo| = {nu*g-“}-u* (11)

" ig the muon polarization at the instant of capture

is given by eqn. (5. The trace can be evaluated by

faet that the trace of an odd mmber of a‘% is zero

—3 — — =5 —_— = =
(?-i)(?-B) = XB rad o (A xB )

first step in the cascade tJiM1>L? "Tft'{f>—L""inF>

pn capture process, we must pick those terms in egn. (11)

tribute to the capture rate. Therefore, we may write
< I e —_ = —y
"':':};'.3_* —i-l”z."-’u -(F *1—‘} (ﬂ;ﬂ;#—ﬁl" /Lf"l #)
=N —— _ %
&) (P L) - (P2 (5 1),

n eqns. (6) and (7), the square of the matrix element can




ino directions, Tt is to be noted that eqne (13) gives the

e (see ean. (10)).
We now give the final form (after performing the angular

_ MM
evaluation of the terms is given in Jdppendix I. We

gebra) of the density matrixz ( "9 « The

= Z§ Gr?.*. Z tz‘)ﬂ' ‘ (-:)E R = C(fﬁ*ﬂ‘jﬂﬂﬂ)
e, A0 ' ] s

(% 15050%) IO 01F) + (Go~2Gp o)

_ '%(Uﬂ l _E_f‘_]_,';j‘?.:]- C(ﬂfJ-,mo) c('ﬂlfjjoﬂc)
b [31° f "

i s
'Q(‘:?‘j{gilﬁd‘:o) I{ﬂ’f:‘%}-ﬂ i:‘;) o+ o) (G-P-Q‘*)gﬁ

_,:T PO |
2{) 34 - 1(|3 £l [_'\J[ﬂ..i C(_EIJJDDG)

ﬂ) E:gr

%u_, .:u::c:-) g(ﬁll {=Thits: :F} + = "-“ﬂj %}ﬁ
‘F1
(e v e M c(ilh 200)
(AT 000 WG WG AT 1519



B
Q9
2
\Q] = %(.&+B} (123)
2 * =5 o
= Gy MMy o+ Gi Mo o Hg +(GI',2-EGPG&) \p, ME\
2 G * g *
= ;gv M_-LE?‘.MS}+2(GP-GJL}—“}%[-‘,}_M2}H¢+
¥

vy
= 2 * A e B 2
o )G :h = s * 2 ~ T A
= 2(G GG (DM, ) My - Gpgel » «MIMD
2 Ao 2 K

=

* N Gvg"kf Ml(P-ME)P + = G&.gﬁm.gmg

2 i A AT
* K @8y i“g-(ﬂiﬂa)'u]{ (19

s above expressions we have split the square of the matrix
into two parts 4 and B for convenience, It is readily
eqns. (1A) and (15) that the terms in & contribute
mpold :_-5.3&-:1 muon capture whereas the terms in B contribute

zed rmon cap ture (whersas=thE=terms T B—Ccontaibute
For evaluating the capture rate, one
te.rate over neutrino directions; since we are interested
- correlations wherein the angular identity of the neutri-

5 Lo fbe_‘ retained, we do not perform an integration over
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“_[(EFI ] L_|1{I) i ’3: =0l c (087 000) W (’3; i.'f‘f;jf-j;'_}
R t C(¥1Tyce0) (113 5000) C(37.7; 0oo)
Bl & e A

LSt = £-d+3
~ Gra Jv MA‘F‘{” E:J&J COIL0ICi3CN]

C(ﬂf}umow) &1 XTI % '0a) H(J_}f\i ﬁ‘i‘) W(T }.T.EJITJ

S(’“ E”J-”f) E -; Gp Ja fﬁ fl')hhjr W'LI:T*

. {-.I
LI3T )
J :.:] C(:Er{"f;']}ncao) C(i13; 0o0) S(illj:f’:[gflhij{}:f

a1
,j.
0
gt ZET n)x‘;’(pﬂ? £33 EAE
& €33 %F I_l(""P ") Ga
= !t roares c(ﬂijjbﬁnj C(J I'sf; wo0) N(I J:HN,'&}
I

. 5 U 4 + 4
013, 603) + = S, e.-: W Les (AT ¢ (432 eon)

S W(T 5 L543) G f_,f; ;\[:{):D{-ntf L{s_]_,l
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iSe (16) and (17), we have omitted G, terms as they do
_ﬁl_‘_l_t_.e to process (1) which is a pure allowed Gammow-
nsition. As we have s»plit the density matrix of inter-
ueleus after rmon capture into two parts 4 and B,

and (17 give the complete density matrix elenents .
Zzed and polarized muon copture respectively. Fur-

; seen from the above expressions, that for the case

p)

zed muon capture, there is a simple angular ﬁapendence
My
'__'p N as Dc:mpared with ¥y (‘];} (B P p) and

x LS p }] in the case of polarized muon cap-

"=;=.;:'1. ﬂ;e::m I 4] J,s, L Jf) and 9 (ﬂi 4 13’5 JJ

iy L | A .
I T) - (et gynmwxﬁ} oA

\f‘f,jﬂ- <?J' \\ % ?“f ('L,,) xﬁ-?j _j (p)h)”0>
=} q?'q_}

3 A
-g@nwn=wv< AR TERRE SCRIC

i
A
LAmpen| Z iyjérmwg}mh]%_ (2

Fl'\'-

(17b)
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4 -'--..-';,.:. I_n -] ﬂ Gr 1

Xpressions we have talen an initial spin zero nucleus, as

such that u‘a=1 and n"lzc-. In the

. 5 I;I'FMF> « The operator for zamma emssion

ken to be ?H . i following ﬁﬂse [12] where ?N

e nucleon current and Z is the vector potential of the
ed Y-ray with circular polarization p(+1l). 4s discussed
ter 1T, the density matrix element (pF}M ENF of the

= 2. {T:M Hy IM\?(.?N)
P My F‘ [jj Mg "

(18)
: ')I»{fiai' is given by eanse (16) and (17), Following
£

y we now perform a multipole decomposition of the

ential 4 as followsg
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= (1) 2L+l DMP(;]‘.:BO) [ALM(WI)-I- Lp /-‘\Lffﬂ

(19)

ﬁnd e refer to magn:ic r_ﬁti electric mlti_.pélﬂ res-

2 %(d')aﬂ) is the rotatian natrix, 8ince we are

n a l"'-——-},- o* transition, we assume pure multi-
t="1) :E'nr the gam:ia-ray which is an M1 decay in our
tituting eqn, (19) in eq. (18) and carrying out the

rward angular momentim algebra vields

Pl wf g o

Mglp ML

2L J =
: TPy £ F
Y20

CL LY, p=-p0) Jar Eﬁl WIS TP T
[Te] &

; Nﬂr !\
(Tgp ¥ Jpy Mg M o MD Y, (Y) (20)

gives the final state density matrix element after

L we are now in a position to calculate the gamma-

ar correlation coefficients,which ig carried out in
j'section, In the above equation, (a(7) is a constant 5
ding on the nature of multipolarity, i<:|'FHL{T) |l .}'f‘>l
e of the gamma decay matrix element and T stands for

ectric or magnetic multipole transition.
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a~Neutrino dngular Correlation Coeffieients.

this section we shall obtain closed expressions for the
(=~ 7)) angular correlation coefficients o y B1 and Bg .
f convenience we shall derive the umnmolarized (<) and

polarized angular correlations coefficients separately,

s

_Ihe Gorrelation Goefficient (<) for unpolarized ruon
Capture:

We substitute for ( F{;;}I % ) from eqn, (18) term by

i edn, (20) and after summing over MJiL y we obtain
N,
v using the orthogonality condition for Clebsch-Gorden
' M

- The two spherical harmonics IJ.J{ 1"} ) and
eombine to give P;(Cos By ) 4 where 8yy 1s the

etween the gamma and neutrino directions. We illustrate
re h:;r an example,

ider the G- term in ean. (16), Substituting in
0), we obtain

_ Cj | a (D™ [<o™ il miihies)®
MM )

' T LU MeMp vz
enl-% a3 053" T3 VA
L3133 yar

» P o o
| 2[ S 2735 -nF Cﬂlj%"jF ")

¥



C5 755 My My M) = (5505 Mg m! ) O3
I (-—I):J-f =M 2.4 Rl

7 L M ~ X

ier terms in eqn, (1€) can be evaluated in similar fashion.
pendix II) . Since the circular polarization of the

Pay is not observed, we swa over p (+ 1) in the Clebsch-
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Ordan coefficient C(LLJ , p - p0) to obtain

e [1+{—1)J]'c(11.}",1—1n} A

e have taken L = 1, as we are considering emission of
ipole M1 radiation. 8ince the diagonal elements of
51ty matrix represent population of sublevels and we

ver MF y the gamma-neutrine correlation functiocn is

¥y )i = }I;F Q’IF‘F’FlﬂF>
¢ expresion for I(B.},» ) is ;
I 2 5) 35 (i)fL'ﬁ (;HH
. = = \ﬂ.(HU\ |40 ” M )I \*)‘ T o ﬂﬂ, '
CLALLI03" c(00'35000) WNTESEY) T (05 2'1)
+({; GG, 2 8 £g3003 e (fhyeoo)
c(Ens000) ¢ (7, oco)I(E“ PO + L (G- 6a) §a
ﬁ.{n (- A = G 0 c (01, anu) JH-’LGM)ﬁ(i’iU

“}‘“) i+ S Gl Q"- G 843 cos ppsTa1 0
(1, 0v0) C(AITio0a) WHALLD WIAIEY;T)
:'9(9*“3”':*‘)% Cl+G0T3 ¢ Uy t-10) B (o p)

(21)



0 transition, l.e. Ji = 0, -.Tf = 1. ' ang 'TF =0

1,'.:= 1, uhen the swmation over J 1is carried out, the term
~ is angle independent and J = 1 term does not contribute

g to summation over p . (This is easily seen from the Clebsch-

ﬁué.f'ficient ([1 + (-l}'I_] SLA1XT . 1 = l{})) « Dividing

J = 2 part of ean, (21) by the J = 0 part, the angular

:_-__:Q;D. function may be written as

Hoyy) = Ko |1+ <py (Cos 0y }] (22)

angular correlation coefficient o« 1is given by

o = 4/B

%) =g (23)
‘;'”!_[Gl s 4L e’ coyreacist
5N 1]
2
c(2925000) W (N2 0'509) TG L) +(Gp-26p6)

\E" ﬂ%[ilﬂtﬁ [e3ce'3 c(fit;oo0) C(ﬂ’tl;ouo)
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'“.!;f_. | > o faq 3
) - m (6p=Ga) da % b g ooy

gL Ay [Z

dy ﬁ‘% V2 (/-85 masren o'z 0

Bl c00) cCanf2i000) WAL L) WXL 2)

"f:i-i“ ¢'net) I
(23a)

Tf]' £0'] c(fu; co00) c(o'n; Dnm) T IE”H) *ﬁ'- (G}J-(";A\
| AR
g, 2 RC ij%:ﬁ c(lly000) G(UN;1TAN)
G o I \
(146 £03007% <0165 000y WML L) (2

rﬂﬂ_. Gen; 0'nei)
rrelation Coefficients {ﬁl',ﬁzj for Polarized Muon

| muon capture are obtained by following the same
_'__1_; of obtaining <« , we substitute eqn. (17 in
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a0, (20) tern by tern and carry out the angular momentum algebrac,

{‘ due to different angular denendence exhibited by the termS
| M 2 i . A MJ‘
Leqne (17) viza, YJ-‘T (“) (P i ))) and [Ydf (‘:*) X 7’[ (P)] T

iie:r.'-ical harmonic wmupling is more involved than the simple
al harmonic addition theorem employed in extracting « .

se the following Kinematics .which is convenient for our
purposes gamma direction is .chosen to be the Z-axis and
an i 'tj;a___g_ratiun oirar the wmphysical azimuthal angle dP)J of the
no is carried out using the following relations due to

r and Subramanian [4-] i

‘;) %'(CA:B E‘vu)d.d)v = 200 % C(JIL}DUDf-C ﬁ‘"ﬁ ‘

R (CeaByy) (24)

BV [ 000 (B = BIE7 crto00

1
(‘_P-?';) L}(Gﬁ: E’m) (25
help of these relations we may combine the spherical harmoniecs
uring in eqns. (17 and (20) and obtain the distribution of

pays with respect to neutrino direction, denoted by I(BT D) )

llustrate the procedure by two examples:
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i, Gternm 3

-----

'hstitutlng the E'r2 ternm from ean, (17 in eqn. (20), we

o '.'lL. , i I —J]
‘é: i 2 (_L}ﬁ"ﬂ- =) fi:= f (--l)l S l)f F
11 el i M_{ M}F Y=0

26)

s, we obtain
% de
5 Mo My M) = (T g7 -Hom M) ,E_E_J(-.} *

‘.'._Z_In, * Mo [;]‘Jl :
(T)] 73 () = = Pr(Ces 6y) (28)
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"'it,ugraté over the unphysical azimuthal angle ‘131’ using
lagion (24) to obtain ;

1 J B -
72 P:}’(C«Uﬁ 911;) (P D) cf.éy = %—:# ]:3]1. % C(Cﬁ'!'.}uuf‘

— A :
o) (CeanByy) '
(_P_ f,) L (e Yﬂ) (29)
ing eqns. (26) - (29) and specialisinz to a 0—>1%— o
on (J; = Jp=0, Jp=1,1'=1), eqn. (26 reduces to

alun|* q<d“]| MIflLEs T 2 @yt £-~'3"{ELI'(--”I==
2Tl

-

1003 c (275 000) c(1T; p—po) W(lITL'5E1)

(80)

s
+ M5 e(317-1;000) P;.,(&aﬂ,@
f. =1 for J > O and 0 for J =0, Furhher summation

- circular polarization of the gamma ray is not c:-hsertred)

e(1p-po) = - [14¢-0"3 c(u31-10)
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r avove mentioned simpliPicitions, eqn, (30) may be written

'; Ml |t Mt st = < @y4L roace

_-___:_;;;{w '75600) WHTIS (1) (P 3) [E(Tlﬂhom) B8
%{;(I\I-\;oca) Proi ('Ca'wm)] [1 4T3 cliasi-o)

f . (31)

-ﬁ(} -G ,ﬂ.) G A terms
Substituting this term from egn, (17) in eqne (20), we have

2L ; »
B Sk enBedie gyt w8 o

-Mjc M; T=0 fjf]
j [3;3° yan 3] c( 413 (3000) (I 2L ooo)C(LLY; F”FQ
fat [5] I::‘:rl"--t ¥

Mo, £7,) W(T LT LT CCGYTs MMy M)

- Mz My Mg) [y "e5)T* [ Y, 00 ¢ Y, (BI5

, ¥ ':*Tf) (32)
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© observe that tlie orthogonality and symmetry properties of

=Gordan coefficients as exhibited in eans. (27) glve

« Choo$ng Y direction as Z=-axls and integrating

.-.-'i_' ﬂ¢ y We can apply eqn., (25 and the result is
e =1, Jp=0, L = 1)

I"u Gﬂ) G A

(after

< Z quydL ra3 [03 03 L2
£ W7

80N 000) c(0'145000) ¢(L1T3000) Bo GnsByp) (P -7)
:";Z?.(,i')fj c (NT3\=10) T (L f’”)‘D.(H_l)|Lk'p+}\MlI|l+>'

(33)
similar fashion, all other terms in eqn, (17) can be reduced
i we now glve the complete expression for. the gamma ray angular

ibution with respect to neutrino direction for polarized
tu.e‘

| . 94
\amn| | ot |M|Ui+>| Sl

fs 911) { P (Con Byy) (364 002 € (48'75000)

(N34 01) + (Gp - 2 Gpy) (4 oo0) € (G0 000)

13 000) +(F-3) [ C(T13+G000) By, (CosByy) +75

[(F13-1;000)* F\)T"- (e E}Tﬂﬂ (?) G: {-j‘}ﬂt"" ¢ (£2'T;000)
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N(IT0 ) - Gp ¢ (£H15000) ¢ (QUs000) c(NT000) ~2(G476p)
L D? D307 (2l 000) c(liefs5000) W @115 1'T) c(Li7;00)
..1,’ E00) (P -EJ)E + % (1382 ™' L4303 C(Inj000)

._f_..__('u:ueao) gfﬂn;nml) § 206y~ Ga)ie PI(&SE':») -26Gp

M
fc(317+1; 000) B, (€8,) +9], c(313-1; 000)*F _ é.ﬁtﬂ'

?A}-}' JAg‘u’ = Vi {ijﬁ+ﬂ+$ fﬂfl[ﬂ-]flj LAY
: i wir o

C(8'12;000) ¢ (IAT; 000) w(im*f't) W (nigs 1) G
if:iiﬂl) -} %(pﬂ B”_J + EC(ILIM}DDG)]' F.J'_'F""i' (C-oﬁ 811}) +I}J.

s G”I' 000)" .y (%Exﬂ)j(P 7) —t—lGAgA S (1) =
. M UL

& = o3 [f3 030 ¢ (194 000) W('T151L)
flathIJ oo0) 9(1}1 W H)\H) (Com QT}J) ["} ")) [1+(-*)]

3
! CONI) 1-10) (54
fere N =1 for J >n and 0 for J =0 and the nuclear

...... Bd matrix elements have been defined in eqns. (17a) and (17b) .
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 Fron eqn., (34) it can be seen ,’éhat in summation over J,
term J = 1 does not contribmbe due to the presence of the
| 1:|.+ (-D 7] + The terms with J =0 and independent of P
Eplaﬂz&ﬁlon vector) becone independent of 8y and can
. ored out as the I(o) part of egn. (2). The terms with
§= 2 and mwon polarization yield {—?. ¥ Y € 1]:'; ) Py(Cos &g )
I? . $ 1 ["; ) y the coefficients of which determine g,

0P, respectival},r (see eqn.(2)), A4s an exauple, cansider the

)[C(‘ﬂﬁl 00o)” E'H{(Cx-sﬁm)*ﬁ) c(313-1; 00 [—} ,@ﬂauﬂ
. g part of eqn. (34), Putting J = 2, we obtain

[c_ (21 3j 060)* B (Cus ©3v) + c(24300)> P (Cuﬁﬁru)]

g Py in terms of Py and Py by means of a recurrence

ation auong Legendre Polynouaisls

(&’5 8-13}) = Cﬁi‘ﬂw R (s BW)“ $ B (s85)
(349

(59) B (esbry) = %_ P (s By 1})} 5 'j'j; f?(cosﬂru)]
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he correlation coefficients @, and Bg respectively. We now
below the complete closed expressions for g; and B, in

'i_gggd, muon capture.

. The correlation coefficient B1 associated with angular

—5 A roA :
jependence ( P'o Y ) (Y » ) Py(Cos 6y, ) is given by

g
b, £ 1§ Lab)

g 1 [ gﬁl p%l i_ilﬂi_ﬁ L__I}j!r-! ];ﬁ] C47 C(ﬁﬂ‘i:’ooa) H(ijf‘iﬂn
(12 - gﬁ ﬂ%_(_i;f”: CEILN'3 c(Llls000)C (f*n;nuo)@

(i50'1) +2 (Ga-Gr) 6a 2, ¥ ceace'3 carad

‘ ¢ (213, 000) W (3111;_{5‘1) 35\[;_ ) %’i .GP j'ﬂf\{i )Eﬁl
. | 5

e Coiinacs) € . 2 £

| CX1CLD c(ilyooo) Q(Elml}u:) Pl + 5 Gpd, ;;‘;T;

'g«%ﬂ-'-ﬂﬁ [ATCLICQI L3> c(1)o00) c (g2 000)

o 0L

(AL 0Y) W (LAT2512) 9(1?“; her) —_E-__’GA-QA ﬁ%fz)
¥

B0 CvaC3] (-0 c('135000) W(1g215)3) (36)

=5 G2
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0 At . (2 N
5[ 6, 2 01TGn0) +(6p-2Gp6u) 2

ﬂj C (41 oo0) c(2'11; eo0) T ') *-*E'i- (6p- Ga)

’.r 3 Nl

N o LATLIY ccanyoo0) S(ﬂu;.:mn)+

= Gy g, ﬁ% V2 (i4-9+3 [e39'3 [l e (L5 000)
WOy 20 GLu; Lier) (37

'__;.atj.nn coefficient- B, associated with angular dependence
¥) (Y- ) is given by

By = E/D (38)

e 2 : ~3 'y 20
E (.;A %I(_ﬂn 9Ll + Gp p% (2) [e]

:"-;-(J?Hj ) +2(Ga~ Gg) G ﬂ% (1)1 el co

: C(ﬁ’”_}ﬂﬂﬂ):[(ﬂ}l; E’H) —+ % GP g,& 2 (f,j‘!‘l

!

g ..—! = !
=) _lm___'—_!:i' c(fllcoo gl 2%
- j000) G(uu; ku)+M Ga v

= 3 ()13 a1 ot e (212 000) WL L1)

2 et caatt]

G(e'n; 01101) — LEada
< i =X




LN ooo) g(ﬂ'zi;ﬂ!f}n)] + J;é D.. (Gp - G_A) Gia ﬁ (1)¢ s

F0 L4300 c‘,(fll ooo) C(0; oo0) W (W1} Ell)l(_ ‘Il’"ﬂHJ_ﬂl;)

i

.- 5 G, 2 Y reares rii2 (~_(£1|Jnoo)c(ﬂ13

.:-.;_-;u IH IJ_J(J‘.’J.)I(LH ,EH) +1GAHA i{l} 3

C-—l}
M
__ﬁ#] r‘jlu% c(l;00n) W (14215101 9“”' “1”)_1_ 2@,13,5

i f 1 'J'- ..J'( )L'}k'] 0 i L R [5_]E.(ﬂl3 ﬂou)

| WO L2 502) Glany 1)
nd J} is the same as in the damminatur of eqie (37,

qugticns, x] =

wlar momentum coefficients.

(39)

In the
and we follow Rose [ll] for

It is seen from the above equations

2 expression for denominator D is exactly the same as

' egn.. (25b) for unpolarized muon capture,

This is because

always dividing by J =0 and '?} = 0 angle indepencent

| The numerical evaluation of B, and B, 1is carried out
don 11 of this Chapter,

Relations between o4 By, Boy Py 2nd Py s

In this section, we shall derive relations between <, 813

Py and PL s where P; and P denote the average recoil

:__;nn and the longitudinal polarization respectively,
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(23, {35} - (32) give the Y-neutrino angular correla-
ficients in terns of reduced matrix elements including
ivistic terms in the Fujii-Primakoff Hamiltonian, If we

t relativistic (L/1y terms and confine ourselves to
wrinos ( £=0'=0 ) known as the Fujii-Primakoff

tion (FPA), the reduced matrix elements in the expressions
[51 and B, cancel out resulting in the following simple

ons for the correlation ccefficientss
2

2 & - ! . :
&= "E_.szi - | £
36i+ 65 -206 6, "
2
pl = o EGP {41)
' . 2 2
3 G, -
By = — G" (42)
' BGA+GP-“GPG1

AT

P, =- = (43)
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FPA expression for P

y “ue to Devanathan, Parthasarathy
-#Héiﬁramanian. [ﬁ{} is

sty
) Py 262 -%/2 g0,
2 2 ;
3 GA + GP - 2 GP GA

N (43) and _
Lng eqns, (40) - (42) with eqns./(44) we arrive at the

= 1+3Pp (45a)
3 By
—1 e -5 F_} ( 45h)
s Py 3
e et (450)
Byt By= 1+ (450

P" 1s the muon polarization at the instant of capture,
iion (452) 1is implied in equation (63) of Devanathan and
dan [4] through &€ =1+ 2P, , where E is the

y coefficient of recoil nucleus, while the other relations

The above relations are independent of nuclear models and
zapture coupling constants, and are valid even after taking
nt relativistic terms and higher order partial waves
eutrino, The method of derivation is similar to that

wanathan and Subramanian [ié] who show algebraically that
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§relation § - 2 Py = 1 1is independent of nuclear structure
n capture coupling constants, in our case we compare the

¢ expressions for « , gy and B, with those of P and
en by Wolfenstein [13] and Devanathan, Parthasa}:athy b
eananian [8]  respectively, and relate the appropriate
matrix elements. Relations (45 have alsoc been derived

'ferent way by Bernabeu [15] on the basis of helicity
alism, It 1s to be stressed here that our derivation of '
(45 is indnapendent'_in the sense that, we start from the
t muon capture Hamiltonian, derive complete expressions

ﬁl and B, and compare them with those of Py and

We now discuss the information which can be extracted from
Glons (45« It has been shown by Bernabeu [lﬁj that the
P.T.. on the basis of time reversal invariance are 0O
\ ' is

and any deviation from the above limitsAclaimed to be

violation o©F

tion of A{time reversal invariance in muwon capture. The

§limits for P imply through relation (452) that

-1 <« £ 0.5 (46)

experimental defermination of P is difficult, the
poefficient o can be measured by using highly
ent .T-ra;,r detectors (so as to observe Doppler broadening).
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*f.:i-'-'=r acion of o from the above l.':.lm.ts can be construed

s "__i* indication of violation of time reversal invariance in
capture. The only measurememt of <« by Miller et. al, [l]
results compatible with eqn. (46).

Relation (45D) pmvi:i?\s with an estimate of the average
nuclear polarization (P) of the intermediate nucleus,
T 0t y 2202 KeV) § using the measured value of By by
rot, al.  [1], Pu(*a1” (1) ~v 0.6533 which can be

:d by an independent measurement,

Combining eqns. (45b) and (45¢), we obtain
P. o= =& (B +B) (47)
. = =§ (B +BY -

i yields P. = - (0.7592 + 0,085) on substituting experi-
data for B, and g, [1] . This value of P, -

L ~/15} enhancement over the value of Py = -33- for a
Ao v-Teller transition, indicating the importance of
teraction induced effects. Relatlon (45d) shows that
three correlation coefficients are not independent and
erimental values of Miller [1]  satisfy the relation

he quoted experimental uncertainties. Lastly, using

d on PL (0 and ~1) derived by Bernabeu [16] and on
‘and -33-] by Rao, Kaligperumal and Parthasarathy Elﬁa]J

0 {py < L5 (48a)
“L5< By { L5 (48b)
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dar bound for « , B, and @, have been obtained by Oziewicz
: and the experimental values of Miller El:\ for process
satisfy these bounds, within the quoted experimental un-

14: tz_al Capture Rate,

‘We start with the Fujii-Primalcoff Hamiltonian which may be

KL (I GI."H) 2 [G 1.4, + G cr,_-cr

-_.(; Cﬁ. p)_(gfhf’*_.'aa) - 3,, (_f b _P:) 54 5
R s (E"w}z:

' various guantities in the above equation have already

ﬁj_.;_n_eq_fi.;i.n Section 2 of the present chapter. The matrix

for the muon capture process can be written as

<oy ol ow)
3.5 defined by eqn, (5. 4fter summing andzaxreraging over

ins, we arrive at an expression for lQJ in terms

e matrix elements My, Mj, Mg and M, whichis glven
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Z * 2. —a K -
=1 G, MM + Gy MMy 4+ Gp-26Gp6a)

e i T = |
[ DMV =26 G M (3T + 2 2 (Gp=Ga)fs

M
(5I)Ma +2Gad 7 Fiae ($x “‘“’*)
28

(49)
gapture rate is a scalar observable, it is independent of
hn'palarLZEtlon vector _§$. The detailed evaluation of the
_m:atrix_ elements occurring in egn, (49) can be carried out
the same lines as discussed in dppendix I, However, since

are now interested in the calculation of capture rate for

o+ ZBgi(oh) —> BuTat | 222 ke + Y,
( 50)

gration over neutrino directions is to be carried out

ng the relation

M i .
‘S‘E‘T ( b, ) d Q =\J—:3::T E"_]'.D. 6}[ o (51}
» J .
ailed expressions for nuclear matrix elements (after per-
he angular momentum alpgebra) are given in Appendix IIT

orical results for the partial capture rate for process

are given in Section 1l along with discussion,




@ Recoil Juclear Polarizatiol.

We now give a brief review of the formalism for . the cal-

on of recoil nuclear polarization folluwing Devanatha.n,
-asarathy and Subrananian EBJ

_~In mion capturs, one has to distinguish between two kinds

polarizationi (i) the longitudinal recoil polarization (PL}
to the definite helicity of the neutrino which results in

olarization of recoil nucleus along its direction of flight

site to the direction of neutrino momentum), This polariza-

1 1s a manifestation of parity violation in muon capture.

4) Due to muon polarization at the instant of capture ( %) y

coil nucleus has a polarization P ‘along ‘?} g this is

average polarization because the recoil directions (or

ivalently the neutrino momentum direction in the rest frame of

8 nucleus) are averaged over, This polarizavion is essentially

and would exist in muon c:s.ptﬁre irrespective of - ..
jther parity is vidated or not.

s discussed in Chapter II, the spin orientation of the
ucleus after ruon capture can be conveniently represented
of tensor parameters TI% s whose expectation value is

Trace (TE pf)

: (52)
Trace {:pf)

Hoo
Ik =

96
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is the density matrix of the final mucleus, A4fter

the muon capture operators in spherical tensor forn
arrying out the angular momentum algebra, we obtain an ex-
for Trace {T{f: pf) as given in eqn. (16) of Chapter II,
Lty matrix p, can be constructed by squaring the matrix
nt Q@ in egn, (4) including the muon polarization, How-

we now pick those terms which contribute to Tr(TfLé Pg) e

'ms invplve muon capture goupllngs in a chfferent combi~
rate

s compared tohedeapture/and are given belows

(- H, ) — My (et} — e (P x TS + My (B
(P T M AP (T <MD

(53)
,U., and «‘u::. are given by eqns., (8 and (7)) of Section
g'can express the above equation in terms of nuclear matrix
:Ml’ M;, _ﬁ? and M, § due to integration over

0 direction ( S tﬂ ) y there remains only one vector ?,
etion apeciﬁ.es the polarization vector of recoil
elding the condition 51{1 . Ehoosingh? along Z=-

ge now give the expression for recoil polarization {_Pi)

Devanathan, Parthasarathy and Subramanian [8] .



“ 2 —y ¥ —
. ~ 10 F- (M= xVi ) —2LbpGal -P_)-(j?x}’]:_)
.—..,+

¥

(ﬁ}j*) ‘1Cﬁjﬂ 1,P (5 x M) My

+z.GAjU (—-—“’A (M M; -+.J_(CP C—:?A)gu

M 5 M
‘} -—'7
(5 M) (P~ M)
. (54a)

el—d?uﬁ_# : T SR
L) M.* M, + 2 (GP GA)% (v M;) M:
+(G;'-" 2 Gip Ga) ! ﬁmll g

%_Gbﬁ. I 1 M c (Hx M3 Mj ) ( 54b)

lled evaluation of the nuclear matrix elements occurring
(542) and (54b) is carried out in Ref. [@i] and we

eat it here, The recoil polarization E§7} is now

B [z =)
P = /2 =
N Sys () ° (55)
tance of this observable to obtain reliable information
3ifnd_ucad pseudoscalar coupling [gP) in muon capture
sointed out by Devanathan, Parthasarathy and Subramanian

fhis is mainly due to the fact that‘?ﬁ is almost free

li
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model uncertainties, in FPA the nuclear matrix
‘cancel and one obtains

=

P. ~J 0.61 P (56)

N

h8lnost nuclear model insensitive, We present numerical-
 the recoil polarization of “o41%(1* , 2982 KeV) in
along with discussion.

amiltonian for muon capture and thereby evaluate the
trinc angular correlation coefficient {Bé) and the re-
zation {MEE )¢ Since the nuclear force between

is mediated by the exchange of virtual mesons possessing
charge, their transfer between nucleons give rise to cur-

meson exchange currents, is a result, in both elec-

and weak interaections in nuclei, a portion of the
phenomena is due to meson exchmnge currents., In the
roximation (IA) calculations, MEC effects are ignomed
question mturally arises as to what extent will the
affected by MEGC effects.

athy and V.N.Sridhar, Phys.Lett. 106B (1981) 363,




100

It was shown by Riska and Brown [197] that the discre-

j between IA theory and experiment in the np —3 dY
romagnetic nrocess is removed only after including meson
ge corrections, besides the role of A(1l232) isobar. Meson
¥ehenge current cdlculations have been instrumental in clearing
moa mber of discrepancies between IA theory and experiment,

“the case of BHe and ErH magnetic moments and the Gamow=-

';;"-,m_atrix slement of “H beta decay. In this context, soft
eorems play a crucial role in providing a model indepen-
seription of the dominant one pion exchange (OPE) current,
. in an extensive review by Chemtob and Rho [BCJ] .

y Kubodera, Delorme and Rho (KDR) [21] have shown that

lon theorems brealk down for the space part of axial vector

t due to the role of A(1232) isobar and short-z.'a.nge' corre-

: they have argued further that it is the time part of axial

urrent which 1s amenable to treatment by soft pion theorems,

fme and Rho |21) , who show that the time pazt of axial
is measurably enhanced by MEC effects.

. MEC effects on Axial Vector Current,

Among the various mesons ( p 5 @7y O 4 etc,) that cé.n mediate
B o nucleons, the pion is the lightest and hence one can

| 5 one pion exchange (OPE) current to be dominant over

eson exchange currents, which are suppressed due to short-

yprelations between nuclecyls. We now follow Rho EEE:]
nsider the following diagram:
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J 2 A\
H

Ko~ o s A - - - ——-—— -
k q

N

)l

filch shows a current J  of four momentum 'k, producing a

M
f four momentum q, ¥ and N' represent nucleons with
ita p and p' respectively, and the blob represents

mown vertex. With neglect of heavier meson exchanges,

ve diagram 1s lmown as the geagull diagram, From the

ﬁpoint of view, the amplitude for the above process
written as [22]

T8 = a plece due to IA + 3.1—' u(p") Jf,;";ﬂ) ? QE(O:[ u(p)

T
. (57
;.E'(-d) is the axial charge

=

|

- b 3 B T
R A:(0) = _Sd x 4, ( x, 0
.’;_3_: the pion decay constant, For the case of vector

& { o) we have

ek e '
[Er“{o), q;f(n)] a0 &, (o) (58)
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here we have used current algeora results for the above commu-
In the non-relativistic limit, the space part (u = 1,2,3)
: : —
.al current .&;( o) 1is proportional to o (spin operator)

is 0(1)y whereas the time part (pu =0) 4is O0(p/M). By
agty, the single particle (IA) operator which is the vector
T _{V':) is, in the non-relativistic limit, 0(1) for

me component (i = 0) and O(p/M) for space components (u=1,2,3).
§s the space components of vector operator are enhanced relative
single particle operator., For the axial current, where

2 - 39 y we have the commmutator

(43, qRo)] = 1 ey, 730 (59)

this case, while the single particle operator .&3 is 0(L)
space components (u = 1,2,3) and O(p/M) for time component
0) , ir the non-relativistic limit, the two body vectorial
0(1) for time component (¢ = 0) and 0O(p/M) for space
nts (L = 1,2,3)s Thus it is the time component of the

1 ":T-r'ﬁ-rent which is essentially enhanced relative to the single
operator, LKubodera, Delorme and Rho [Bl] have sugg-

angular correlation measurements iIn B decay as a possible

round for the enhangement of the time part of axial

_ studied
In the context of muon capture, Guichon et. al. [Eﬂ]-.“have /

=t 0 16
ture rates in the reaction g~ + - 0(0")~—> GN(U-)""}}H
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L a glgnificant enhancement (albeit controversial) of the
itrix element of the time part of axial current in the particle-
del, In the next subsection, we discuss the modification

p ;'fif‘u-jii@rimalmff Hamiltonian to incorporate the enhancement

the time part of axial current.,

tls Modification of the Fujii-Primakoff Hamiltonian:

Starting with the Fujii-Primakoff Hamiltonian

& Y -"l"i)

rice the matrix element for muon capture process as

§ = Lw pel s

Uy and uy, are the Diraec spinors for muon
ino and muon respectively and

: —_— —
- 1 M —

k- _uzgﬁl-crL.p){ﬂjapn-.ﬂl}

—
Jv{ 3 are given by

=GV1+11—E}%{9.74:) (60)

— v — & A = g S
Gy lig =Gp(PaMp) ~1 (P xhy) -——4u,Y

(61)
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rewrite eqns, (60) and (61) in an explicit form wherein
axiibit space and time components of the weak hardonic bare

-}_mﬁ, axial currents as follows:

ji +3“1MJ1 %‘ﬁfﬁ

i
(62a)
Ly 5 A
= fﬁ o _gM-D'J’Ff fﬁ(ﬁﬁﬁ‘“’?
v.ﬂznﬁjuﬁjﬁ_g:s = {MQJQHWS
3 | o |
A SHICHD

6 = & L+ Zr)

P
. Ei-(gv+gmj—m-

52
I

3
G = (g-g-e-ete) T -
yve equations, li, oy and p; are the nucleon unit,
pin and momentum operators and the superseripts 0 and
¢ contributions from time and space part of bare vector

. vector currents
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In view of the arguments given in Section (9b), the
‘effects on the space part of axial vector current (the

1 o5 term in eqn, (62b)) is very small . In fact, the calcula-

flons of Rho [22] and Towner and Khanna [24) show. that the
ace part of axial current is related toc the w-nuclear scatter-
amplitude and the result of their analysis is that g; i1s

edafined as gi-/lw{ , where < is the polarizability parameter.

there is substantial quenching in nuclear matter (~v 25%),
calculations of Towner and Khanna [24] reveal a very small
t of gquenching of EA(N 1£) in 1light nuclei, The'refr;:ré

B neglect MEC effects on the space part of axial current,

~ We derote the nuclear matrix elements of time component of

- "
&

4 current (one body operator) and meson exchange axlal current

w0 body overator) by <A§’J> and <"'r?mc> respectively.

B the ratio ( ‘“gm{» / <Ag_a_) (denoted by F) is a measure

the effect of MEC corrections to Impulse Approximation. The

tion of F consists in evaluating . (ifm(:) with speci-

g nuclear wave-functions. The reason why the 160(04")(#&_,]1#) lﬁN(U‘3
capture rate is sensitive to MBC effects is that, the

flal capture rate is sensitive to momentwun dependent terms i.e.
A — - A
Stern 4 ) | (o, . ps)° [ ean. (62W). It is precisely this
I a0 Fe R
twhich is affected by meson exchange corrections, The impor-

of nucleon momentum dependent terms in the 0o"—> o~
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yartial captﬁre rate was first pointed out by Rood [25:[ in an
gntirely different context. Thus we may conclude that any cbser-
Wable sensitive to momentum dependent terms will be a good candi-
, for detecting the MEC effects. Having added meson exchange

gorrections, we may drop the superscripts 0 and s , absorb F

in ;};1!3 coupling constants and redefine ]Ij as
" px — IA NS HA e ‘ : —_— _
B o

)
Gé:{gp - Fg, - gy - gM)-'ﬂf'E_M and _g; = Fgye We calcu-

te the effect of F on muon capture observables, such as partial
ture rate, recoil polarization EI?H} and the gamma-neutrino
gular correlation coefficient {ﬁz), by varying F from 0 to
rresponding to &0% MEC). In view of the faect that MEC

. on the space par‘E of axial vector current are small,

_cﬁlﬁticns should be viewed as corrections to the impulse

[ ,,;M rather than an indication for MEC effects. Numerical
ilts are presented 1in Section 11,

:lear Models,

, eqns. (23), (35 and (38), the angular correlation co-
ents « , By and B, are expressed in terms of nuclear reduced

ix elenents and muon capture coupling constants. We have
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valuated < , B, and B, in the pure shell model (PSM) and the
le hole model of Donnelly and Walker (DW) Eaa] . ‘The
Pication for using DW wave-fimctions to describe the

1.';'1' A 2202 KeV) state is as follows:

| Tt has been pointed out by Uberall [27) that the 1*

' of the final nucleus in muon capture are analogous to the
 excitation states in inelastic electron secattering. The pro-
55/0f inelastic electron scattering leading to 1" final

levels has been extensively studied by Donnelly and Walker
using the Serber-Yukawa residual .intaracticn and they

@ that the excitation of 1% at 13,67 MeV in “Oi is domi-
£ at 2 momentum transfer of 100 MeV/c. Comparing this with the
leninental studles of Miller [1 ] which indicate that the
‘_-E:Fl"' level of 2831" 1s the dominant trensition in muon
at the same nomentum t-ansfer of 100 NeV/c), we have

e DW wave-functions to evaluate the correlation coefficient

Particle Hole Formalism®
y particle-hole (hereafter referred to as p-h) wave-func-
J Jut
B 5
(-1 ClipdnTe » MPy) apm},ah-mh

0> en

Pé p(particle) is used to denote a typical unoccupied state,
erised by a set of fuantum numbers (np, lp, jp) 3
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b (hole) is used to denoce a typical occupied state,
terised by a set of quantun numbers {nh, llf ;j y the
<ﬂ> is the Hartree-Fock ground state and Ap p are the
at:’_l.nn mixing coefficients associated with the p-h con=-

tlons with normalization

1 \xiﬁlg = & .

quation (64) a'(a) denote creation (annihilation) operators

{a;! a;} = %n:’ aﬁg = &

ga;, ) ag} = by (66)

|
o

ap ‘G>

For a general nuclear transition operator expressible in

A
el
i=1 A

(67)

tensor form,

(68)
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second quantized formalism, we have

il (}\Em.‘\ ??‘ 4 fc,e <B{l ?u,zmm til\ﬂ> a; B

(69)
o and B represent single particle states,

The corres-
ng matrix element (ME) may be written as

A

ME = <i}Mf' T by (ti}‘}i ‘ m> (70)

i=1 ?\.IZ]?L

; the form in which all the matrix elements in egns. (23),

(38) occur, The matrix element in second quantized form
' be written as

J Jo+
e oz Zg (D B
Eih’ mp mh P

<ﬁ‘}g}t§llp> (o &t oy | 0

bove equation we do not inelude isospin ccwiing of the

c( Jp:lh Te s mpmh MiJ

and holey; as wel will be dealing only with T =1 final

and hence the coupling of isospin to Ty = 1 imderstood.

anticommutation relations for a's &

and a''s given in

J J
I SR CR T T

<§m | lh m, »
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lying Wigner-Bexart theoren [ll:]

5 g o (J.}jh+ b (4 5. 7 Mp)
“phie” pdh v£ ? Hpfy
ph mp mb_ ALy

& & f|B) Sy, w o w) ()
.. the orthogonality and sy:netry properties of Clebsch-

""_cnéfficients tll:l y €qne (71) can be simplified to

'
J

(3,1
o 7\3}\ el S Gplf D bpen e, (72

is is the final result which is used to Tewrite the matrix

11 -ﬁ_& in eqns, (23), (35) and (Bé] iﬁ the p~h model., It may
tioned here that the pure shell model (PSM) wave funection
be recovered from the above formalism by putting all the
equal to 1, corresponding to a pure configuration, which
case is the particle-hole configuration {lda,fz)(ldﬁ,fz} _1.
lcit expressions for typical terms is given in Appendix
the radial wavefunctions are tzken to be the harmonic oseci-

for wave functions with the oscillator strength parameter

b= 2.8 Fn, (72)

al integrals occuring in the nuclear matrix elements and

i are defined in 4ppendix V are of the form (for momentun

3
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independent terms)

By 8 i ! * 2 B .)Z,:id‘)l.
({1@"0){%5 g Rnply (3 62 Kny &) (74)

E; is the energy of the final nuclear. state,

Iﬂu is the muon mass.

B CRe 1, 04 00[ % + B4R, L
¢ i K dn

e atove radial integrals ane analytically evaluated using the
Bbhod of De Forest and Walecka | 28] &

(78)

o

j;‘_:ﬁall‘l(r) JL(q‘I'} R, (7 r% dr = Ty e V((n'-1)! (n-1) I)l;"z
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.: {n1+£ +1/9) T“l (I'.H--f- + lf"’-*-“-)l"fz EE -1 nEl (_l)m1+l'.1
n'=0 =0 J::.'.’ my

1
(n"-n'-1)! (n-n-1)!

T
S (L+4 + 20" + 20+ L + 3))

E— F (%@ g-2-ent-2m);
(n' + §° + 3/2) (n+2 +3/2)

L + 3/2 ¥) (77)
Yy = JE—%;— (where q dis the riomehtun transfer of the
'55)
55 + 1 2
F{ﬁf,ﬂ.,y} = l+E ﬁ ﬁ %ﬁ-a-v-.

T_’ 1s the ganma function,

)T the momentun dependent radial integrals, we may reduce the

erivatives to the above forn using the following relations:

2+1 (78)

“ﬁ‘) Ryy =- ‘11;' (1+32)"* R

+
I
S
Y
I

)
-'E-(‘_}_,(‘lﬂ+l) Rlﬁ 3 (79)

‘"—L' (4+ 3’/'1)1!1 Rig+i



113

Numerical Results and Discussion -

(2) MNumerical Resultsi- In Table T, we present numerical
values for the correlation coefficients <y By and Po in the

particle-hole nodel of Donnelly and Walker (26] . Models I and

f?ﬁara without and with monentun depen’ent terms respectively, It
s t. be noted that the relation 1 + o = By + By 1s satisfied

13393t_axactly in Table 1,

TABLE T
By « Py Po
Hoﬁel E Model II Model I Model IT Model I Modal IT
___ =0.07799  0,02441 0,0042 0,00581 0.91759. 1,01850
~0.02030  0,08465 0,00032 0.00962 0,97938 1.0750
-0.03954  0.14566 0.00119 0,01969 1.03810 1.12590
0.10026  0,20645 0,00799 0,03694 1,09220 1.16950
N.1616  0,2658L. 0,021 0.08622 1.13980 1.20350
0.2222  0,32231 0,04326 0,09629 1,17890 1.2260
0,280 0,37435 0,07349 0.13963 1.2072 1,2347
0.33569 0.42026 0,11309 0,19243 11,2246  1.2978
0.38531 0,45839 0,16243 0,25449 1,2228  1,2038
0.42789 0.48721 0,22150 0,32514 1,2063 1,1620
0.46178 0,50552 0.28986 0.40827 1,1719 1,1022
0,48553 0.51248 0,36656 0.48735 1.11890 1.0251
0.49810 0.8078  0.45018 0,57551 1.04700 0,93238

e e e s e iy e - —
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perinental data for the PCAC estimate of EP; is presenged.
llodels I and IT are without and with nucleon monentun dependent

TABLE II
elation Ciechanowicz's
efficients values glven FPi Model Model  Expt. [1]
" by Mukhopadhyay i 1T
I3%)
o 0.4 0.2925 0,3357 0,403 0,15 + 0425
0,29 + 0.3
ﬁl CaB88 0.0809 0.11302 0,19243 0.02 + 0,04

0.53 1,2115 1.2246 1,2278 1,12 + 0,10
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In Table I.I, we display numer.cal values for the partial capture

‘9 - LS
M. o the process- wT + 2Ssa(0h) —>#Bu’(1" y 22 KeM+Y,

W i the particle-hole model of Donnelly and Waller [26] with and
dithout MEC effects. The values have been rescaled by Ez where
f is the " amplitude reduction factor' (see section (b) for dis-

cussion of E ).

TiELE III

o . Impulse iporoximation _;  with 0% MEC
(egtep)/ BF  no MEC (units of 105 sec™d) (unitg of 10°

sec )

~-10,0 0.6792 0,6872

=~ Tad 0.6406 0.6482

= 5.0 0.8056 ‘ 0.6124

= 2.5 045742 0. 5802
0,0 0, 5464 0.5518 Expte [1]
245 0.5222 0.5255 (0.484 + 0.086)
5.€ 0.,5017 0.5055 T 1655001
745 0. 4845 0.4877

10.0 0.4712 0.4735

12,6 0. 4613 0,4629

15.0 0.4548 0 o 4559

175 0.4523 0.4526

2040 0.2532 0.4528
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n Table IV, numerical values 1or recoil polarization of

TLELE IV
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281%(1% | 2202 LeV) in the process p~ + “95i1(07) —3°Ca1%(1*;

22 Kel) + i}u are given in (1) Independent Particle Model (IPM)

(i1) particle-hole model of Domnelly and Walker [26]
nd vithout IMEC

with

2

T4 with 50% MEC I4 with 50% MEC
=10,0 0,6734 0. 6724 0.6789 0,6789
SV, 5 0,675 0. 6787 046769 08777
'~ 5,0 0,6692 0.6709 0,676 0.6723
£ 2.5 0.6576 0,657 0.6595 0.6621
e D 0.6405 0.6442 0, 6427 0. 6866
245 0.6175 0. 6226 0.6199 0. 6250
5.0 0. 5881 0, 5945 0.5906 0. 5970
7.5 045522 0, 5598 0.5547 0.5624
10,0 0.5099 0.5188 0. 5121 0.5212
12.5 0.4616 044717 0.4635 0.4737
15,0 0.4081 - 0,4192 0.4095 0.4207
17,5 0.3504 0.3623 0.3511 0.3630
0.2898 0.3021 0.2898 0.3022
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(e "B scussions

(i) Gaima-lle £rino ar Correlation Goefficients:

1t is seen from Table 1 that the relation 1 + o = fil + Bo

' is satisfied alrost exactly testifying to the correctness of

our nuwi erical cal culations.

Fror Table IL, a comparison of the numerical values of
ey By and B, éﬂefi and Model I shows that higher order neu-
trino partialAcontribute significan tly to and Bq , but not
so much to  Pge S'iﬁilarly comparing <y Pj and By in FPA and
Model IT, it can be seen that nucleon momentur dependent terms
enhance o and B Dbub not Pge IT FPA , the nucleal matrix
elenents in <y fq and Bg cancel and any ﬁeﬁiatiun of the cal-
culated values of <y B4 and gy from the TFPA estimate can be
talen as an indication of nucleal physics affects through higher
order neutrino partial waves. The exact values of of and By
_[-ﬂ.éBilB and 0,19243 at g = e gi} are widely different from
their FPA values (0.2925 and 0.0809) , while By 18 nearly the
sane (l.2278 1n exact caleulation and 1,2115 in Fpa). Hence we
conclude that only Bo ig truly insensitive to nuclear physics
uncertainties and therefore can be used to obtain a value foT
-"[gP+gT) /gA by comparison with experiment, This is in contra=
diction to the conclusion of Popov ete. ale Eﬂj that all the

correlatlon coefficients are nuclear model insensitives.
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By comparing our value for Bo with the experiment of
liiller et, al, [1] , we obtain

which is to a large extent free from nuclear wavefunction un-

j-,:garﬁé.inizj.es. This is in agreenent with our analysis of 1?B(l+, go8, )

recoll polarization (see next chapter) and with that of Kobayashi

Bte als [29] , who find (g, + g @, = (10,3 2 2.7. Itisin

‘controciction with the value of Ciechanowicz [5] who finds
<49 £ (grig)i/ gyl 12

In Figure 1, we display graphically the effect of meson exchange
corrections on B,y calculated aloﬁg the lines discussed in
Section 9, It is clear from the graph that MEC effects are
guite small for an allowed transition dominated by the space part
of axial current. However, MEC effects decrease the numerical
l ue of B, wto g v 10 By and then enhance it uniformly.
comparing with experiment [1] , we find two sets of gpfgi
valuess

Set I : (-6,65+ 4,3) in Id4 and (~9.1 + 3.1) with 50% MEC
set IT ¢ (12,5 + 5) in Ii and (12.2 + 3,9) with 50% MEC .
88t I obviously contradicts PCAG znd by comparing with the

of gP"Jg& obtained from our analysis of recoll nuclear
jolarization {EP’HER = 13,62 + 2,17), we choose set TI to obtain
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a final va.ue for {gP + gT) / g, as

(gP+ gT}/ g.ﬁ. = (13,3 + 3) g‘&.
a value to a large extent free fron nuclear wavefunction un-

certainties. The MEG effects to the space part of the I4 axial

vector current do not change cur conclusions, This value of

with specific meson exchanges, NN P vertices etc.s However, in

view of recent experiments on B ;"PL by Roesch et, al. Eﬂlj
L

show conclusively the absence of SCC g our analysis can be
interpreted as g, ™ (13,3 + 3) g,y which is consistent with the
values of Kobayashi \:29:[ and the recent Argonne National Labo-
ratory neasurenment [33] in p decay of lsN(D—). On the
ther hand, asswilng g = 7.5 gy our results indicate an upper

bound for Ep as (5.8 £ 3) Ey to be compared with the upper limit
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obtained by Bardin and Zavattl.d [34] , namely g, (043 £ L.9).

In conclusion, we give below a table, wherein we compare

our value of gI_,.f’ By “with values of gP;" g obtalned from various

processes in nuon capture, '

’l—:s
=
<

Mo, Ubser‘r.rggle used Huclei Ref, Range for gpfgﬁ .
muon capture

Recoil polarization o [35] Tol + 2.7
2  p-decay and p~capture ]‘60 [33,__1 10,0 £+ 2,5
3  iligment Ha (321 9.4 + 1.7
| 1

P, /P % (1] 9.0 & 1a7
5 Capture Rate Hydrogen |24] 8e7 £ 149
6 Recoil Polarization 12g [36] 15,0 + 4.0

7 Y-V angular correlation 2881 [5] ~4e9 < nggA < 1.2

3 8 Y- P angular correlation “8g5 present (13.5 fg'g )
woTlc k
;'a 3 4 lE
~. Y  Recoil polarization B present (12.62 + 2,1).

woTk

¥+
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\(ii) Partial Capture Rate:

From Table III, it is seen that the partial capture rate

A is not very much affected by MEC effects, since we are con-
sidering an allowed transition dominated by space part of the

.:-::- al vector current. The value ﬂhtﬂnad by Ciechanowicz [5] iss
1+} = 816 x 10° sec™ at & =08 in disagreenent with

the experiment of Miller et, al. [1] which yields M1D) =

(,484 + 0.086) x 10° sec™ ., We obtain a value of NI =

?Lléﬁé x 10° sec™ and 4,1036 x 10° see™ for g = 7.5 g, and

i = 5 g, respectively, using I)Dn;lell}r Walker [’251 wavefunc-

Giechanowicz. The particle-hole model of Domnelly and Wallter

lean further be inproved by talding into account the effect of many
particle r iy hole wavefmctiows through the introduction of
! amnlitude reduction factor™ & o This factor was introduced by

Donnelly and Walecka [37] for theak.& = 12 system 3 they have
i We

hole amplituﬁes purely by comparison with experiments. The value
E = 2,27 deduced, for example, by comparing p decay rate
with experinent was found to account for other processes such

lag muon cap ture rates etc.s BY comparing our #2T) ak & = 7e58,
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With experinent [1] y we obtain ¥ = 2,86 in conformlity wlith
the value of Donnelly and Walecka EE’?] and the value for A1)
given in Table III are rescaled (divided) by EE .

(111) Recoil Nuclear Polarization:

In Table IV, we present numerical values for the average

2

polarization (P_ ) of “°417(1%; 2202 KeV) in the Inde-
L]

pendent Particle Model (IPM) and the particle hole model of
Donnelly and Walker, It is clear from the table that Pav. is to

a larre extent insensitive to the choice of nuclear wavefunctions -

an allowed 0™ > 17 transition. We note here that the intro-

pecause P av.

involves ratic of reduced matrix elements.

While the average recoil polarization of 1%

gan be measured by the known p decay asymmetry of the recoiling
nucleus, the same method is not applicable to the case of
_,551*{]._+} since it decays by Y=emission. One way of measuring
p ., would be to look for the circular polarization of emergent
pama-rays, which s related to P, through the relation (P,

is the circular polarization of Y-rays)

PN = 3/2 S Cos ©

43 showvn by Parthasarathy LSE] .
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APPENDIX I

Evaluation of ( %, ./ &
= MpMe

In this appendix, we derive explicitly a few terns in eqns,
(14) and (15) to illustrate techniques of angular momentum algebra

invelved in the evaluation of ( pp'c ) 7 For convenience, we
' M fM
f

shall treat the casesof unpolarized and polarized muon cap ture

separately,

(i) Unpolarized Muon Cap tures

G2 M : , sit T A
1 o . HE term i The Matrix elaaent M2 s

b =
A‘ 4—;.]-"-}!-' -—}
el . : .

: ; 5
Expressing e ¢ in partial waves and oy in spherical

cA = =t ) e YWC&-) Jy G
D% gn 2@ Yy O LTS
L

/

7= % T (43)
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eqn. (A1) can now be written ac

My = LM 2 amatel AORRAINCED

¢ (2ingm pmy) [V Cu) m-'*] A oo)

where we have cgupled ){ﬂ C;L;Jand l . We next apply Wigner-

Rckart theorem to the above expression to obtain the condition

B?J 513?@1 « Therefore,

'Mz"fﬁ- arpites o ‘;/i (p)g c(ﬂl;‘jfc_;my M)
T |

G Dk x97)y Jo (@) 103

— % - ('&4}
Sirilarly M, can be reduced to
F/ﬁ_*_ z  aiiy? \fg (v)c(i’, T M_]'c)
gyt
" : *
(3 || LYy () m]% CE IR (D
(45)

. Coubining (42) and (45 and noting that

" 1
(-1)H El”' ; El”’ = & (46)
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we obtain

e — % I_ I M -m : .mf
Mo My = ﬂ%n ﬂfﬁl ort ¥t o f_YE () Yy &)
o2 |

C(01F;m i My) € (L1 w p M)
A% ”-IYE (%) x“’?_jyf Jp(vr) |6

<l [Y,g’(“f’_f:) xm]:gc Iy (»-k;)lloy*
(a7)

Conbining the two spherical harmonics using the relation

M Ma |
| P) P == Z [-’:;]-rj [ %] e | *'.Tlil‘j o000
\/JI () Y:rl (¥ P = (3 00)

c (3,3 T M, M”'M)XIH 2 (48)
we obtain

— Mg
.ZMZ'M?= = ?— Jjem” (;g:)j’j‘*‘:g 1) $ roeard
bmp Em 7T Jaw C73 .

C(ﬂl:}rﬁ;’rn};. MJC) I (E]ij;‘mj% M;c)

c(L07; m m'm) (227 000) YJMT(J?)

{3 LY, (o) mﬂ;} Jox) llo)y
(35_” [ yéw (52;) X GT:IJ;; J,-E' () ”O>*
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Conmbining the three underlined Clebsch-Gordan coefficients into

‘& Racah and Clebsch-Gordan coefficient, we finally obtain,

6 MM = Ga Z_lor’ @ St %

- I 1
E‘QJ[EJL&J c (90T, co0) CCJ’{{_}-J}— Js :; Mz)
yaw [33

W(T 125 25) Yy ) 18,12

) [Ya (o) xai g, Jy ) Hloy

: . X
ST D Y Gue) xop)y, dpGxd o)

! (49)
. In the above expression, we have factored the muon wavefunction
( ?ﬂuj out of the matrix element by assuming an average value
over the entire nucleus, This applies to all the subsequent eva-
luation of matrix elements.

2
(62 - 2 g, & ]{;, ‘HE} teris

.
In tiis case, expanding 7)) in spherical basis

=1
D = -%"%ﬂt%){-u“al (410)




. ——
Combining with expression for iy in (4 4) and using eqns. (43)

and (48), we obtain

M
()J Ml)'— 4—”\/-‘52[- (”'E =1) i C(Ei?x_,mgmﬁ)

c(O1T,m w Mg) c(Jir;000) LLALND );
' A

(7T [
{J} H [Yith;) }iﬂ'ij:g; J',Q (le-t)“D>

Using orthonornality of Clebsch-Gordan coefficients, we

obtain the condition 6}\-1' m):,rf « Therefore,
(_}G*E‘f): 2 4“_ .E__‘E_;j {?.':}-FE C_..[_) f :’_‘.(ﬂlj_;[::oa) Y;Hgﬁ)
RLEL g == L - g

G LY ) %o g, g ro) [0
(413)

Similarly,

!
— % .-Er ij ! Mf -
By Moy = 2 anes & c (213 50 (%)
2) = [ L33 G soes 7y

(3 I L Gty x5, Gy o) Nfo3©
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Using eqn, (48), the final expression may be written as

(6p-26p6a) |5 Mi|* = (Gp-26pGu) ﬂ% lor @y"

M !
Wit § Eij [Eﬁ‘g C(,ﬂi':];;, Gdu) C(ﬂ“l:&‘;ucc)
' vam LI -

. M
c4d :TEJ'jDDo) C(jjjncjj' Mf M-} My) Y;r ()

L [‘J’g(ﬁl)xm]j oxg) 105
{3 | Ty (522 Kc:r,]_, Jﬁ,C:J}L)“ﬁ)

(412)
84 —_ 1
2 “_'}P - Gy) 5t ( ‘11 . ¥y ) 1&-1,1 tern 3
The M, mnatrix element is
S :
'& "E}?"-ﬁﬁ —— —
ML = idghie z € B 00> s

=

Using eqns, (42), (43) and (ilﬁ]jexpanding _I}I} in spherical basis

& S == iy - .
S -1) (al4d)
Py Z (i) Vs ( El al



132

‘we obtain

n+ M ' =)
M, = a4t iyl ,fL-IJ C(ﬁl?t;,m—ﬂ mk)“}fiﬁﬂ
kthE

X Me .
c(ne; My kme) [Y, (A V,}%xﬂéﬁ ey

ﬂ -
where we have combined Yﬂ (}LJ) ’ ‘V and o by means of Clebsch
Gordan coeffi cients. Using Wigner-Bekart theorem and orthogona-
lity conditions for Clebsch-Gordan coefficients gives the condi-

tions & &

€I mMe

reduces to

_ T+l T +M - -M
= eawa T et el 54
M4 ) . [:3;] \}{T (}J)

and &y T ﬁme respectivelys Hence, M,

LT N DY, ) X \7[_.\;5 Jpwn:) [jo
' (415)
Conbining (415) and (411) and using eqn, (48), we obtain finally,

_ O st *
2 (Gp~ Ga)§, (- ) My < 2 (Gp—6a) g,

b= )3 o FTM DI T g0 00)

AT ; Jaw L]

¢(3 %35 000) c(33,75-M, MeMp) Yy dp o)
(418)

(3 ) [ Y () ?‘*"’*?5 ’“*"]: Y or)]los ¢z HEYExn']:f}

P
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a = Oy L —rx .

—
The matrixz element M, is

o R
W= <o M| 2 e H 400 loo)

(AL7)
e g ;
Expanding E:L'D )Ef in partial waves and _f:-';_ in spherical
basis as given in (42) and (414), and applying Wigner-Eckart
theorer i
v A- +A 5~ =M
M, = S 4T O e 3 ¢ (L mAMe) Y, ()
3 w2
A ] {
Je il L i) x N Vi, 0
(5” [yf‘: L) 1]35 J,Q( }I‘L.] ” > (i18)
Therefore ~
—> % L ! AN ; L p
My~ = 2 am @) il Yo ) & <X 13, m' A0
L N

*

Gl DYy () x 9, gy Jp 2 0 (AL9)

Pl A — &
Using eqn, (418) for » , we can evaluate (P x MS )with

the help of the following relation for spherical basis unit vectors,

%5._11 x B =iy (e Oni=y & =020
é-ec"q—?x")
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ECSS = £ IR e P\
G;KM; )= é 4—“\/%—[{ V2 (’i)j l(-')q %l B

7‘:’(‘3) \}’ﬂ:ﬁl(ﬁ) (:(E'I:J;; W A M%) & (@ A ~3-0)
Y N LYy (52 X Y?J;f} Jgr (o 1) || O>*

(A21)

Combinding the two spherical harmonics according to (48) and

performing standard sngular momentun algebra yields,
A — A 2 A -—Ef-{—l ﬁiﬂd Eﬂ*:{Elj
.(15 X M3 ) = : AT 2 (1) (-1
LoAMy :

E.(E'I&;ccn} c:('nu:fj;wm M} - M;)H(dfﬁgﬁ;ﬂ'i)

My J - *
Yo TO8) 4T DYt x Vg @0 llo>”

Combining (44) and (21), we obtain

= R ol s M
P o W) =2 2 JeRe @ en
EW‘L},L ifﬂlm:{

! “rn A
H(ﬂ\:rf;;iu) c('1x;000) (2T m p M) b ()
C etV T vy (M -myy ML) 3%’*“. %(Mi'md) fﬁﬂmfﬁj

* [
(I | DY () xay ]% Jg @) Moy <T [)@;(ﬂi‘;)x?,]:,;,
{E*(M;:H}f};




Using (48) ind carrying out the standard angul.r momentun alge-

bra yields the final expressions

. M )=
1) ¥ E“if“‘ LAl E"_j c(ﬂih;ana) c(AL7;000)
N4&TT LIJ

. M-
N(:’:F'D‘Uﬂ‘) W (J_‘j-?\j']r i513) C.(J;j:];j') _Mé M_:F MJ_-) YJ- ..J(.ﬁj

AR ACH wf_l;r Jrgljoy < [‘7&:(&)*@%

Y G2 oy
(1i) Polarized Muon Cap ture:

From eqns (17), it is seen readily that the natrix elenents

of four terms viz.,

___:; 2 o ke
Gll Mj Wl* )} G?P Il} (P "DJ 9 QGP_@E
M
f” P4l-} 544 (.P LD
and EL :LM .{“ux M ){?.1‘;) are the same as

3
‘in the previcus expressions for unpelarized nuon capture, except
— A
that they are multiplied by an extrafactor (P , V). Therefore,

we turn ocur attention to the nexzt two Lerms:

E(G GP}G(‘}.?.I?.)(P.ME}tErm.

From (4ll), we have



136

— L = M :
H-M;) = Z am @ €0 f LA (013 5000)
| A [37

-MP A :
YZFS.r jfi") <3:filf')’£(£;) ij% 1, 2;) HO}

‘We exp,nd the muan polarization vector ? in spherical basis-
—_— I ) _ﬁ
= adlf i *#)E’ e P
Combining (45) and (429),
' o | |
— —> e i h =S oA
(P*MD)= 2  am AT G5 Y™ (D) Y, (P)

E.‘lr

(1T m ' M) <E DY () xer 1. I ooy

(425)
Therefore

M) (PrM2) = = iéwz\j@ s st
fi"r‘rip.L' 3 *

CC1% s oa €Cg wé KM YRy )

'YIH(F') SANR AN f"(ﬂ]-_};,} 5 oon) o)

(N TROD x5y 4 on) o)
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Combining the two spherical harmorrlcs'accordihﬂ; to (48),
> —> ¥

(‘PM>(P ):2 élfa‘!T . Mg
SIS 1L Oy e -'I'J
u'wmp'd T 3 @y ¢

L21T4T {ﬂilf 000) C(Tff 000) C(£1J¢_,M1M 5)

L]
c(g 45~ Mg M) (L1353 M ' My)

M ; M
D x Y17 @i loy - - - flod

Combining the three underlined Clebsch-Gordan coefficients and

sunming over (' yields the final expressioni
: —_— — #
2(Ga=6p) Ga (B M) (P-Ms ) = 2(Ga-6Gp) G

. il WY
'5', aéij “,L_a-' @t o S ceace L] c(,ﬂm;juoo)

ijz-f_ﬂ'af_; c00) N(jj:ifTU:fa}) CCJ}%JJ ‘"M__F M% Mr)

{3 N [Ye () ]y & or) 10> (| [y, O xaily,
-jéf (vJ2;) ”G;t-azs)

In similar fashion, combining (ALlS) and (423) the nucleon momentum

é._ﬁeipendent tern T—E; G.EL gy M, ( ?.'1?2*) can be evaluated and

‘the final result is given below:
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: — * ;_ﬁ-p—:r-l-f
2 ¢, 9 My (F ML) =2 69 = @y TF
M  da M T

o CLA) e (4oL 000) W(g 1345 13)

TYL ) x Y (DTLF (T ULy, (1) x %] dyoon)
* A T "

N DY) xai I, dgr (92) llo7
' (22%)

APPENDIX II,

is stated in Section 5, the Y - ) angular correlation

coefficients are obtained by substituting for ( P”B]Mfﬂ%

from equs. ( (b ) and ( 3 ) in.eqn, ( 20 )« We give below

the resulting expressions for each term after simplification,

(i) DUmpolarized Muon Capture:

4 2 L]
G2 tern

v gl 2T
Jacpl ot I milli+s® 2 B @yt et

L1007 C%3° (T 000) W(TITLS L) TIT;
217%)
(1)
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whera

F . X
R(7)= -+ 0] e(Ltd) 1-16) W(T %L (a2
3}:3)
Putting § =2y Jp=L =1, Jp =0 in (4l) , we obtain the con-

tribution of Gi tert to the nuner-tor of the expression for
o given in eqn. ( 23 )
J = & part &

2 + 2 g 2= r
- = |a(Mi o IMIT YT 2 T ED Leacs]
22 Jac 1" M 2

Cia ¢ (£9'2; ooo) W (122£";21) TCLIS L)

(a2’
yhere we have used the fact that B(Z) = -2 ¢(112 j 1-10)
2
W(111l 4, 02) = = ===—
Jd =20 pagﬁ v dp =1L = 1, Jg = 0.
2

ing € = = ! il 5 o) = = .
Noting that B(o) = 2 €(110, 1-10) W(1llll, 00) EF,}

we obtain

“Nacun)t j<oT Ml 1) ;é cax(en; 2}

(43)

3%‘3' i

which pives the contribution of [‘:i term to the denominator of

o . Tn deriving (4&3) we mace use of the followings
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£
0ot 000) = 0 ~ i | - 50!
c( 3 ) = S5 nd W (Oi0d2)= e

In similar fashion, we now give the J = 2 (nwerator) and J = 0
(denominator) parts (with Jep =L =1, 'TF = 0) of other terms
which contribute to < ,

(Gg - 2 GP G.&.) terms

lafHDIle*IIM}H 1+ i B(r) )2 ceaces

c(013; 0vo) c (L1 000) c(:r :J}: Daa)I(ﬁ]ijfj:J
(49
J = 2 parts

r {a(uﬂ | o | mifaty)* ‘Z(z.}f % o3 oed
c(L2ll;000) c(f'N;000) @a T (20 201)

(49)
4 =0 part

e |Q—(M}]IL_]<D.+ )\Mll]i*:»ﬁ‘{ ‘2 &jﬂ L roarey
L3

cCZity000) c(2'ilj000) T (LN £'11)
(46)
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In deriving the above efuations, we have used the followings

(1)

2 -
i (Gp - Gyeg, term:

SaTeml=h 0T
L= 1ot M) %I B(r) @)%+ &)

CATELT €00V 000) C(J:‘PIGCI_;DDQJ gf_ﬂi:!';_ﬂ;f}];};;)

(47)
J = 2 parts
s L-2 AT
- 2= la P ot Mt { - BT e
M C(ﬂlf;ooa) G(QH.} ”7‘”)\/}-
| - (48)
4 =0 part
= e )
*f‘g la (M )™ J<o™ rvnlll"*'>|li-*Ezéﬁ Gt 2 %

CAILE) c(hijooe) GO IAN)
L | (49)
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=loo

[:r_-a_!i,,_g_Y_t_E il :“

|

\ﬂ*(HD,l 1<o™ 1M Hi*)ll 2 BR(D 2 d},ﬁ’-ﬁ-&%
| 22'AT

CA3CL3Ce301] Txa™ c(2iA;000) c(AL'T5000)

WAL WOXESIT) G2 nj o)

(410)
J = B nart: I
1 i + N+ P * ,Q-*.E‘J“-?J
B (M1 ol I MIIITTY)T 2 V2 ()
= Jo cmid]” <07 b

CAJCe3Ce] 013% c(417j000) C(NL'T;000)
WAL 2D WMD) §Gen; Le) (amy

J =0 park:

Wotinz that

el ﬁ’o'ooo)-i_ﬁ‘lﬁg I
oo i *Epl M

and

I
W(l)\\ﬁ‘ilg) :'E:%;g_'l , we obtain
R
. @043

R o (MD)* + SiE
gﬁ\ I V<ot limiln] R ]

%
c 210 e’ 5000) WL Ln) B(EH;,. {a12)
2 \oi)
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(ii) Polarized Muon Capture:

GA term 3 The expression derived in the text was

leecmn = 1<o™ s 2 med iyt en?
24'T

T e S I:'n] c(it'7; coo) WITL; JEL} fF’ 7)

ct-:n:{)
EC.(TiT-:-l r::co) E’H_, (Cos By1) +WJ~ C(TIT= {L ;@uﬁﬂ}
fo
T(LH 2'1) (a19)
with B(JI) ‘defined as iﬁ A(2). Putting J = 2 and expressing

P, in terms of P, and P, (as given in eqn, (34 g) of the

text) ,
1 ; i f
=57 e O KT IMUt > £ ) 0" o

TR c(04'25000) W(n2gy £1) (P r) [% g_;i

(7”‘_;;) B (cesByp) - 13- i (&ﬁﬁmj} ~ f:" & (oasﬂw:]

Ifﬂ“j ,f:H) ’ (A1l4)
— —% ~ A
From the above equation, the coefficient of (P o Y ) ( Y*¥)
_PE{CDE BY]J) is seen to be ,
-

— PR 1 2 . g'_p e
3V o (M0 | o™ LM 11> %{fl) )

[ T A Et] e (L48'2; coo) W2 2l il)I{;fIlf’j(Ala



144

wiich is t.e first term in the numerator of ﬁl « For J =2,
—Zy A -_':‘.-} A
the coefficient of (P « Y ) (Y . ) is seen to be zero

(7 -7) [~35" 2 P (tnBr) — Z B (et Br)] =0

— A
However, putting J = 0 in eqn, (#13) ylelds the ( P o ¥

( ‘?r’ . f} ) coeffieclent, since TJJ. =0 for (J-1) { 0., Bo the
— ~ s k
coefficient of (P - Y ) (¥ & w), which contributes to the

numerator 52 is

‘z;,"lﬁ \MMHIL |{o™ \\Mi”l"’)}l f—-‘% C1]

T (0] (416)
Gs term 3

e e m e w S

lacmn ® [<ot [ M 2 B(D) @)7°* ceae's
22T
c(di;ede) c('1;000) e(NTs000) T (LI 2'n) (f??)

2 2
[e(@ia+i;o00)” By (e Br) +5 C(T1T-15000) (417
J = 8 part » ' Pr—i (E-U":-BTH):]

— A

i~ M
The coefficient of (P o Y) ( ¥,V ) P,(Cos By,,) 1s

S 2 i AT S e e |
= 0 13- = a) CcedCe)
T o \mn] | <ot M1+ z

e (LIl ooo) C(ﬂ_"”;coﬂ) J_ji I(Ell;ﬁ"il)
(418)
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ifhis is the G2

p term in the nuserator of Bqe

i = 0 part 1

. (A M A
The coefficient of (P« Y ) (¥« ¥ ) is

-_,3)-4:5 loe (M| (Lot Ml | {"fﬁr (i;ﬂtf C2]

L&',—j c(dl;000) c(2'h; co0) TN 2'11)

A
(419)
which is represents the Gg term in the numerator of B .
i 0 &y tom
et (et Mt £ B vaa) 2t

22'AT
: 5
CLICSITIT AT e(2injo00) c{2'AT; c00) (P

WAL 2 WAL 1T) S(QH;, 211010) { c (T340

D"ﬂ‘)l P?:T-H (s Byy) + Ny C—(TIJ'-'UDDG)L PI_.,'(caii%g]

J = 2 nark .

—> A A A
The coefficient of (P » Y ) (Y o ¥ ) PylCos Byy) is

7
7|
C2IC049 012" E22 e(£125000) c(A2'3;000)

2 o om|T ot MR s V3 iy -1+3
200°%
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: fa 2
which is tne i GA &y term iu the numerator of Bl‘

d =0 part ¢

— A AA
The ecoefficient|of (P« Y ) O ¥ o D) is

2 \la(mp|* Kot MillIt>1F £ i gys e o
3Y3 28

Cy35 c(218'; 000) W{N2';er) Q(f"*ﬁﬂ”"-") (a22)

—_—

2 x b A
which is the i GA By term in the numerator of 32 A

I%,:- GP Bi term 3

ST Sl
lacmiy |- Kol M h+s)* E%:r B(T) ) &)

C23CA (55 T000) C(L1T5000) G(LIG;HINIT)

E E”ﬁ} [r: (:rl.a‘ﬂ,;o-aof Pryy (3 B8in) + N7 c(T1T-1;

-::0::.)1 [ZDT"I (Cos 9}*1:,)] (A23)
"CL= 2 part

_—b. A [ A
The -eoefficient of { P v ¥ ) LY & M) PE{Gcs By » Y is

-2 joe (M | ot )| MiE[IFs ) E fi Sty

C4ICAT JZE c(ijoos) GCan; nam
(129
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representiug the ITEE C:P _gﬂ ter. in the numerator of Bl‘

J = 0 part :

= 2= la(MD)° <ot (M| 1]+ {— s @y et
3J3 S

CLILCAL ccLi;o000) g(ﬁiun)u)}
Cr7] ( A25)

representing the 1-% G By term in the numerator of @..

EIZGP = -ﬂ.j.l G.i. term 3

The expression derived in the text is

lacmpl? <oty M |It>I5 2 B(I) Gy 24 ra3om
0oL
i1 CL1 ¢ 2l;000) c(#'1;000) WL £T)

c(L1T;000) T (W) 2'1) P- (cos 955) € pos

(426)
Putting J = 2, we find from the parity Clebsch ¢ (13 jco0)

that ,:f can take values 1 and 3. Therefore

3 ( -1 + I & g4 CJ
nga.. MO 1ot MEff 1> g}u) 3

C2'3 13 c(Liloon) T (L3 2'1) ):[11 ¢ (112 ooo)



c(Lj000) WML £12) B (Cos Byy) (P -7) + [3]
c (213, 0o0) W(zW;L2) c(3l12;000) (F7F)

{-.35- (?;) Pg_ (Cos Ban) — ‘%’ R (C‘“ﬁe”})i__{

(427)
Where we have expressed P, in terms of P, and P, . Noting
that  G(112y 000) = \/'z;_'a and €(312;000) = /3/7 , the co-
. . k. —_ A o~ A ;
qfflm.en-..‘{ P.Y) (Y.» ) Py(Coseyy) is

— 7 Ja O Mot ey 2 2 @ caacen

C131 C3l ¢c(2l000) ¢(2'135000) N(Et!%)ﬁ’z)ﬁ;
5" ' I
(5/3) T (Ln; ') s

fiving the 26 ~ O I

Y G verm in the numberator of f;.

It is seen from emm, (427, that there are two terms which
-y A A A
are coefficients of ( P'w ¥Y) { Y 42 ) and contribute to the

mmerator of By » These are given below,
/
%-317'-@ Ja (M) (o | Ml 1* ;{'E:; @y4~% cearce'

Cia* ¢ (L3 000) C(L115000) W1 272) T8+ 40)
(A29)
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and

= i 2 Wi
3 ( i i < q rel
=7 et [<oF || Ml > %,E.rz’ )

. Z
a0 I (813 000) (L1 coo) N3N} 22) (“3'}-
T 2'n) (430)
In addition to the above two terms, there is a further contribu-

tion to the numerator of B, which is obtained by putting J =0
in eqne (426), this gives ¥ = 1, and the final expression is

— 2. 95 @ ep® chI I gy c(e'ln;
33 L 4p I e SN BG)EET
ovo) I (21} ,ﬁ*u)}
(431)
’ G‘a‘ Ea‘ term § -
¥ = & 7
o Py TR .
lacmp > <ot M Nt ® ﬁ OGRS
[11 Cofd e(8'185000) WCIETI; 1L) ¢ (£13;;000)
Pe (CosByp) (P +7 (432)

4s explained above for the 2(G, - Gp) G, term, putting J = 2
in the eqn, (. 32), we obtain one term in the mumerator of ;31 and
two in the numerator of B, . Further, the J =0 part of eq.(32)

accounts for the third term of the numerator of p..



We give below the releva.t expressions;

=2 . ‘ 2-1 A-3 :
=35 %[Lj AT [ L4 3 ES1ESD & (213560)

W13y (20 F) GOIng i)

which contributes to 51 "

(433)

i = }\-'-_5
2R3 ¢ Mt 2 éu)ﬂl(}—l} CAT
7 lan]® [¢o*l T 2

. i
C43 cia £33 c(f'3;000) W C12'20713)- 'gg
Glans tixn)

and
3

. g- -
2 Jacmn)t [otimiti+y® 2 @ ren
3VG A

- = 1 12215 1)
Cxd 723 Ex3 \/% c (213 000) W ( J
GCens nam CidE)

with J =0 we obtain
- s o BT A=
‘3‘143 la. (M) * <ot Ml 1t {-—f%m 1)

CAILL] cqanjonc) G2 HAR)
E"j ( A36)

Bquations (434), (435) and (a36) contribute to the numerator of B,



APPENDIX II.

Matrix elements for Partial Capture Rate:

The matrix elements for partial capture rate can be eva-

luated in the same way as shown in Appendix I, However, an inte-
sration over neutrino directions should be ecarried out using the

following edn.

My
SEJJ{V) @) =[5 &0 &g -

The final expressions for the matrix elements occurring in efn.

( 49) of the text are given belows

X 2 A % i
MMy = ler™ L3 <Gl 2 Vo (D) Jg @rello)

!
A ) i % 5
S RACOIIACLOR LYt e

— —* L gl 2 A A
Ma- My = l&m % L% 19,1 (T i;[\/“’”‘"}

X f““]a; G L0y L)) (2 TY, ¢h) x
n=i

0’1(71):]3;.? Jﬁ van) 0y*
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ik

$ C21C4'3 cCAiT;o000)
24’

N
G M2) (DM ) = l6m

A A
c(2'135000) |y \; {3 _Eq LYy Crn) ><<:1*.(—:rruﬂjrac
. ’ oy
Jg (V3n ) “ o <3; I *n%zl 5 Yj{f UI-AHJ X 0 (n)jj Jﬂafﬂﬁ’m))”>
> ¥

=== J,
R L +
M‘!" (}‘?"M;i) = ‘lg'ﬂ'l % Ejfj £231 () 4 + 1)

A A ’
C (013 ; c00) H)PJ]:;"‘“_ {If | ﬂf;! \}(j:'s: %) JT,_; &M\,

- x
{3 I %l [\fﬁ(){‘n) X N, C'n.)’];rf Jy ) ltoy

R TR e 2 @yt i EJ:FJLI'JE’J [4]
£2°

c( 2 19;000) W(T 14132) [y lh, <Tl LY, R x

A, 1 *
U‘;(’n):l:g oy <3 ) 511 g ) [N () X’“??(“EJM

’
= St =3
Mas (B ™D 2l emtvg ay ¥t ep™ Fradreg

: 2
T; = /(3 Ve
c(8135000) | #5“ LV’ {:Tac I ‘r’é! [ le,-f’q’-“*) X € )JJ}

S 0% (T | 2 iy ) T(Yglsn) x G,
% n=| ¥ 5 f
X g7 (n)7g o>
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APPENDI X IV

Nuclear Matrix FElements in Particle-Hole lodel.

The basic relation used to rewrite the nuclear matrix ele-

ments in particle hole (p-h) model is

: A 2 E'-I.F'J 3} - Y
Gz 2 (00> = = = X <pll 0a 1)

= A ph [

5}3; Smx"'*' (IV.1)
& 2 —> —v# Lo
For example: the G Hg » Mg ecan be written in p~h model as

1L — — ) / L
Ga MM, = 2 2 z et yf Lent ¥ "
£0'7 ph p'h

' A Ty .
Caxw 4’3 E_-JP] EJE__] in X;i{ CCEE’:r;ooc)
Va4 31 033 :
/ M.]",\ %
W(TAT2543) c (BT MM My} Yy () 18l
G N1 Yo (R xeid 1y Cipr 11§30 0R) %y N

{3 ) Dph L S XD D pii (IV.2)
In the above equation the J:Q (Y1) refer to particle hole radial

infegrals discussed in Secticn 10, while the evaluation of reduced

‘matrix elements is taken wp in Appendix V,
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F R e (e I P ¢ SO

Evaluation of Reduced Matrix Elementst

The two reduced matrix elements used in our caleculation
are

) e (Y (%) xcm);:—,r Jp o) |4y

and

oy U Il [505) x 9 xan ] 19k

where n can take values ¢ or 1 and T is an unit operator
in spin space. The first reduced matrix element can be %va.luat%&
by decoupling the states in angular and spin parts and the res t

is

1) = (A& "2 )
g m A GRC4,3CAT D21 Im JCLT

by L 1p | VAT

C(’E’h EEF_} oon‘) (V-1)
Regarding the second matrix element, we first separate the angular

and spin parts as follows:
(2) = {Ruplp (05 Lpd dp || 4L (27) L Cuct) x¥0)y

- 2 Y
e R )L L7 = Rl :
| "’Lj} by s A M A P43
fp & Jp
L33 CAD ELp3 CRplp O )3y on) (Y ) x 9 ||

Ry by O 5 4 > it
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where the B‘nl are the harmonic¢ oscillator wave funetions. The
angular part can be evaluated using the gradient formula, so as

to :?i ol d,

(Umplp () 5 £p )] g 02) (Ng (B) X )y (] Unyty, O

Iy = pptHi=d T3 0X ¢
e s Cf, +) C[E+;£
e £ 2] %_\,fﬂg,ﬂ ke ] b

fos000) WL 1425 i+ 2) F =V, C4.-1]

C(,Qk'l ¥ -(’?PJ 000) W(ﬂhlfpf'j _«PL-’I'}\) F-'_,.?

(Ve3)

where R_  and F+ are given in eqns. (73) and (78) of Chapter

b 11T and {%‘ ”crn]] -]2;'} =
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CHAPTER IV

RECOIL _NUCLEAR POLARIZATION OF Y2B(1H) 1IN u~ + %
o
(G+ 3 g151} ___-—?- 123{1". "_E_‘sl) =+ ?“

l. Introductions:

In this Chapter, we discuss the average recoil polarization

of lzB(l+ Y B Se) in the process

i o rdBpiofy s=—pedai, S )iy B D

talciing into account contributions from the excited states of lzB.
Although the muon capture process populates mostly the 12B{l+)
level, there is also a significant excitation of other levels,
particularly the 1~ level of 12’5. The partial capture rates (M)

2
to various excited states of s B have been measured by Miller Elj

a5

MIM) = (6.0 + 0.4 x 10° 571, 3(-17) = (0.89 + 0.10) x 10° s,

N2 =0, and N2) < 0.41 x 10° s™* ., More recently, Roesch

ete al. EE] have remeasured the above mentioned capture rates
(6,28 + 0,29) x 10° shl,

0,27 + 0.1) x ol o

and their results are as followsi 3 1M
M1T) = (0.38 £ 0.10) x 10° g7t , M2H
1

= -
and N2 = (0.12 % 0,08)x 10" .57,

I

* R.Parthasarathy and V.N.Sridhar, Phys. Lett, 82B (1979) 167
Fhysas Lett. 106B (19‘81) 363,
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The importance of average recoil nuclewr polarization (P_. )
in muon capture was first pointed out by Devanathan, Parthasarathy
and Subramanian [ﬁ] , who showed that the recoil polarization
of lEB(1+ 3 £+85.) in process (1) is insensitive to.nuclear struc=-
ture and hence can be used to draw reliable, model independent
conclusions regarding the induced pseudoséalar coupling in muon

capture, The experimental measurement of Pov of lEB(l+ 3. Be84)

in process (1) was carried out by Possoz ef, ai. Eé] y employing
selective implantation techniques to preserve the polarization of
nuclei recoiling into forward and baclkward hemispheres, Irom

the measured value of Pav. (IEB(1+ J BeSe)) = D.&SEIi_D.GQE? they
have deduced a value for the sum of the induced pseudoscalar

(gpj and induced tensor couplings &g 'as(% + gT);"gi_z Tol + Z2e7s
j&d??ting the PCAC estimate for Bp, this leads to B&p/g4~ (L.0£2.7)
hich is compatible with zerc. In this connection it may be

mentioned that similar conclusions have been obtained by Roesch

et. ale [5]_ , who measured the ratio R = Pav.!PL (where Pq

is the longitudinal polarization), which is free from nuclear

wavefmetion uncertainties and is very sensitive to & -

However, the excited states of 125 are polarized in
muon capture and hence wil] contribute to the observed polariza-

* tion of lEB(1+ H Z.S.). The correction due To the 1 'state

4
L]
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of lEB was estimated by Ciechanowlicz [ﬁt} to be 0,25 using
the generalised Helm model for lEB{l") state and the corrected
Pav.{1+) obtained by Possoz et, al. E&] was 0.532 + 0,043,
Such a large correction as obtained by Ciechanowicz (6] must
be viewed with a degree of caution j it is well known that the
generalised Helm model employed by Ciechanowicz for the -
caleculation of partial capture rates”and polarization, gives poor
agreement with experiment. This Pact was also noted by Devanathan
ete al. f?] in their study of partial muon capture rates for

lEB using Helm model, The calculation of Ciechanowicz has been
eriticised by Kobayashi }__8] on the grounds that the muon
capture matrix elements in geﬁeralised Helm model are parametrised
and their values Tgre obtained from inelastic electron seattering
data, which do not seem to be sufficiemt to derive definite

values for .hese parameters. Eence, as pointed out by Kobayashli
ot. al. [B]] and Truttmen et. al. [9] ~, it dis doubtiul
to use the results of Ciechanowicz [6]  to correct the mea-
sured polarization of lzB{f : HeS.), as was done by Possoz

ete al. 2] .

The general formalism for the partial capture rate and
7 and 8
recoil nuclear polarization is given in Section / of Chapter III
'and we do not repeat it h¢re. In Section 2, we state a theorem

due to Rose [10a] and outline its proof., In Section 3,
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the theorew is applied to estiwate the correction due to the

12'5(1_) state. The formalism of particle-~hocle models has al-
10
ready been discussed in Section/of Chapter III and in Section 4,

we present numerical results for the corrected polarization of

:.LZB{]."'; Z.5,) including the effect of 1213(1-) state, along

with discussion.
2. THEQOREM

If the nuclear system is initially in a

state of orientation described by a statistical tensor of rank A
and if it makes a trensition to a final state whose orientation
is described by a statistical temsor of rank ', then' ! =2

if the transition is a parity conserving one, and 2A' =A+ 1 1if

the transition is parity violating.

Proof, For cuivr-méegce, we shall divide the proof
an
into parts}(fcr ‘;()arit:,r conservi: g and parity
non-conserving cases, respectively. The

following discussion is after Rose E,Da] .

PART . A %
. Parity Conserving Case:~ We have shown in Section (4z) of

Chapter II that P (population of sublevels) and G » (j) (Fano's

statistical tensor) are transforms of each other, i.e.

6 (B = z (D7 ey c@IY 5 - MH0) (2)
v M
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It is now Useful to introduce apother statistical tensor n{}? y
by expanding PM as a polynomial of degree 2J in M . ' Since
the Clebsch~Gordan coeffieient O(J AN J 5 MO M) 1is also a poly-

nomial of degree A in M , we may write

27
By = oI BT UT AT HOW (2)

Substituting eqm. (3) in etn. (2) and using orthogonality pro-
perties,

27 + 1”
G & —_—
» () amen (9

which may serve as a definition of o{}, s 1T may be seen from

- eqne (4) that oy, is a simple multiple of G , the

D
Fano's statistical tensor,

Consider now the transition from an initial state Ijm> ’
whose orientation is described by the statistical tensor <« ,
to a final state ‘jlm1> whose orientation is to be deter-
mined, Let the parity conserving interaction be chosen as
H= M, M s , where ﬁ can he represented by a spherical
tensor, Denoting the populations of initial nucleus by P, ,
the diagonal element of the density matrix of the final state is

G, = B, Rl ()

b
m
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s i = 5 o s Ve - i —p . '
Writing R E % (3 C(JN] 5 m o m),exyressing M in spherical ten-
sors and applying the Wigner-Eckart thaoremgﬁ.o,b]

= ] T . g T ) : i i (G)
oy ™ Fu (D COIAT; mom) CCI Syymn i) ™ [y (13|} )
Summing over m 4 the three Glebsch-Gordan coefficients can be
arranged to yield

? s H<J| H My ” })ll %— D{}\{J‘J‘ [—-r}‘jlﬁj-‘v‘-}

TH""I'II

WIS 35 0w) TSI el dng;m o m) (2
Now define ; |

: . =S =pe A e i
oh () = otn () €13 W §43950) E“D_'](E}

S0 that"
. S T : . . o
S)N’ml = l‘(-j{ ll M;J”J;'l % C(}(J;) C(Jf?gij_; m’gmj)

= [ I My 1551 B, N
Thus we see that cth( ;jl) plays the same role of . °c2~.( j) for the
initial state., Since < defines the orientation, we see from
eqn. (8 that the parity conserving interaction T . M & carries
(3 to «(J;) , that is, the rank of the tensor < is wn-
changed, In particular, if the initial state fjm) is polari-

‘sed (A =1) it remasins polarized (A = 1) in the final state

amy .
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We  now derive a relationship between tne initial and final
state polarization. The polarization ( I*I) of a state \.]H>

may be written as
e & :
PN = 3 = PM/IEPM (10)

Expressing I M Py, and I Py in terms of the Fano's statistical
M M

tensors G-;J as given in eaqns, (6) and (7 of Section (4a),

Chapter II and using eqns (4) to express Gl’ in terms of o«
we obtain
e <
12 fhekeddecipi Sk 1
P(3) = 3 J - - (11
T :
Frowm the above equation, we have
N{% :ul+1) (i) % (D -
LR %l o

From e7n, (8), putting A =0 and using the proparties of the

Racah coefficients, we can easily show that

G{D( jlj = G{c( j) ®
Hence, we have
P.(35) ( 3+ ] Ja=i-v-1
NIV 1 e S
p'N{jj" = W ) UGVRREREE 1) [:ﬂ[ﬂl]
(13)
For a pure dipole transition (yp= 1), the above relation reduces to

P(3.)

g :
3 D + -2 S 25D (19
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PART B,
Parity non-conserving Case

Let a typical parity non-conserving transition be re-

presented as

s ey g -__}*
i =i (Ml ) (19
E
where
= i ~K
M 5(31’“‘1‘ o | > £ (16)

for the sake of illustration {ﬁi“ are the spherical basis vectors).
The diagonal element of the final state density matrix can be
written as

S e -
p = = 1P & P op, (MxM) (17)

G m
Using Wigner-Eckart theorem and the following rule for the cross

product of .wo spherical vector.

.

1 (')
%MX%“=12G(MJ,HM‘M+H*)%
s S | 1 (18)

—l -"}*
we can evaluate (M x M ) and the expression for the density

matrix element becomes

2 4
oy = 2 ] e )| 9]z 0 ayetany, w2

G(111 , m = my m - 1) (19)
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Expanding p = as given in eqn. (3), we nbtaiﬁ
o bhe $isie ] S e :
| S)h]TTﬂj = 'U'& \[.-1_ j(J] l\ J HJ ?l S Cm') , {Eﬂ)

where

S(mlj = E}k O{l (J) (—I]Thl"m c(SAJ;mo )

G e =
Comparing eqns. (21) and (9), we see that S(ml) has the same
status as P, 4 the population of sublevel my . Hence S(m,)
i s .

may be given the following polynomial form

214 :
.;56“3 = ?;o (» c(Jivdismyom) (22)

and thus B  has the same role as <, , in determining the |

orientation of the final nucleus, The edn. (22) can be inverted

to give
Bl 2 S(m,) c(d»d ;™ om)
EI’ = EJ'I‘_'} my o

showing that ﬁp and S are transforms of one another. Now
substitubting for 8( mlj from eqn, (2l) and carrying out the

" angular momentum algebra, we obtain
B, = 0 [»3 L3104 % Ky (D) ¢ (Wiw;000)
é N("ﬂ-’; S ) W(HJ", 3 ia) N(J'?txt;.f??){%}

—n -
(--ﬂl'1i R E')L:ll
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¥rom the above eqn. it is seen vhat the rank of the orlentation
of the final nucleus ) is related to X , the rank of the
orientation of the initial nucleus thromgh the parity Clebsch-
Gordan coefficient G(A )P s 000) which gives

R ' (28

This completes the proof of the theoren,

3, _Estimate of the Contribution from 1 B(l ) State:

In this section, we apply the above theorem for périty con-
serving case, to estimate tﬁa contribution of the Y-decay of the
lzB(]fj state to the average recoil polarization of the lgﬂ{l%)
ground state. The energy level diagram of IEB is given below

following Olness and Warburton [il] -
I, T, MeV
.g""j i ST 2
1 :L_J -1’ 2"%2
|4 £3
%ot
2, L1e?
3.210:4
! 4 ot 1, 095
6 %) 96:8 £0% |
fale!

N/ 4 \/ 1?; j_j O
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In the above figure, the numerical values in gamma transitions

refer to branching ratios; The contribution from each excited

state to the polarization of lEB{1+ $ Z+5.), is proportional %o

the capture rate and the branching ratip,for‘gamma decay. Since

the capture rate to the lEB(l"} level has been measured by

Miller et. al. [l] as A (1) = (0.8 + 0,10) x.103 S:l

we talte into account only this excited state for calculating correc-
tions to the P__  of 125(1%), the capture rates to the other
exclted levels being }(E'l') =0, XEET) = 012 % 103 5-1

and hence can be considered negligible compared with }hﬁfj.

The resultant polarization of 125(1+;g.5.) can be written
as a statistical sum of (1) direct polarization resulting from
i)
muon capture by lEG{D+§ denoted by -PEW (1+) and (2) indirect
: ]

polarization of 13B{1f 4 Z45.) resulting from the gamma decay

of the exci.ed lEB(l‘) state denoted by P:vslf). We can carry
over directly the formalism given in Section 2 to estimate the
correction due to the gamma decay of the 12B{1") state. 8Since
the 125(17) level is polarized from direct muon capture by 120,
1ts magnetic sublevels will have non-uniform population dencted

by P, «Considbringthe Y-decay from ~2B(1D) to ~°B(1%), the

diagonal elements of the density matrix for lEB{lf) is given by

Jnan= % Po [<®B();m, [ Hel'*B {t")mr
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e 1 + R
where my denotes the sublevels of 2B(l]l and HY = jH 1 _g_p

is the Hamiltonian for gamma decay, which 1s a parity conserving
transition., From the arguments of Section 2, it4s now obvious that
the lzB(l"") is polarized due to the 125(1"} polarizationy using

eqne (14) we now conclude that

¥ i¥ + LA |
e B(1H) = 0.5 Pavd B(1Y)") (26)

Denoting the partial capture rates to the lzB{1_+) and 12]3( 1)
states by aA(L™) and (1D respectively, the resultant

lE’B{ i average polarization ( szﬂ' ) can now be written as

Pm(“)‘"‘ AOH) cuil e N
= A FYAACD 20 NO) +AG)
S
Fav. (-,-I')
(27)
with F:? (1h given by enn, (26).

4, Numerical Results and Discussion,

(a) Numerical Results:

i
In Table 1, numerical values for Ml+} and Pav.(l+}

are given for various values of (gp 2 gT) / Ba for the following




nuclear moaels; (i) Independeat Particle Model (IPM) (4ii) partiele-
hole model of Gillet and Vih Mau [12] wnich includes 2 h
excitations and (iii) particle-hole model of Donnelly and Walker [13]
wherein the two body residual Serber-Yukawa force is used to dia-

gonalise the shell-model Hamiltonian in Ip=-lh basis,

TAELE 1
i P GV __.jD” O
ig‘% }\.[1+) i Pav( l+5_" }\(1‘*) Pa’ﬂ{ 1+} A1 E'— Pé’v{l )
(10° &™) (10° -l) 10" s
-10,00 47,609 0.8762 45,669  0,6763 9,403  0,6764
- 7.5 44, 633 0.6775 42,825 0,8781 8,816 0,6765
r 5,0 41,932 0.6766 40,237  0.6757 8,821  0.6756
o By 39, 494 0,6680  37.905 0.6686  7.789  0,6639
0.0 37,322 0.6566 35,831 0,6557 7.370  0.6556
2,5 25,417 0,6379 34,012 0,6365 6,990  0,6379
5,0 33 770 0. 6123 32, 4580 0, 6102 6. 663 0, 61223
7e 5 22,407 0,572 31,145 0.5765 6,400  0,5792
10.0 31,303 0.5336 30,096 0.5352 6,181  0,5386
12,5 30,466 0.4907 29,304  0.4866 6,016  0.4907
15,0 29,803 0.4361 28,768  0,4315 5,896  0.4361
17.5 29, 589 0.3760 28,489  0,3708 5,838  0,3760
20,0 29, 551 0.3118 28,486 0,3062 5,835  0,23118
22, 5 29, 779 0.2452 28,669 0.,2394 5,880  0,2452
9540 80,275 0,1780 29,189  0.1721  5.997  0.178%0
Exp. 60 + 0.4 [1J

6,3°%.0.3 [14]
e 75 + 0,30 [15]
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In Table 2, numerical values for (1) and P‘:‘:v (1)

are given for the above mentioned nuclear models, M1T)  and
i

i?av'(l'} are independent of (g, + &) / gl Qur results are

compared with experiment and other theories.

TABLE 2.
A ; o | H
lluclear lModel M1 in 107 T P (1D
: ' et S R
. IpM 1,927 0. 6285
av 1. 423 0, 6664
DW 0.593 0.6523
Other theoriess
Kobayashi et, al, 1.4 (a) 0.431 (a)
0.877 (b) 0.607 ()
1.22 (g 0.533 (e)
2,78 (d) 0.657 (d)
9.4 (e) ~0.,332 (e)
Ciechanowicz (67} 0.23 -0, 25,

(a) Cohen-Kurath (0F) model I

(b) CK model II

(e} CK model IIL

(d) Bingle particle Jjj cowling shell model (i)
{EJ 8ingle particle jJ couwling shell model (ii).



In Table 3, numerical values for the resultant average

Tes.

polarization i 6 i) using egn. (27, are given.for various

values of (g, + gr') / 8, 1in the above mentioned nuclear models,

We also give numerical values for PE??‘(I*') including 50% MEC

cﬂrrecticns} using Gillet~Vinh Mau

— e — - -

[12] wavefunctions,

505 MEG
B g, IPM GV Dl GV -

~10,0 0.6619 0.6646 0,6515 0.6533
- W h 0. 6621 0. 6655 0,6511 0.6539
= B0 0.6594 0.6625 0. 6478 0.6511
- 2.5 0. 6521 0. 6548 0.6401 0. 6440
0.0 0.6396 0. 6448 0.6275 0.6315
2e5 0.6212 0.56229 0.6092 0.6134
5.0 0. 5965 0.5973 0. 5851 0. 5885
7.5 0. 5649 0, 5650 0. 5545 0.5565
10,0 0.5267 0. 5257 0.5177 0.5189
12,5 0, 4819 0, 4797 0, 4748 0.4741
15,0 0. 4310 0. 4277 0, 4263 0, 4278
17.5 0,3752 0.3706 0.3732 0.3673
20.0 0,3157 0,:3099 0.3166 0.3081
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In figes 1 we display giuphically MEC effects on the

Tes.

P (A9 or ERaE s sisl),

(b) Discussgion:

From Tables 1 and 2, it is seen that the partial capture
rates ?s.(l+] and A(17) are model dependent, while the

average recoil polarization Pg‘v (1) is almost model indeﬁen—

dent, This can be traced to the fact that the expression for

Pﬂ?- as glven in eqn, ( 55 ) of Chapter IIT involves ratio

of reduced matrix elements which cancel in FPA, while the effect
of nucleon momentum dependent terms and higher order neutrino
partial waves, is small, From Table 2.y it is seen that our values
for Pav.ll-) are in good agreement with that of Kobayashi et., al.
[Bj and experiment. It is contradictory to the value obtained
by Ciechanc-ricz E—S] which is Pav'(l") = -0, 25, 4s mentioned
in Section 1 of this Chapter, the negative value for Pav.{l")
obtained by Ciechanowicz could be due to the generalised Helm
model. employed in the calculation, whose inadequacies were noted
by Lobayashi et. al. 8] . From Table 3 , it is clear that
Pzﬁf'{f] di ffers from uncorrected Pi:?_(l"') by a small amount

( 4% ') ; this is due to the circumstance that M17) <K a(1h),

- 1 atd 5 M1D) i
so that the statistical factor NiD + D) s small as

A 1h
d to
compare i\(1+‘,| T }\(lh}
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Tes, .
Since Pa‘frf (1%) is nuclear model insensitive, it can

be safely used for extracting values of (gP + gT) / g Gomﬁa-
ring with the experiment of Possoz et, al, [247] , we obtain

{gP+gl.) /EJL = (13,8°% 18 gy »

In what fellows, we correct the above Impulse Approximation

estimate for [gP + gT) / 8 by including MEC corrections,

The transition 126(0% 5 g.s.) ——>1%B*T 5 gus.) s an

allowed process dominated by the GamowsTeller operator and hence

MEC effects (which enhance only the time component of the axial
vector current) are expected to be negligible., On the other hand,

the transition lgﬂ(ﬂ"’ S BeSe) ——)J'ZB(I' y 2,62 MeV) is a

first forbidden process, it is indevendent of (g +ep) / g4

and the time component of the axial current so that MEC effects

are agnin negligille, We have evaluated the resultant average recoil
polarization of lEB(l"' s Z.5,) using the wave functions of

Gillet and Vinh Mau flzj 4 for warious values of F (which is

a measure of MEC effects, see Section 9 of Chapter III). In
figure 1, we display the variation of Pii‘f"{f’) with gP/ &

without and with 650% MEC corrections. By comparing with
experiment, E?c] we Iind that

(g, + &) / g = (13.62 & 2.D)g, (28)
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2 value nearly independent of MEC corrections, Combining

this with our value of (g + &) / gp= (12.9 & 3.9) obtained

from the analysis of Y - P angular correlation coefficient
Po 3 we conclude that

(gP+gI)/ g, = (13.3 + 3)g, ()
a value to a large extent free from nuclear wavefunction uncer-

tainties. This value is in conformity with the value of Kobayashi
ete als [8]  who obtains

(g + &) /g = (Igan g - (30)
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PO Rl

QUENCHING OF CAHLEBQ ANGLE AlD TOTAL MUON CAPTURE RATES*_

1, Introducticon

In this chapter, we discuss total capture rates in heavy-
nuclei within the context of the Salam 8trathdee theory @_] of
yani shing of the Cabibuo angle at large electromagnetic. fields.
The critical magnetic field above which the Cabibbo angle {Ec_) ‘
could reduce to zdro, was estimated by Salam and Strathdee El_j
to be of the order of 10 lﬁr}. Using heuristic, qualitative
arguments, Suranyl and *_ Hedinger [Ej sugzested that such
large magnetic fields could possibly be present in the interior
of odd-proton nuclei. They have argiled that, in the case of an

odd~even nucleus which may be regarded as 2a combination of nueclear

core and a single proton, the magnetic field generated by the
proton is given by

H = (1/4 x lﬂlﬁ Gauss (1)
where 1 is the angular momentum of the single proton state.
4 more detailed calculation of electromagnetic fields in the

interior of the mucleus (and the constituent nucleons) has been
carried out by Lec and Khanma [3) , using a single particle
.: 1ell model , they find that the Lorentz invariant quantity

* B .parthasarathy and V.l,Srlidhar, Can, J. Phys. 56 (1978) 1606.
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34 = B2 - EEK-:E s where B and E refer to magnetic and
electric fields respectively, is large and positive at the centre

of the nucleus and negative in the rest of the nucleus,

In the context of total muon capture rates, it has been
shown by Watson T4] that better agreement with experiment can

2
be obtained in the case of Q“Hb , which can be thought of as a
4]

core of %Zzr and a single proton in the f = "4 state, Assuming
40

magnetic fields of the order of 10 1?{}, and using the following
formula of Primakpff Eﬁj for total capture rates ( N
A = Y x A(L,D Cos”e Ze . (1- AsE)
Rridnd ’ c “etf. Z4
(2
yhere AN(1,1) = 62 + 865 +6 -26,0
? v A GP GP A

Y is the capture 1ate in Hydrogen,

Zeﬁ‘, is the effective nuclear charge as seen by the muon

' ‘takes care of Pauli prinuiple,'

we may vrite
A ( Zi‘ﬂa) 4 A2
= UALY Zogey, Lndumat)
c
(3)

Phus, a deviation of the observed total capture rate in gslﬂ] 2= e
o

from the Primakoff formula by a factor of 1;’0052 e, can be taken /

an indication of vanishing of 8, » However, we note that the
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the normel and abnormal valuesof Cos 8, (0,97 and 1,0) differ
by 3% and total capture rates with and without 8, =0, differ
by 6% . Hence, in order to test the Salam Strathdee idea of
vanishing of the Cabibbo angle, other corrections unrelated to 6,
" omitted by Watson must be taken into accownt . It must be men-
“tioned here that recent studies by Suzuwd [20] , Wilcke [_21]
and Linde [23] have cast doubts on the ultra-high magnetic
. fields in nuclei required for the vanishing of 8,y and further
i+ seems that nuclear structure effects play an important role

and must be kept in mind when comparing theory and experiment.

In Section 2, we review briefly the Salam-Strathdee theory
leading to strangeness canservatiﬁm in weal processes. Ln Bection
3, we give the formulation of the total capture rate including
recent improvements by Gouldrd amd primakoff [5] g b
Sections 4 and 5 we discuss hyperfine effectr and the effect of
momentum dependent terms (MDI) and we present our results in

Section 6 along with discussion.

2, A Brief Review of the Salam-Strathdee TheorV.

The theory of symmetry restoration as propoumnded by Salam
and Strathdee [l:l , is based on a formal analogy between
'5panta:rleuuslz.r broken gauge theories and the phenomenological
Ginzburg-Landau theory E.’] of superconductlvitys In spon-

taneously broken gauge theories, one starts with a Lagrangian
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which is locally invariant under the actlon of a Lie group of
tpansformations such as SU(2) and 8U(3) § this local invariance
gives rise to a finite number of massless bosons, wiich are equal
to the number of generators of the group. The local symmetry is
now broken 'spontaneously' by the introduction of Higgs scalar
fields EB] which possess non-zero vacuum expectation valuesj
the word 'spontanepusly’'meening that the ground states of a system
do not have the same symmetry as that of the Hamiltonian describ-
ing the system. These Higgs scalars then give masses to the
various massless bosons, which are proportional to the vacmlﬁ
expectation values of the Higes scalars, Specifically, if one
views the Cabibbo angle {ﬂc] to be the mixing angle between the
down (d or n) and strange (s or ») quarks, then 8, £ 0 implies
the conservation of strangeness in weak interaction (or in other
words 'strangeness symmetry!) is violated, leading to a certain
icind of order. Viewed in terms of the Higgs mechanism, the mass
of the quark is proportional to the vacuum expectation value of

the Higgs field VU ,
m = & {VD (9

where g 1s the cowpling ccnstantjcoupling ¥ to the quarks.

. The reason for such an involved procedure to generate masses is

that the theory is not renormalizable if massive terms are in-
cluded in the Lagrongian j whereas it has been shown by t'Hoof% EE!}
that spontaneously broken gauge theories are renormalisable

1T masses are generated by the Higgs mecharni sm [B] .
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Salam and Strathdee now observe a formal analogy between
Lapgrangian theories of spontaneously broken symmetries and the
free energy of a superconducting system in the theory of Ginzburg
and Landau [?:l . In this theory the free energy of the super-
conducting system, in the nei shbourhood of a second order phase
transition T, , is expressed in terms of tThe order parametef "y
which is related to the density of Cooper pairs in the system and
determines the degree of superconductimty (or order) of the

system,

o ~o v o 2N o

where GS and Gn refer to the free energies of the super-
conducting and normal states of the system. BY applying an ex-

ternal magnetic field which exceeds the eritical gtrength,

B>B, n )¢ ©

the order (or superconductivity) is destroyed and the symmetry
of the system is restored. One can now observe a formal similarity

between eqn. (5) and the expression for the Higg's Lagranglam
i

Lo - -2l o

with the Higzs field Y playing the role of an order paraméter.
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As in the vase of supercunductﬁvity, an exterral magnetic field
exceeding a critical value could restore the symmetry (8, ~/ 0)

leading to strangeness conservation in weak interactions,

Based on the above line of reasoning, Salam and Strathdee [1]

have estimated the critical magnetic field (Hc) to be of order of

10 1% for o, to vanish.

3, Formalism for Tgtal Muon Gapture Rates.

In this section we discuss the formulation of the total muon
capture rate taking into account the recent modified formula due

to Goulard and Primakoff [67

We start with the Fujii-Primakoff Hanﬁ.ltﬂnia.n

e
i

b -—+('|-"d"1?)‘ztd[Gj.iz_+GA
L=

—

%—EE" —Gpcag)ca--)-ﬂv #}5})

where the various quantities in the above expression have been
' dofined in Section 3 of Chapter I. The expressionsfor the partial
capture rate using the above Hamiltonian has been given in Section

7 of Chapter IIL ard we do not repeat them here, We recall here
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the defiritions of the nuclear matrix elements My (I = 1, 2,3,4) &

A .= =2
Y ivabt St
Mei o5 My | E ;g d}g‘*) (9)

Ox| 3 M>

where Op (1,2,3,4) 1is given by

07 =L4305=035 903=D5 50450 +P;

. f |
In eqne (9)y Pap =% ¢ ~ (B, - B) is the momentum transfer

-f_tﬁr the partial transition a —3 b and the muon wavefunction

¢ ecan be averagzed out of the matrix elementse. The total
capture rate f\t to all the energetically possible final levels
is now given by the sum over all partial transitions:

= 10
At % j\m(a—-—)b} (10)

Since the sum over b cantot be evaluated in all its absoluteness,
the following simplifying agsump tions are usually adopted in the
caleulation of total muon capture rates,

(i) neglect of nucleon momentum dependent terms (0(1/M)) in the
effective Hamiltonian for muon capture j

_(ii) identification of the operators appearing in My (I = 1,2y9
as the generators of the Wigner supermultiplet ( the spin-isuSP_in
SU(4) group) which then yields the relations due to Foldy and
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| 2 2
% \Ml) = 3 b ,Mz,r S eyl (11)

(1ii) 7replacement of the quantity \’}ah = muag' - {Ewaa} =

m”.f:-2 - 0By, by My = .r.':.r; independent of the final nuclear state.
Since 90% of the total capture is due to the partial capture rate
to the giant dipole (GDR) state as pointed out by Foldy and
Walecka Elﬂj y ﬁ could be a mpreséntative value for the |
narrow band of energies where the C—DE strength is concentrated
and (iv) use of closure approximation, that is, the levels b

of the final nucleus are assumed to form a complete set, so that
I ) G (TR
b
With these four assumptions the total capture rate becomes
r~
At = —%—L %’u\l 2 5 3 62 402 - 26 0T (12)
/ b -, =¥ X

where L = jE,j {a ‘ 'I:';_' ﬂ:j EIPE‘]}-('?:L - rj}] )a) (13)
Thus we see that the eveluation of total capture rate is reduced
to the calculation of the ground state expectation values of cer-
tain operators appearing in eqil. (13). The edns, (12) and (13) ecan
now be evaluasted in various nuclear models; the caleulation in
the Fermi gas shell and statistical models has been carried out
by Rocd Ellj and the evaluation of the total capture rate using

the Unitary Model Operator Approach (UMOA) wave functions has been
done by Parthasarathy and Waghmare [12:] .
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The approzch outlined above for the total capture rate using

closure aepproximation is an example of a Non-Energy Welghted Sum

. Rule (NEWSR) 3 This is because in the I 1n eqh. (10), we are

b
' puliing out the guantity )?ba by assuming an average energy trans-
L §
fer sccording to assumption (3) stated above, and then the

closure approximation is applied to sum over a complete set of
final states. The main drawback of tils approach is the uncer-
tainty rez-rding ; , the average neutrino energy, the value of
which depends on physical intuition and guess work. There have
been attempts to go beyond the framework of NEWSR by Eernaheu \-_13]
who expands ¥,y as a Taylor series around the mean value }a' y
and by Rosenfelder Elrl] who has developed systematic corrections
to the closure approximation by introducing the notion o.f two or
more mear Exéita‘tﬁ.on energies, the corrections depending on energy
moments of dlstribution of tra sition strength. in the approach

of Goulard and Primakoff [E:] , the ground state expectation value

of the operator nroduct 6~ o y where
A& & BT
gy 2 iil e Ty (14)

25 decomposed into its isoscalar, isovector, and isotensor parts,

and the ground state expectation galue of @ a'+ becomes

( |A-121
gZA J (19

B, |

(a|oetlor =7 [+ 25 A
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where

<a“21‘{0+1{2 Ha>
<a“41§2 ||a>

1

Po
Po

(16)

1l

with the reduced matrix elements defined by

St 0P o B =
Aol Kooy =l 2,67 % & TH 3T
and ;
& [37: - Ta (T )] <o.4| alley
=(a| = e (t}d? 3t Fia 07
i

:(L7)

Using eqn. (15 and the NEWSR for closure approxzimation, the total

cap bure rate now becomes
B s e e A — (A=
/\t = T/\(Li) ZEﬁ, (;n——#‘) %f‘f —l__z- Bo ( > A
—+ ( }Oah o E)ys Eﬁ)ﬁl} (18)

However, the above formula still contalns the parameter ; which
has to be Tixed elther by physical intuition or by an appeal to
nxpﬂri]IIE‘lt, 4o eliminate the dependence of the total capture rate
on :; y Goulard and Primakoff employ a combination of non-energy
and energy weighted sum rules (NEWSR and EWS3) to arrive at the
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following expression for the total capture rate.

At = YALD Z‘Eﬁ [H' B, - ;2 B

A-22 _ |A-22z|
2 A 3 F A _?I fB’-:.\ (19)

The above expression , with f,, Pg and B treated as constants

independent of A and Z (taken to be the same for all the initial
nuclesr ground states), constitutes a three parameter fit to the
experimental data on total muon cap ture rates. The values for the
constants obtained by Goulard and Primakoff [Ej are

By = =0.03 , By = =025, By = .24 (20)
A microsconic calculation of the constants fq» By and B, has been
carried out by Mekjian ]:15:] who found that the introduction of
long range correlation brings theory into better agreement with
experiment,

2
T e T s e

232 o

Th and EZI‘ using eqn. (20) and results are presented in

Section 6.

4, Hyperfine Effects

Tn this Section we discuss hyperfine effects in muon cap ture
. following Bernstein et. al. ]:lﬁ___[ . For non-zero nuclear spin 5 i
the spin of the muon in the atomic Bohr orbit will couple with the

nuclear spin I to form st-tes of total spin I £ 1/2, known as

r
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hyperfine states. The average total muon capture rate is then the
statistical sum of the two capture rates from the hyperfine states
I £ 1/2, deroted by »,_ and X . Thus we can write the average
total muon capture rate ( R ) as

A = {c1+ D o, o+ 13_} / (2 + 1) (21)

The capture rates 2N and A_ will in general be alfferent due to
two Teasons: (1) There is in general a correlation between the
spin of 0w ‘and I, and also between the proton spin and 1,
especially for odd Z nuclei. (2) The probability of a T
capture by a ﬁfoton depends pn-'théifo relative spin orientation.
This is easily seen from the expression for muon capture rate in

hydrogen, which is proportional fo

pla+vo.e | a7 (22)
el arCi
where '
L e 2 2
L g = _
a v + SG.l + _‘GP EGPG.L
4 2 Byian anepnd

4 Tough estimate of the difference between 2 and A, for
captures from two hyperfine states L + 1/2 and I - 1/2 has
been given by Bernstein et. al. ElE] . For a nucleus with
odd 2 and 4, they assume a spinless core of even mumber of prog

tons and neutrons a.nq,?‘%utsida‘ proton which is regarded as Iree.



The differe.ce between A and A_ 1s then caleulated according

to the two effects mentioned above and their result can be written

as follows:

h+—l_ = —EZ-. (& + 1) M1 for I =1L + 1/2
. (23)

B A b G A Gl B (s A

e A /

shere I 1is the orbital angular momentum of the odd proton and
g} = (Z-DE + 1, E 1is the final state exclusion principle sup-
_preasiun factor, The constants a and b are given by the same
expression as in equm. (22), It is seen from egn, (23) that the
difference in hyperfine rates is proportional to 1/Z and hence
negligible for heavy nuclei, For example, in the case of

Byb(z = 41), 2, - A_ = 0,05K,

Based on the arguments presented above, the effects of hyper-
fine captur. rates are seen to .2 negligible, [his can also be
seen Trom another argument, We can imagine the nucleus BBH’D
to congist of a spinless gzZr (I=0) core and an odd valence proton
(L = 4 with J = 9/2, Thus the total capture rate may be thought
ofasHsum of cantributionsffmm the spinless core and the odd proton,
the capture rate now closely resembles that of hydrogen with
j = 9/2. Employing the formula

= -1 :
(B) = lﬂg s - £a+b <;; '-;P}} (24)
EE} + Egi
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i 11

where = - = oaa Fo.t B state and a and b are give
i

for F, state by eqn. (22).

Substituting in the above equations, we find that

AR = AEF - AWMEF) =10 s

, which is very

small compared Lo the total capture rate ~J 10° =,

5. EBffect of Momentum Dependent Terms (¥DT) o

In this section we discuss the effect of momentum dependent
terms (O(P/1)) on total muon capture rates, These terms contri-
bute essertially through the cross terms with momentum independent
terms., Following Rood El:l , the change in the matrix element

squared due to the influence of MDT | can be expreésed as

(% = -G My — {GR—GP}giﬂg + GA'EA_HEB (25)
where
A vl 4
2 OL_Qp [ -0 oo - ()
My = <ﬂ'l & € Orla e,
+C-C-

with .I = 1,2,3 and
A T == sy
O1 = ¥k /M ) Caas (7 - PJ')/M
031‘31' /H
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We can now separate the i = J and i #3j terms in eqn. (26)

and perform partial integrations.

w = a5 o+ iy + M &)
where
= = 5 d,ﬂ]} i | {3} et
Mu T 3 'a_(H":t..)[(‘FC"ﬁ !M]IG-?{EB}

h o (R e 3 e TR T B
O
9/:\4] forpaae 120

—

I+ has been shown by Rood [JJ.] that due to the averaging over

X 2 a
neutrino directions 5%—#—- g Miy and Mo vanish Hence

only the third quantity MEE remains, which when compared with
the i#j part of edn. (13) can be written as

M?_E_ = (__;%]q (21)

where
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We may similarly split M2 into three parts,

& . P 2 2
ME = M5y + Mgy + Mg (32)

and it can be shown that the angular integration Eg—%— glves

= M2 = 0. Utilising the 3U(4) relations

2
Moy M5e

Mf = ME (33)

)

we may write sza as

M, = = (P M Q (24)

where Q is defined as in edn. (31), PMurther, if we assume a
pure shell model for the state ‘ a> (nueclear ground state)

then it has been shown by Rood [11.] that Mg reduces to 2ero.

Thus the correction due to the momentum dependent terms can be

expressed as

2
(%) = [?vgv**f%“*}p)%j—-ﬁq (25)
with . y? =
== * L
Q =it (al z ‘t§_+) -r:%}e (2) (26)

i#]

. The quantity @ depends on the correlation between the nucleons,
and it has been evaluated for various nuclear models. by R_ood;

it takes a simple form in the Fermi gas model, which can be written
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as, followl.g Bell and Loseveth EL'?] ’

Q= Z{ - 32 Y/2ke ""i({'ﬂ } (37

K. = 5__3)’!:_

ky is the Fermi momentum, and p 1s the density of nucleons.

where

Thus the correction from MDT to the total capture rate
1s |

BA)= 140, (aM)

We present mumerical results for & /\ in Section 6 along with

discussion. : .
Ss Numerical Results and Qiscussion P

In Table 1, relatlve contributions of momentum dependent Terms to
the total muohn sapture rate foT varicus-nuclel Axe presented, The
value for ~°0 and Dga areEtaken from Rood i]l.] .

Nuclei AN
LS5 0.1000
Vea 0.0900
92z 0.0490
93 0.0420

232y 0.0104
&0y 0.0101
2954 0.0088
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Fromthis taole, we see that as Z 1increases, che momenbtum

934y the MDT correc-

tion is ~ 4% , whereas for heavier nuclel such as 3350, 239}’11,

dependent term correction decreases, For

i1t is ~J1¢ . Recalling that there is a difference of about Gﬁ?.
between norial and abnormal capture rates (with and without 8,),
we see that the corrections from MDT (unrelated to ﬂc',l are of

the same order of magnitude forT gsﬁh-

In Table 2, we present results for total capture rates
Ao with eiperiment data of Johnsomet, al, |181 send
Bckhause et. al. Elgj .

TAELE 2

Rescaled value
Nucleus without MDT with MDT ~ (dividing by Experiment
Cos 0.)

927r 0.8244 0.867 4 0,85+ 0,007

% 0.9500 0.992 1,0543  1.04 + 0.014
232m, 1.1100 1,1500 = 1.22 + 0.03
238, 1.2 1, 2408 1,3187 1.29 + 0.03
239y 1.28 1,2208 1,4038  1.93 & 0.04

From the table, we find that for even A nuclei, the inclusion
of MDT brings theory into better agreement with experiment .

For odd - & nuclei, even after taking into account the MDT




corrections, there is a residual discrepancy which can be

accounted for writhin the context of the Salam-Strathdee idea
of the vanishing of the Cabibbo angle, Aalthough the BSHB total
nuon capture rate could be accounted for by taking into account

both MDI and vanishing of the Cabibbo angle, that in 235 and

23E‘P‘u can ba. accounted mainly by the 3alam-8trathdee hypothesis
since MDT corrections are negligible.

However, our results cannot be taken as an unanbiguous in-
dication of the vanishing of _'Hc. Recently, Suzuld [903 has
made an extensive study of total capture rates with improved ex-
.p.ermental technioues, and his results for 934y do show an
anomalously large cap ture rate when compared with nelghbouring
nuclei, &lso, Wileke et. al. [El] nave shown that the large
capture rates in ictinide nucdlel, such as the ones we are consi-
dering, cau be explained on the basis of the resonance model

of Kozlowski and Zglinskj..{%] . Thus, it seems that the vanish=

ing of ®, 18 not the only explanaticn for the large capture rates,

nuclear structure effects seel to play an equally important part.
In absence of & clear indication of the ultra=-high magnetic fields

in nuclei reguired for the vanishing of Ec [23] and in view

_of the importance of nuclear structure effecis, our calculations .-

show the importance of hyperfine effects and momentum dependent
tema,umich should be taken into account before drawing any

conclusions about the vanishing of 8.
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CHAPTER VI

*

WEAK INTERACTION ASPECTS OF MUON CAPTURE

Le lntro duction

In this chapter we study some weaik interaction aspects of
muon capture, namely the intermediate vector boson (IVB) aspect
of the weak interaction and some elementary particle aspects
pertaining to the second class induced tensor form factor (gﬂ
on the basis of Generalised Meson Dominance (GMD) model of

Igarishi et. al. T3 [

Recently the 'gauge theory of weak inﬁeracticns has emerged
as a successful ranorﬁalizable theory following the ploneering
work of Salam |2 | and Weinberg [5] . This theory which wni-
fies electromagnetic and weak inteamations is based on the group
su(2); x (1), and its prediction of neutral currents via the
neutral Z boson has been confirmed by experiments E:L] .
However, there are many interesting features in an enlarged version,
vize the B8U(2); x SU(2y x U(1) model [53 . This model re-
duge® to the SU( 2}L x U(1) theory at low energies since the right
handed gauge bosons agsociated with the gauge group su(2)g are
believed to be heavier than the corresponding left handed gauge

" bosons of the gauge grouwp SU( E}L. One of the interesting features

of the 8U( E}L x 8U( E}R x U(1) model is that the weak interaction

= :
R.Parthasarathy and V,N.Sridhar, Silver Jubilee Physics Symposium,
BARC, BOMBAY, 1981



—

200

is a mixture of (V-4) and (V+i), and becomes parity conserving
(i.e. contains equal amounts of left and dight handedness Thitak
high energies ( ~u300 GeV). In such theorles, Gn analysis of
neutrino interactions by Bajaj and Rajasekharan [6] and Rizzio
and Sidhu C’?] yield a value for the mass of the right hand vector
boson M’N » 200 GeV., The concept of manifest left-right sym=-
metry in the weak interaction Hamiltonian was put forward by

Beg et. als [15 j who argued that parity non-conservation at low
energies was due to the spontaneous symnetry breakdown and by
comparing with existing low energy experimental data, they deduce
that there could be a~13¢ (V+4) admixture in the wealk Hamiltordan.

In this chapter, we introduce (V + &) admixture in the Fujii-
Primakoff Hamiltonian for muon capture and use 1t to compute hyper-
fine singlet and triplet capture rates in muon capture by hydrogen,
In sections 2 and 3, we give the formulation of capture rate with-
out and with (V + & admixture respectively., In section 4, a value
for the mixing parameter is deduced and a gualitative estimate
for the mass of right handed intermediate vector boson is given
which is not in disagreement with the values obtained from gauge
theories. In Section & we discuss the GMD model of Iganishi et.al.

[l:l and derive an expression for the ratio of the second class

. coupling constant (gp) to the vector coupling constant (g;) in

terms of strong and weak counlings of mesons and their masses.
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In Section 6, we obtain a value for fE/ fp y the ratic of B
leson lepton coupling to p meson lepton coupling, from our
value of Brp deduced from the study of Y - P angular corre-

lations and average recoil nuclear polarization.

Ze _Muon Capture Rate in Hydrogen

The elementary process of interest is

K + p—p n+ Y, (D
which is described by the Fujii-Primakoff Hamiltonian (FPH)
1 — A '—"?'} _}
= (L =0 D ) Gy + Gy 000+ o (2)
B o=z 3 Lo+ % ]

neglecting momentum dependent terms., The effective coupling
constants Gv, G.;L and GP in the above equation have already been
defined in Chapter I and we do hot repeat’it here. The initial
Lp system can exist in two hyperfine states, viz., the triplet
(spin 1) and the singlet (spin 0) states. The capture rates for
the two hyperfine states are different as first pointed out by
Bernstein et, al. [B) and we now proceed to caleulate them
following Konmopinsii L9 .

From Fermi's golden rule, the capture rate (2A) for process
(1) is given by

?"ﬂln, I(’*’L”pi*(i >)(Gm +Gu9, 7 ©®
+GPUT:'1-*)‘PF"-*>I
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where 2 is the neutrino momerntum and other symbols have the

usual meaning, The FPH may be conveniently written as

- > '
P e (4
where
; — A : —
A = Gy =Gy opeV + Gp crp.w; (4a)
—-':r A M — 5 -u-—-} A
B G&”p‘ﬁv}"'c‘p j_}':ﬁ'_p-'l}) + 1 Gyloy, x ) (4b)

We now sum over the final neutron and neutrino states (cl osure)

but do not aver=ge over the initial state |Pf“".> since we

wish to retain its identity. 4s the neutrino is not observed,

we integrate over the solid angle of the neutrino using the relations

(terms odd in {) vanish on averagingover neutrino directions):

Ay db (5)
B.(n’;u 4,;{_-0

f" .
: —> A = A » A ==
5‘(}E.FD) (db"):) :;ff =2 ﬁi"rp (€

The capture rate is then obtained as

2

< le3 L <
A= ;-“- [G«.r + Gp +BGP~1GPGA *4{@,&

(Ga- % GF) = Gy (Gam 693 Cpp|oop )
(7
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Since <cr . crp >

-3 for singlet state

= +1 for triplet state

the singlet (?‘5} and triplet {?xt} rates may be written as

N, = g E;c, + 62+ 2 G, V—GGPG]{E}
2
D

?ﬁ.t = = [{Gv + Gﬁ}g £ GPE - 2/3 GP (.'[}i.-i* G‘\?}]

g (Vo A) admizture

To introduce the (V + -;1) current into the Fujii-Primakoff

Hamltonian, we note that the (V + &) lepton current is
1?‘4- Y“ (L+Y )ﬂJ which reduces to 3_{1 + ?. v) on perform-

ing the non=relativistic reduction, For the bare hadron currenc

it
the modified Hamiltonian may be written as

i;n ¥ A o+ YS)IIJP y WE take =0 1,25 Bye .ith these changes

- X o D
H = 3 E{ln} {l-Ez.'.p) {GV+GAG{;:EP+GP pw)+?~{1+:r.}})

15 — 1 = A

(Gy + G Gﬂ:ﬂ-p + Gy Ope W i (10)

-

the
A is/mixing parameter and the primes on G, and Gp refer to the

fact that we are pubtting §; = 1.25 Byre Enploying the same method

of calculation as in the last section, we may write
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H =3 [(1 =) (A+ 0B + MC+G‘.D}] (1)
where
1 ! A
C = GV"'G.&.EIH' +Gpcrp.1} (11la)
A foaeds 1 N — N |
D = GpV-10G, x>+ Gp );(n-P. Y) + Gy ""'p} (11

and A and B are given by egns. (4). It is interesting to note
that the cross terms vanish in the calculation; this is easily

seen by computing the terms
(1—?1‘-‘} ( ﬂ&r- G'p)} (1L + 0. » ) which is equal to zeroc.

The singlet and triplet capture rates can now be written as

2
R : 2 . 3 2 2
hs = —5= [{(GV - Et}i) + 2 GP.EGET - BG&) + GP (1=A) " + A
: 1. 2 19 1 T 5
é(ﬁv-s 6% + 6% 20, (Gy —-m@} (12)
'2}1 & :
e 2 2 _2 N 2
}‘t - 2T [ﬁﬁv * Gi) + GP 3 GP (Gv + {}i}} (1I-N " + M
a 2 2 1 ! Gy 10 (13)
(G, + G+ 50 (G +G) + G
4, IMumerical Results and qussion

(a) Numerical Resultsz- Choosing the eanonical values for

the coupling constants as given in Chapter I, we obtain according
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_to eqns. (8 and (9),

(14

A, = 12,87 Rt (15)

The world z@verage of experiments as quoted by Hllkhﬂpati}:@'a?. [II..D] :

for the singlet capture rate is

N, = (661 x 48) st (186)

Due to its small value, the triplet capture rate 2y 1is diffi-
cult to measure accurately, and only an upper bound exists at

presents

A < 10357t (18)
To obtain an estimate for A , we drop 22 terms (N is assumed
to be small) and compare eagn, (12) with experiment to obtain

A = 0,025, indicating a small (V + i) admixture in the muon

cap ture Hamiltonian,

(Y Discussion: The above theoretical calculations as well
as the experimental values reveal that the muon capture interaction
is predominantly (V-A) in character, for (V+4) interaction the
_rates are almost equal (}».EN ]\t} contradicting expe rirent How-
ever, our value for 2 , the mixzing parameter, can be utilised to
deduce a lower limit for the mass of right handed vector boson
(leuR) y the value of which is AJ 300 GeV according to present day

gauge theories.
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In the intermediate vector boson (WB) picture of weak
interactions, the massive cherged vector bosons W= mediate the
interaction. Diagrammatically, instead of the usual contact

interaction
>, TL

f.ﬂ-

fJ-

we have the following diagrams

At low momentum transfers qz << mf', , the corresnondence between

the two pictures is given by [ll]
2 .
E
LT (19)
where g is the couwpling constant for the W= meson and G 1is

_‘the weak coupling constant. Jdsswiing that left and right IVB's

mediate (V-4) and (V+4) interactions respectively, we may write
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2

g -
{1;;_,532 = (1 =2)G KJE— ( 20)
M

s .
..._g._._._ = ?\'—G—- 21}

u( 7+ & V2

Putting A = 0.025; we obtain

My Y | |
ek Sl 6 (22)
MW :

' .This nalve estimate from our non-gauge theory caleculation is not

in disagreement with gauge theory estimates. 8ince I{‘s"ﬁ‘iﬂ GeV [12]
we obtain }1‘% ~f 420 GeV, which can be interpreted as the lower
limit for thé right handed vector boson mediating the (V+4) inter-
action, |

5. Generalised Meson Dominance (GMD) Model

The pgeneralised meson dominance (GMD) model for weak inter-

actions was proposed by Igarishl et, al. [lj as a natural ex~
tension of Yukawa's theory of f-decay., This model provides a more
fundamental justification for the phenomenological formulation of
Weinberg E].’?J for the six hadromic form factors., In this model,
various strongly interacting mesons dominate the hadyonic weak
form factors, an approach similar in spirit to the one pion ex-

change diagram which gives rise to the induced pseudoscalar caupling
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in muon capture, EBEmploying lowest order perturbation theory and
both derivative and non-derivative couplings for the meson nucleon
vertex, Igarishi et. al. express the weal: hadronic form factors

in terms of strong and weak couplings of mesons and thelr masses.

In the @D model, the following isovector mesons contribute

to weak fcrnﬁ fachbors:
m(140), p(760), &(9€0), Al{lﬂ'?t:}], B(1220)

where the numbers in the bracket refer to masses in MeV. Expli~ .

eitly, we have the following diagramss

where the form factors are defined by

Cre Vi Py = Tt [ ], * o %%ﬂ +19,

35}“”&] Up
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\AMF’) unl[)’#j,q‘*“' %E;{_*' (23)

where the form factors are real assuming time reversal invariance
and Eq and Ep are the second class form factors. In this

model, the strong interactions of the intermediate vector mesons

are assumed to be described by the following Hamiltonian:

Bl = o K ST

Hg = ds Nz N §
F{ = gﬁ¥1 N I.?}L'7§*Z N - JQIPL
HB e gB/q_M Nl{pn s T N- (Q,U-B:u "abeJ-)

The weak interactions of the mesons are assumed to be of the

(V=-a) type:

%{n = j%TK?HTT 2 L+¢‘;9F.TT + hrc.
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H(S = ﬁ:éjms L'_L-BP. 5 +{"-'C'
HA.‘ = I L L A‘l“" + hec.

ek e B ke (29

Using eagns, (24 and (25), the weak couwplings F's in eqn, (23)
can be expressed in terms of the strong and weak couplings of

the mesons and thelr masses. In what fﬂllcwsjwe shall be inter-

ested primarily in the ratio ET,/ g 1l.e. the ratio of the

induced tensor to the vector form factor .

To derive gy in terms of the strong and weak coupling of

the p meson, consider the diagramf
v | n
> <
The matrix element for the above diagram may be written as

do 5p (Tm M 5 Up) [ﬁm—t’ + Yo U 1 ﬂ_ Ly
ﬂyl—# 'I"ll_é (26)
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where we Lave used the expression for the vector boson propagator

Ell] « BSince qz &4 }Ii s the ahove expression reduces to

gv:gffj/lmﬂ§ (27)

Io obtaln &n in terms of B-meson couplings, consider the follow-

ing diagramg

TL
'F>*#~##<
i (e P

The matrix element for the above diagram may be written as

ﬁﬁfﬁ hn },.Lﬂ' 15 u’P (CV B -JCV BP-) E’}ﬁ- L?“"
M

Substituting the B meson propagator
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in the abc e expression, we obtain

~3Js fa (hn Gy Ys T Up) A Y
T g = e (b e B g

(spm' + Vet f2)] L

2
Since qg {<L Hé‘ s the above expression reduces to

~ 3838 (T Tpn Ys TUp)

Due to the antisyumetry of o this leads to

P Sg

2. da¥a ( Un Ty 751_1_'{'_[’) LH-

4 M ME
B
From the above equation, we obtain an expression for Bp Aas
& Tp
St C28)
b
Hence we obtain
M By 5y
&g/ & = 2(g2) ( —F) (29)
"B b o

The strong cownlings of the B and p mesons g and gp

are determined by comparing with experimental data on low energy
strong interactions, as pointed out by Igarishi et. al. | 5
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In particular., the B meson nucleon coupling has been deter-
mined to be [13 ]

2

gg / AT = 72,84 (20)

while a comparison of the nucleon-nucleon one boson exchange poten-
tial (OBEPR) constructed from the isowéctor mesons with experi-

ment yields [lf-l]

gf far = 3,004 (31)

Ss _Sewmnd Class Currents

In the generalised Meson Dominance Model ((GMD) , the existence
of the B° neson with recuired couplings gives rise to a 'natural!
existence of the axial second class current event at proton level,
E:f analys’ ng experimental data on the B decay ft - values of
A = 12 system, Igarishi et, al. [l] obtains Bp = = (1L ~0,2) By

T
which leads to "f]é‘ = (0.25 ~ U.DE) using eqn, (29), On the
P

other hand, our analysis of two nuclear model insensitive obser-
corfficient

vables, viz,, the gamma-neutrinc angular correlation/ Bo and the

-average recoll nuclear polarization (P, ) vields gI‘.."'gJL =

(5.5%.3) from which we obtain ,fB/ fp’ = (1,80 + 0.98),
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Recently, Leroy and Pestieau [15-1 have ralsed the interest-
ing possibility that the second class axial current could exist
1f the followling decay .iode of the T meson 1s observed,

1,; —_— Ei[lEEi]) + '.‘U,t

1 & (32)
mw +

The following first class decay rode has already been observed

T ) (33)

Comparing the rates for the above two processes, Leroy and

Pestiean find that

.
(F— 4y, [ T F YD =

fz
='"3,69 =% (39
P

from whnich they conelude that there 1s a sizeable contribution of

the axial second class current if fB;"fF ~ 2,5 , Our value for

JfofF_] = (1.8 + 0,98) deduced from an analysis of Y - )) angular
correlations and average recoil nuclear polarization 1s not in-

consistent with the predicted value of Leroy and Pestieaw
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