University of California

Ernest O. Lawrence
Radiation Laboratory

( N
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545
N y

MUON CAPTURE IN OXYGEN-16

Berkeley, California

UCRL-16029



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UNIVERSITY OF CALIFORNIA
Lawrence Radiation Laboratory

Berkeley, California

AEC Contract No.. W-7405-eng-48

MUON CAPTURE IN OXYGEN-16

Vincent Gillet and David A. Jenkins

March 30, 1965

UCRL-16029



N

&

- conclude that 5 <C

Siii- UCRL-416029
MUON CAPTURE IN OXYGEN-16"

Vincent GilletT and David A. Jenkins

Lawrence Radiation Laboratory
University of California
Berkeley, California

March 30, 1965

"ABSTRACT

The muon capture'rate in oxygen is used as a means for measuring the
induced pseudoscalar-coupling const.ant (CP) of weak interactionéu The capture
rate between the JP = OJr ground state of 016 andvthe 07,17,27, and 3~ states of
N16 are calculated as a function of CP with different nuclear models. Using the
eiperimental values of the transition rates, we then determine CP. We find that

the transition rate, and therefore CP’ depends strongly on the nuclear model. We

P/cA < 20.
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I. Introduction

The muon-capture interaction has gained attention because of the information
which it can provide about the weak interaction. The high momentum transfer
available in muon capture makes the reaction sensitive to terms in the weak-inter-
action Hamiltonian which are not observable in beta decay. Unfortunately, fe\& |
definite conclusions can be made at present because of uncertainties ir_1 either the

experiment or the interpretation of the experiment,

16

We propose to compute the muon capture rate in O™,

B+ ol N0 4y, | (1)

-

leading to the bound states of Nié, and we will examine the sources of ambiguity
in the calculation. Several authors have examined this problem. Blokhintsev

4 -
and Sha.pirol originally suggested that the capture rate into the JP = 0 excited

state provides a measurement of C_, the induced pseudoscalar coupling'constant

P!

of weak interactions. Ericson, Sens, and Rood repeated the calculation and
.demonstz{ated that higher-order terms must be included. 2 Duck3 has also done
this calculation with the. séme as sq.rnption as Ericson et al., but he obtained a
different result for one of the rates.

The experimental results are summarized in Table I. | Figure { shows the

four bound states in N’16 to which capture can occur from the ground state of 016.

The spin and parity of these levels are JP =0 ,4,27, and 3. The caiculated

capture rates into the 0~ and 27 states depend strongly on C.,, but the rates into -

P,
the 4~ and 3™ levels are independent of Cp. As a result, the 0" ‘and 27 capture

rates provide a measurement of C_, and the 1~ and 3~ rates should provide a

P

. test for other parts of the calculation.
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II. Method of Calculation

e ]

We begin our analysis with the Hamiltonian introduced by Weinberg,

. . , Py ] S -
' ' (2)
. ' . . . p)\ . p[J, - i

where CV is the vgctor—couplina constant given by beta .deéay, 'CM is Afouncvl by '
comparing the weak current with the eleétrdmagnetic__current,’ CS is a.n.k"'induced ‘ ) |
scalar!! éouplingi ;oﬁstant {whichhas not been ob‘served), CAJ}S the axial-vector—coupli_hg -
‘constant obtained from beta decay, CP‘ i.s.the pseudoscalar COx_J.pling conStanfc, Cp
is the '"induced tensor! Vcoupling constant (which has hot been observed), and 'WO
is the energy difference béfween the initial and {inal nuclear states. The |
Goldberger-Treiman relation predicts a value of about 7 for 'CP. -Taylor‘ estimated-ﬁ
the corrections from high-mass states, and he concluded t'hat CP must be between |
6.5 and 7.5 if the Goldberger-Treiman relation is valid. 7
._Morita and Fujii use ’ghe above Hamiltonian to egpi‘ess.the .cap_tu're rate inv

a spherical tensor form. 8 We have adoptéd their notation, and throughqut our work
we have used their reduction of the muon;cap‘cure problem.

| The lepton part of the interaction is treated _relativisticaliy by expanding
the plane-v‘}ax}e neutrinq in a sphériéa;l'represéﬁtation iﬁ terms of spinors with a
definite angular momentp.m K, |

,Q:K’ j:ﬂ—i/z for K.>>O, .

n

L=-k-1, j=2+1/2 for k<O,

B
'

and spin pro‘jectioh . ‘The radial part of the neutrino wave function is given by .. o
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-1/2

gK =T jﬂ (qr) ’
(3)
-1/2 .
fo=m / S, i (ar),
where S, 1is the sign of K, jﬁ.(qr) is a spherical Bessel function, £ is the

orbital momentum corresponding to «, and 7 is the orbital momentum corresponding
to -k, The muon wave function is treated in the same representation, but it has a

simple form, since the muon is assumed to be captured from the 181/2 orbit:

N2 1/2 -
-2z 14y 2Zr
Gr_1 = (5—0—‘) L—ZT—(Z—TTY+ } exp (—Zr/ao) <a0 /

,

(4)

where

v- ez
and F_i' is referrred to as the small component ofv the muon wave function. These
wave functions are for a point nucleus. The calculaition is easily adapted t§ a finite
nucleus by means of the wave fuhctions of reference. 9 or 10, but the cox;rection is
probably unimportant compared with the other uncertainties in the problem.
Flamand amdvFord.M four‘ld that the muon-capture rate in carbon was 6% less for
a finite nucleus than for a point nucleus, and the effect in O16 could reduce the-
capture rate by as rﬁgch as 10%. 1z

The angular momenta (3) of the muon and neufrino are coupled' to a total

spin u, and the orbital angular momenta {{) are coupled to a total spin v. In
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this representation, selection rules cé.n be used for the nuclear transition. By
conservation of angular momentum, one has

|7.-T | <u <f3+7,] .

Fox 016, Ji: 0, then u'=J,. and the lepton system has a definite spin.

f

The transition rate from the ground state |0> of spin J;= 0 to the excited

state !f> of spin Jf and excitation energy WO (WO = Ef - EO) vis given by
=ew| (flufo) | of 5B 6

with units Hh = ¢ = m_ = i,
where the matrix element is averaged over the initial states and summed over final
~states, gq is the momentum of the neutrino, and dq/dE is a density-of-states

factor,

dq s
= =1- (6),

B
—;ﬁ
£

The expression <fIH‘O > is given by Morita~Fujii in terms of the reduced

nuclear-matrix elements "42‘(,11)1 (k) and the coupling constants C’(l) s

20 +1 < 1 §— .2 -
N () ) 3‘ (J)
RO i { v Ema
(7).
where
(i) - ) , |
() = “"_TTZ /f 0 (8)
‘ngu (ZJ +1) ! i l ' > :

'is a one-body matrix element between states I 0> and !£> . The termsAE(l) are

listed in Table II with the coupling constants C(l) as given by Morita-Fujii. 8 New

entries in this table for the induced scalar (C.) and induced tensor (CT) couplings

s)

have been computed by Morita and Morita. 13 in our éalculations we ha.ye used the

following values for the coupling constants:
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Ci"“' - 1.18 C‘3 )

C..=0.972 cP |

.
- B
c, =0.999 ch ,
cP = 1.015x107% /M7,
3.706 C.,

CMm=™ 2 —

where M is the proton mass,

The term CP is treated as a free parameter. If the vector and axial-vector cur-

rents behave properly under G conjugation, CS and CT are equal to z‘ero. With.
our limited amount of data, we must make this assumption to simplify the .caléulation
of CP. However, Cabibbo has shown that the CP violation recently found in Kg
decay may indicate that these terms are not zero.

The nuclear integration for thev reduced matrix elements between states p

and ' h gives (we use the phases of Edmond! 515)

< HE(i)Hh> - A
<z [1=71] h>}= (@ 1)

” .
T , )2
XJ( “p [gKGK‘SOvu(K’KXH fKFMSOvu(-K’—K:)}UThr dr,
0
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where the - sign refers.toi= 1 and the + signtoi= 9;
— 2 : a - Y » :
(o 11ED 1) = (2,11 Prpy & D 145) - :
o0 ) ‘ L]
' 2 : ]
XJ uP [gKGKfs'lvu(K’ k! )_fKFK‘Sivu(_'{""'<t )} ‘u}‘lr dr. .
0o |

: (3
(o 12 |n) |
: o ,j_

KX Jp‘}hu‘e p’

where
2
= i = +
21 172 :
| [-(21h+1)(,2.ﬁh+3)] / (£1£, 00 | 10)
and ‘ ﬁh T4 d Lp+t
Gy A gt |
Dyy = a if 4% =1y -1

T ey -1 (20, +4)] 1/2(fmz 00]10)

are operators.that act on u s
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/%j H)@o +1 (f)H1h>6v+1 u

Kl
KTKY T 4v Kkt 1vu(K . Jurdr

(Zz_i_} e, @ 110y oy

d

: ‘ = -y
where D+- I =

wave functions;

(ol 15 n)

[fG S, (-k,kt)+g F__S (K,-K‘)]uhrzdr

KTkl ™4y k™ k12 4vu

and D = 'c—?f + Y—-;—i— are operators that act only on the lepton

1/2 {
= (v+1) / W(ituv, 1v+1) <fzp | lf@‘ivﬂu(r o) | |£ >

-

o«
xj u D [fK K1 1 (-K Kt )+gKI~"KIS1 (K,-nl).[ uhrzdr
0 :

P w(ituy, 1 -, 117 oo g o0 12, )

"o
RIS

(-)

s .
Xfo upy[f

2
[fK Kt 1 ("'K Kt )+gKFKtsi (K:'Kt)} ur dr

1+ +1/2 - INE N
h}f‘h / (6)1/2 Z <ﬂp‘!@6§u(;)‘lﬂl>{

L =gy 1 14 1/2]

G .S (-k,k)+g F S  (k,-xt ).! Dﬁlu.hr dr

K k! QOvu K™ gt Ovu
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»
] <Zv_zi_> 1/2

LoD

xf u D_ [£G,. Sy,
0 | |

<£p | l’@;v-iu(?’a’ [ > °

_8_

vu

n (7R KT )igKFMSOvu(K’ -x! )] v
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3 { 14 ' 1/2 7 N
-(21) P s,
s

hr Zdr s

where the + sign refers to i=7 and the - sign to i=8. The symbols p and h

indicate the £sj quantum numbers for the respective state. Here ‘up"- and uy

harmonic oscillator wave functions,

2
w () = Nb? T3 Ppyt /260

where N is a normalization constant

b is

N =

\ 1/2

2n*l—ﬁ +1

.
Ll

P(r) =1

mvrrys e n ) AN

-

the oscillator length parameter, and

- (3)

for n= 1,

for n= 2, .

™

L [(zua)ézus) - (2045) (g_) +€i

b

W :
a"r' for n = 3,

are

“



We use the reduced matrix elements

1/ 2+, +u
.<£p ‘ l(.j[f)IOVU.(;) ‘ lﬁh > = )

4t

KY)

. 1+v+L_-u
' ~ . _ P
(P L&D, ) =) ,
"4 4, v ]
. h
/fp v ﬂh p.v
X i 1/2 1/2 1 $
, O 00 . . '
\ Lp Jn %

S8 K1) = /2 L 4T 5T (L 00 |v0)

where ' j = .(2j+1)1/2 , and we have set k' = - 4

UCRL~16029

£ 2 4
Jth£p huz
.jh Eh u 0 0
L \
—_— 42
> p hv']h')pu
R A v
j ooou , ,
1/2 1/2  k ‘
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III. Nuclear Wave Fﬁnctions

A calculation of CP requires a good knowledge of the nuclear wave function.
The purpose of our work is to determine the uncertainty in th.e computation of CP
due to uncertainties of the nuclear wave functions coming from thé nuclear problem
itself, which is.only approximately solved. Three nuclear models are used:

(a) .the independent-particle model (IP),

(b) the diagonalization of the residual interaction in the subspace of the
1hw particle-hole excitations (approximation I},

' {c) the random-phase approximatién (approximation II)..

- The particle-hole wave function of the excited state is of the form

5 ,
- £, T— &
| £ > . ~m§mh Xph (Jthmpmh| J M) §pmp éhmh | _0>. . (.9) |

¥

The ket i0> is the Hartree-Fock ground state and the X;h ére the configuratiorll .
mixing coefficients associated with the particle-hole configurations (ph). Their
normalization is |

o 2

J

2 ) =1,

S
The associated '"quasi-particle' operators §+,§ are related to the true particle

. v
operators n , 7 through the ‘cra.nsforma.‘cion1

¢ =
m m
pm,  pm,
j,tm
+
g1-1:0:1 .= (—) h h nh_m .
h h

- We have used pérticle-hole amplitudes computed by two different groups, and
we must therefore be careful to use the proper phase conventions. In reference 19

the tabulated amplitudes ‘X;h differ from the above choice of phases by a factor

&
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jh+1/2 18 : :

(-) . The phases of Elliott and Flowers  differ from the above because of
their use of (i) the Condon and Shortley convention for the spin and orbital-ai;gular-
momentum coupling order (sfj), (ii) a 2s harmonic oscillator wave function which -

is negative near the origin, and (iii) the opposite coupling order in their particle-

~hole amplitudes.

The one-body operator for absorption of a multipole radiation N, accompanied

by the jump of a nucleon from the single-particle state a to state @, is

' A i -m '
’\_E(GHEILB)(Jﬁ B
= -) (10
kooaB gt )

.. +
Xigdg ma—mﬁl ) namanﬁmﬁ

]

2

s

o~

where <a‘ ] EhltlB) is a one-body reduced matrix element,

With the definitions (9} and (10) the transition matrix element in ap}proximation

I is
T .
J wt L
(|2 o) = 6., 6y, o xi CelE LN
L £ P ph P (23 1)
This. expression reduces to one term in the independent-particle model (I P),

for which X_, = 1,
. -~ ph :

In approximation II (RPA), one has also to take into account the probability
amplitude Y ;h for exciting the nuclear state lf, Jf M}by annihilation of a particle-

hole pair (ph) in the ground state. The expression for the transition matrix element

is then

-

J J
f — £
SRCIENTS

o N

h

ISP ' 1
flE10) = & 5 -
< | p.l ) TN My '("Z'“J“'fH)NZ

J J
f et £
+ th<hiim Hp\,‘v} .
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The normalization of the amplitudes in this case is

2 2
};, { () - (o)
P ~ .

i e
it
[

Then the reduced matrix elements of Eq. (8) are given by .

.y, . .« - J _ . \
(l1=9010) = 2, %) (ol1=9]1n)
| Jf A 0 . u(.ii) .
SRR OIESIIYS
The wave functions for the N16 bound states are taken ffom the wave
functions for the analogous levels in 016 under the assumption of good isospin.
In approximation I we use wave functions derived from two different potentials,
The first potential is the Rosenfeld mixture used by Elliott and Flowers, 18 and the
second potential is found from a least-squares search carried over nine energy leQels
of O16 by Gillet and Vinh Mau, 1 Wave functions are derived from the potentiéis by
-+ finding the set of basis vectors Y for which the mg‘;rix <¢QIVMB> is diagonal.
Since two values of the potential V were used in these two analyses, two different
wave functions are obtained. Both potentials, with strongly different characteristics
as seén from Table III, give similar overall good fits for the energies, However,
the different potentials affect the small components of the nuclear wave function
appreciably, as shown in Table IV, allowing a numerical discussion of the un-
certainties due to the nuclear parameters. |

. For the purpose of this paper, it is important to note in Table IV the dif-

ference in sign of the small component of the 0 wave function. As will be shown &

later, the capture rate and the value of CP are very sensitive to this component,

We have a preliminary report of a third calculation of the 0~ wave function made -
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L . v ' , -1

by Lewis. 20 He obtains an amplitude of -0.07 for the 2s 1/2 (1p1/2) component
of the 0  wave function as compared with Gillet's amplitude of +0.055. However,
Lewis used a Serber force, and this would be expected.to give a somewhat dif-

ferent result.

IV. Results

The reduced matrix elements ‘fl?il& were calculated on an IBM-7094
computer to allow the use of numerical methods to evaluate the radial integrals.
In checking our rﬁethod, we first calculated the muon-capture rate in C‘12 to the
ground state of B,12 in order to compare our result with the Morita and Fujii |
‘ calcuiation. 8 Because of ambiguities in the nuclear wave function,.the computed
capture rate does not agree with the rate determined experimentally., Morita and
.Fujii correct this by taking a ratio with the inverse-beta-decay transi’;iori, and obtain

for the capture rate

A - calc )\B (12)
exp \P . exp’
calc

’

where )\Sa.lc is - the muon-capture rate calculated with the Morita-Fujii method,

M . ' .8
and ‘Kexp is the ?bserved rate, Using

Moo 33.15 sec-'1 and
exp
8 — -1

)\'ca.lc = 159 sec ,

and an oscillator length parameter b= 1.59 F, we obtain the results given in Fig. 2 ,

. K T . . .
which shows )\exp as a function of CP/CA and the experimental value of

)

: +3 -
6750_,»728 sec i, measured by Maier et al. 21 From the graph we would conclude

if

10 < CP/CA < 30, where we have not allowed for errors in the nuclear wave function.
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-The' capture rate }\Salc has been computed' by Morita with his method in which
the small components of the muon wave function are set equal to zero. With the :

3 -1. . ,
small component, we obtain a transition rate of 35.0 X410~ sec ~, which compares to

the value 34. 2x10° sec™? of Morita and Fujii. This good agreement.provides a
check on our computer program.

| We now compute the transition rates in 016, and .in Table V we compare
the theoretical transition rates, using the wave functions IB of Table IV with
and without the small relativistic component of the mu‘on,wave function. . This
component has been neglected in earlier calculations.‘ The sin._all coi’nponenﬁ affects
the transitkionvrate by only a few percent, which is insignificant when compared with
‘the other sources of uncertainty discussed in the following sections; Neverthéless,
the small clomponent is included in the following results.

The oscillator-length parameter b that enters into the osciliafo'r-well—wave |

functions is, in principle, given by,a.n analysis of the elastic e_lectron:'scattering -

16 22
data, i.e., 1,75 F for O .

In Table VI we show the results of v.ary.i‘ng the

O16 oscillator length by 415% while using the wave fqnctions of case Ioe A 10% |

_ change in b produces about a2 10% change in the 0  transition rate for CP/CAz 8.
The transition rates for different nuclear models and b= 1.75 F are

tabulated in Table VII. "As one would expect for the almost pure states considered

hefe, the transition computed with app‘roximation II (RPA) and approximation .IB

differ only slightly, as shown in columns IB and II.. The agreement in the 2~ and.

37 transition rates for the I, and I, wave functions shows that these rates are not

very sensitivé to the small cofnponents of the wave functions, which are rather dif-:

feren‘t (Table IV). |

In Fig., 3 we show the 0 transition rate as a function of Cp for three nuclear

models. The wave functions for the three cases are given by
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-1 _ |
Y1p T |1P1/2 284 /2 > .
-1 -1 | \
Yy =0.99 [1p}/, 2 51/2>,- 0.05 [1p3/, 13,5 )
-1 -1 '
Yy = 0.99 !ip1/2251/2> +0.085[1p3/, 1d; 5 )

where LIJIP represents the independent-particle model, LPA is the Elliott and‘
Flowers wave function, and \{JB is the Gillet and Vinh Mau wave function. The
only difference between LPA and LlJB is in the sign of the small cdmponent of the
wave function. As shown in Fig. 3, a variation in the small combonent p.roduces
large differences in the 0  transition rate. The sensitivity of the transition rates
to the small component is to be expected, since the small amplitude mp.lfiplies large
one-body matrix elements in Eq. (14). Furthermore, the sensitivity 1s enhanced by
the cross terms between large and small components in the expression for the
transition rates of Eqgs. (5) and (7).

Although the 3~ transition is third forbidden, its rate is.5% of the 1  case,
which is first forbidden. The high-momentum transfer in muon capture makes the
forbidden transitions more important than in beta decay, for which the comparable

forbidden transitions would be negligible.
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V. Comparison with Earlier Work

It is interesting to look at the earlier works and compare them with our
results., Beltrametti and Radicati have compu‘ted the matrix elements for capturve ,
in 016, but they do not present the transition rates, 23 Duck does rnot present his -
rates for the 0+~> 0~ transition, but he computes O-_/i_, the ratio of the 0+->0_> | Y
transition to the 0 -4~ transition. 3 It is difficult to compute the of=0" transition :
from data given in Duck! s‘paper, since there are disagreements .in sign .in the two
publications of his :work (e. g , see the phases of the wave functions and defi.nitionsl _
of the coupling constants given in these two references). Howevér, §ve can cém;)'are
calculations by computing the 07 /4" ratio, using the Morita-Fujii m_ethod. Table VIII .
compares the results of Duck and of Ericson et al. with .ou'r' work.  Our numbers are
much higher than lthose of Duck, but we agree within 10% with Ericson et al. Ouf

- agreement with Ericson et al. is also good when we compare the absolute rates shown

-

in Table IX. The small disagreement could be attributed to a different treatment of
the lepton problem and the use of slightly different coupling constants. The dis-

crepancy with Duck’s work is not understood.

VI. Analysis of Calculation

A measurement of the 0 =0~ transition rate does not determine 'CP uniquely,
Figure 4 shows the transition ré.fe as a function of CP for nuclear model IG’ and .
there are two values of CP which give agreement with the experimental value. When
the Ciz data given in Fig. 2 are used, the higher value can be excluded, The transiéion
rate into the 0  state is very sensitive to the small component of the nuclear wave P
‘functién; as va,_ ;‘esult, .v"ve _'canndt accurately compute -CP ﬁntil the nuclear wave
functions are knoan more accurately. Also, the two experimental measurements

of the 0  rate are outside each other!s experirrienta.l error, From our analysis of
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t‘he experimental data for capture into the O; state, we conclude 5.< CP/CA < 20,
as shown in Fig, 3. This agrees with the theoretical value of CP/CA ~ 7 predicted
by Goldberger and Treiman., The results are valid only if the induced pseudotensor
term CT is zero, because the introduction of another unknown, CT’ would lead
to more doubtful conclusions in the present state of the experirﬁental evidence and
of the nuclear model.

The disagréement between theory and experiment for capture into the 1~
and 2 states can probably be attributed to the many admixtures present in the wave
functions. As shown for the 0 rate, which has only one small component, trvansition
rates are very sensitive to the small admixtures, No conclusions can be drawn from
the 1~ transition, since the rates computed by the Elliott and Flower wave functions
disagree strongly with the rate computed from the Gillet and Vinh Mau wave functions,
and both rates are higher than the experimental value.  The 2 transition rate does
not seem to depenci strongly on the nuclear model, and two calculations of this rate
are in fair agreement. However, the computed rate does not agree with experiment

for any value of C_. As C‘P is increased, the computed rate goes through a -

-1

P

minimum of il.?-><104C sec for CP/CA ~ 22, but this value is still higher than the

measured value of O.63X104 sec-i.
The 3~ transition rate is so small that it has not been observed yet. However,

it does not depend on CP’ so a measurement would provide a check of the wave

function.
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VII. Conclusions

We have computed CP, the pseudoscala; coupling constant, frornb the n:iuori
capture rate in 016. The calculation does not give a precise value of the pééudo—
scalar couplipg constant because of the uncertainties in the nuclear wave function |
and the muon interaction. Several things can be done to improve the. situation.
First, an accurate nuclear wave function must be found for N16. Cabibbo has
suggestedZ4 that the amplitude for the small .components vc-ould be found by uv‘sing
the wave functions to compute the electromagnetic transitions in Nié._ With an
accurate wave function, the coupling constant should be easy to find from this
transition rate. Next, there is the question of the induced p.seudotensor and
pseudoscalar coupling constants, At present there are not enough experimentai

data to justify a search for these terms, and we must assume that they are zero to

simplify the calculations. However, if they are present they could sex;imisly affect

- the calculation of muon-capture rates. Thus far, most calculations for muon-,ca.pturé '

rates have used a free parameter. C_ and the other possible parameters CS and

P
CT have been neglected. The absence of these terms could be ascertained by ob-
serving muon-capture transitions in which their matrix elerhents would be large
compared with other terms .in the Hamiltonian. For instance, a O'+-~=¥O+ transitio_n
would be useful for finding the CS term because the é.xial-vector part of the
Haﬁiltonian c_a:nnot contribute to the transition, |

In gathering more experimental data, one must be ‘carefulv to rﬁeasure the
muon-capture rates in those nuclei with wave functiohs thatva..re reasonably well.
known, .For this reason, fhe transitions Mg24—’Na.24* and TiZLE_,;--*ScLI:N< have been
suggested by Rasmussen. 25 Using the Nilsson model, Mang26 has developed wéve
48

' 2
functions for Mg 4,.and McCullen et al. 27,have published wave functions for Ti .

At present the Mg 4--=~Na 4 transition looks most promising, because the excited

k
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states in Na are well known and these states must be known before an experi-

' : : 4 s
ment can be planned to measure the transition rate. The Ti4:8 -+ Sc 8 transition is
experimentally difficult at the moment because of the uncertainty in the excited states
of Sc48. There has been very little experimental investigation of Sc48 even though

! and the spins of the

: 2 48 .
levels have been predicted by Rasmussen. 8 If the highest excited states of Sc

fhe energy levels have been predicted by McCullen et al. 2
have J'P = 0" and 1+, as indicated by Rasmuésen, this nucleus may be useful for a
muon-capture experiment,

Another a.pprpach for obtaining the coupling constants has been suggested by
Foldy and Walecka.29 They obtain the nuclear matrix elements empirically from
electron scattering data, and thereby avoid the uncertaintieé inherent in obtainjng
the nuclear wave functions from energy levels. They have used this appr'oa.ch fo
compute the coupling constants from the total capture rates, i, é. , the capture into
all final states; but they found that these rates are not sensitive to the coupling con- .
stants. However, this technique could be very useful in computing the partial

transition rates, which are sensitive to the coupling constants, as we have shown.
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Appendix

'Detail of the Calculation of the Transition Rate

The calculation of the capture rate into the 0 state of N16 begins with the
evaluation of the matrix elements <p[ { E(l)‘ |h> . Using the nuclear model IB,
we evaluate these matrix elements for the particle-hole pairs 2s 1/2 ipi/z and

1d3/2 1p3/2. With u=.0, v=%k, and Kk = 4, the nonzero matrix elements are

(ool 1P 12, 0 ) = (28, 5]1

= 110&36)ll1p1/2v>

- ,
) 2
XLsiio(i,-i) j 2 Og _1u1’1r dr

o 3

o {" 2.
- Siio(-l,-i—i)) uz’ Of1F_1u1, 1T dr
“Q

Using b= 1,75 F, g = 93.5 MeV/c, and the Hermite-Gauss numerical

integration procedure, we obtain

1/2 1/2 1/2 -

3 2 2

<281/2H"‘ : iipi/z = é?) ' (—3') (—8.0'1)-(-3-) (00181)}
= + ‘1.l25;

" in. the same way we compute

1/2 1/2
<1d3/zl|** ‘1P3/z > ﬁg% (- é? (14.68) - (%0 (-0.840)

s

= - 3,11,
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(aay ol 1 12, g )= /220012 2 (o] [P [20)

A 2
‘2 f G 1Dgxu1 E dr

| 1
w0
O
[}
[
1
. -~ _

( ' ]
olt “} 2, 084F 4 Ppr vy 4T dr
0 S
1/2
a 1
e 0 (22
\'\
{a 2
Dy '<&‘r‘ * ?)
1/2 _ | A o
h S = 1/2{ 1 ', 'w_ . - =
(\Zsi/zllr—* HiPi/z (6) 2\2;2—) Peve: ‘[//2( 7996)f(ﬁ)(66.1g 1283
(6) - (yiHa/2e3/2 1/ 1
<1d3/z‘l | E HiP3/2> = (~) /2+3/ / 2/3

X {/2‘(-1.38x104)+(;ﬂ)(.231ﬂ,= +2233’, .
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ﬁ;’ el 7 / i " )
(25, /o 180 11y ) = {280 |1 P00 apy 2 )

0
r / 24
X ooo( 1,-1) y o Up, 0Py f Gy, 4T dr
/0
: 2
+ Spoots 1) ( u2,0D+g1Fv-’lu1',‘1r dr‘t
! 3 1/.2 ~ 5
-_-(_T} [~/ 2(1535) + (- 2/2) (-3.83)]
8w } :
= 424.2

UCRL-16029

<1d3/2| =) 1P/, ) = —%;3— [// Z(-3034) + (- 4/2) (-29. 61& = - 1471,

el

<2s1/21 Ed I1p1/2> = (3/81%) [4/_(1535 (= /%) (-3.83)] ='422.1,

s

[

<id3/2‘ !3(8)1 |1p3/2 > = _*é?f’_ ;hﬂ/ 2(-3034) - (-,/2) (-29.6)! = - 1194,

From Table IV we find

X 0.999,

2s 1p

Xygqqp = 0.055.

Using Eqgs. (8) and (11), we compute

= (sl |27 o)

= (0.999) (1.25) + (0.055) (~3.11)
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= 1.08,
) = - 1159,
T < 359,

-8 = 356

Letting CP =7 CA’ we obtain for the coupling constants in natural units

m cl®) = 3.55x10712,
c® = 1.93x107 15,
¢t - 5.58x107 18,

cl® o 394x107 15,

These matrix elements and coupling constants are substituted into Eq. (7) to give
]<f|H|O>

With a value of q = 183 (natural units), we find the transition rate from Eq. (5) to be

= 1.17><10"23 .

2
avg:

23 1

1.288x10"

A= (27) (1.17X407°7) (1‘83)2(0.994)

21

= 1.90X103 sec"1 s

-

where we have used .’ﬁ/rnec2 = '1.2'88><1O_2,1 srec.
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Table I. Experimental values of the transition rates;

Transition Berkeley® Columbia®
' (103sec“1 ) _ (103 SeC——i)
0 1.620.2 - 1.120.2
17 o | 4.420.2 © 1.8820.40°
2" Not observed | 6.3%0.7
37 : o Not observed - Not observed_

a-Reference 4,
bRefe rence 5,

®The number glven in. reference 5 has been’ multlphed by 0.75/0. 69 = 1. 09
- to agree with reference 4 which uses a 1 T0” gamma brenchlng

ratio of 0.69. ‘ - o




Table I, Coupling constants C(l) and operators E(l_) in Eqgs. (7) and (8).

Subscript s refers to nuclear variables,

cli) o " =
Cy | ogllgfi:M (2 )[g G S0 ks k' )= £ F 1S0vu (-ks -x )]5vu
-C o *Cop @/1\1/15; i.(§s,cs)[gI<GK Qo) E F S (ks -x")]
_'CV/M' - G 1Sy ul-n Mg F 48, (ks —K')]c%if\; (T apy)
-'\/?CV/ZM {[(V+1)/ 2v+3 ]VZﬁOVTiu ‘5)6 J-iu V/(Zv 1)]1/ Ov 'lu( S)6v-’lu
XIE G Sy (-xx' Vg F Sy (ks -k')]
72)1/ZCV(1+}LP-HR)/M'4 o+ 1) Y29 (1 tuy, 1»v+1)ﬁ11w;qu( -S,US)DJF-V"/ZWM 1u§, 1v—1)2)iﬂi’iﬁ;(f . )D ]
X [fKGK, Sivu(-_m k! )'FgKFK, Sivu(K" -x')]
Cp/M - ! Igjf'Mi(f Jf G Sp. (ko' Mg F S, (ks =x")]O " P
i va stk Tk! T Ovu ®°k k! "Ovu s s
A% )] e o pp e Ve o )
cp/z:\]EM X [f‘KGK; Soyu("“’ k' )Eg 8 g,, (ke - )16,
CS ﬁ’l(;/irf\;Ml (rs)[gKGK, SOvu(K’ <)t fKFK’ SOVu(—K-’ “x! )]Svu
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Table III. Nuclear potential used in calculating O16 wave fun‘ctions.bA

V{MeV) /b H ' 9 o

Elliott and |
Flowers™ -40 0.90 -0.26 .06 - 0.6
Gillet® . -40 \ 1.0 0.4 0 0.4

a. reference 18.

b. . In this table the potential is defined by
V(r) = £(r/W)V(W+BP - HP + MP P )

P(T and PY are spin ané isobaric-spin e#chaﬁge operators, f(r/g) is a radial

form factér, V is the po;cential depth, W, B, H, band M are the four exéhar);.ge

coefficiénts, bv is.the oscillator-length parameter, and is the» range of the

force, 6 =M-W, and n=M+ W - B~ H,

c. reference 49,




Table IV, The wave function amplitudes X and Y for 016 as given by the particle-hole models, Case
IA is taken from reference 18, cases IB and Il are taken from reference 17, and the phases

have been modified to be consistent with the convention of Eq. (9)_ . In approximation II, the X
and Y amplitudes are given in that order. ' '

n1o TP g2 Pyt Py 1P 32 P gp P 328 yptdgptd g 2s y1d 5,14 5,

o

1P 1.00 e e - - - - - - - -
0 I, 1.00 - - - - -0.05 - - - - -
Iy 0.999 - - - - 0.055 - - - - - -
I 0,999 - - - - 0.053 -0.012 - - - - 0.012
1P 1.00 - - . - - - - - - - - —
- Ia 0.98 - 0.01 -0.16 -0.08 . -0.02 - - - - - -
Iy 0.995 -~ -0.008  0.026 -0.096 -0.020 - - - - - -
I1 0.996 -, -0.006  0.026 -0.090 -0.019 0.001 - -0.009 -0.012 -0.008 0.008
IP - 1,00 - - - - - - - . - -
I N - 1 0.98 -0.10 0.06  0.14  0.09 - - - - - -
Ig - ~0.983 0.007  0.054 0.174 0.035 - - - - - -
I - 0.985 0.007 0.051 0.166 0.034 - -0.026 -0.001 0.009 0.020 0,045
- IP - 100 - - L . .- - -
PRI P - 0.98 - - -0.48 0,06 - - - - - -
Iy - . 0.998 - - - -0.062°-0,044 - - - = - - -
I - 0.999 . - - -0.059 -0.010 - 0.000 - - -0.004 0.029

62091 -TYDN
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Table V Effect of neglectmg the small relativistic: component of the bound -muon
wave function, The columns labeled 1 are obtained by using only the
large component of the wave function in Eq. (4) and those labeled 2
are obtained by using the complete wave function, The nuclear wave

function-used is the case I Table IV.v
o Transition rate (’103 se_c_—i)
! 2 i 2 4 2 o2
-8 4,80 473 254 2,55 - 25,7  25.8  0.186  0.496
-4 .3.88 3.8 22,6 22,7
o . 3,06 3,01 N 20,0 20.0
| 2.33  2.30 o | 17.8  47.8
8 471 468 . 16,0 . 160
12 148 416 146 146
16 0.749 0735 . 438 . 437 .
200 0.415 - 0.406 - o433 132
24 0.479  0.474 i 133 132
28 0.0444 0.0392 . 437 . 43.6
320 - "0 - - - | 446 14.4
3 0.0574 [0.0584 . . 159 457 -

P~
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Table VI, Effect of the variation of the oscillator-length parameter. Columns 1,
: 2, and 3 correspond to b = 4.59, 1,75, 1.96 F, respectively., The central
value is the one obtained from elastic-electron-scattering data. The wave
functicns used are the ones of case I of Table IV,

s 3 -
Transition rate (10~ sec Ai)

1 2 3 12 3 1 2 3 1 2 3

-8 . 5.03. 4.73 4,30 2,45 2.53 2.48 23.6 25.8 27.8 0.146 0.196 0.343

-4 4,09 3.83  3.46 - 20.7 22.7 24.5
0 3.25 3.04 2.74 18.2 20.0 24.7
4 2,50 2,30 2.05 16.4 47.8 19.4
8 4,85 - 1.68  1.49 < 14.4 16.0 47.5
42 14.30 1.46  L.04 13.1 14.6 16.1
16 0.849 0.735 0.627 S 12.2 43.7 15.1
20 0.491 0.406 0.334 44,8 13.2 14.6
24 - -0.231 0.174 0.133 _ 41,8 13,2 14.6
28 | 0.0679 0.0392 0.0226 , 12,2 13,6 15.0
32 0 0 0 12,9 14.4 15.9

36 0.0323 0.0584 0.0768 441 45,7 17.2




Tabie, VII. Transition rates for differeht nuclear models, We use b = 1.75 F , a
o and the nuclear wave functions from Table IV. R

Transition rate '(103 sec jL) |

p/Ca w1, o, w1, I I
-8 6.45 8.09 ~ 473  4.81 469 = 4.25 2,53 236 ' .
-4 5.18  6.46 = 3.83 - 3.91 } SRR
0 4.04 5.01 3.04 3.10

3,04 3.74  2.30 2.38

8 2.19 2.66 1.68 1,76

12 1.47 176 4.46 1.23

16 0.900 = 4.05 ':0.735  ~ 0.795

20 0.467 '0.524  0.406 . 0.455

24 0.475 ~.0.175  .0.474  0.209 .

28 0.0234  0.0134 0.0392 0.0577

32 0.0426° 0.0352 - 0 0o !

36 0.142 © 0.244  0.0584 0.0377

o 27 T S |
-8  39.8 32,2 258 22,7  0.487  0.463 . 0.196 0,182
-4 35,0 28.3 221 200 . | '
0 309 249 200  17.6 S s
C2n6 22,0 47.8 456 .

8 25,0  19.8 16,0 144
42 23,4 18.4 14.6 . 12.9
16 24,9 16,9 43,7 12.0

20 24,5 16,3 43.2  14.6
24 24.8 . 16,3 43.2  14.6

28 22,8 . 6.9  43.6 149
32 24.5 18,0  14.4 ., 12.6

36 27.0  19.7 15.7 13.8
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Table VIII. Comparison of the transition-rate ratio, 0 /1 , with oscillator
length b = 1.56 F and with the Elliott and Flower wave functions,
The muon wave function is set equal to an average value in the
radial integral, and F, the small component of the muon wave
function, equals zero. ‘

Co/Cy
-8 0 S 48
Duck” 1.8 . ‘ 1.4 ‘ - 0.66
Ericson et al.” | 2.4 1.5 0.86
Thi:s work v 2.5 1.6 . 0.94

a. Reference 3, Table 4b and 4c.
b. Reference .2, Table III.
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" Table IX.Comparison oftransition rates using the Elliott and Flower wave functions.

' O'(1>O3 sec_i) ‘ 1-(103sec-1) - ‘2'—(103'sec-1)
‘;:P/CA= -8 o - +8 B | -8 | 0 +8
Ericsonetal.® 834 546 277 3,98 29.9  23.0  18.3

“This work” 8.09  5.01 . 2.66 4.25 32.2 24,9  19.8

a. - Reference 2, Table III. They use b= 1.80 F.
b, - We use b= 1,75 F. '
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- FIGURE LEGENDS
16

Fig. 1. Level scheme for the muon-capture reaction in O .

Fig. 2. Muon-capture rate in Ciz.

p °n the small component of the nuclear wave

Fig. 3. Dependence of C
' s . 16 . .
function for muon capture in O"". The experimental error includes

both the Columbia data and the present measurement as given in Table 1.

Fig. 4. Muon-capture rate in Oié.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






