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Energy dependence of the 1/27(693 keV 3)3/2%(342 keV y)1/2* angular correlation was measured with a fast-
slow scintillation spectrometer. The data was used in conjunction with the other available experimental observables
to determine the beta matrix elements, employing Buhring’s formalism as modified by Simms. The sizes of the
matrix elements indicate a “cancellation effect.” It was observed that the vector matrix element ratio A ¢y was
consistent with the conserved vector current prediction based on the fact that the Coulomb Hamiltonian is diagonal.
However, contributions from off-diagonal matrix elements of the Coulomb Hamiltonian could not be rules out. The
structure of the involved levels is discussed on the basis of the single particle shell model and the one-quasiparticle-

phonon coupling model.

[RADIOACTIVITY HAg: measured By(6), deduced nuclear matrix elements]

I. INTRODUCTION

H1Ag is a spherical odd proton nucleus (Z =47)
which decays by beta emission to *!Cd. The de-
cay scheme is well established! and is shown in
Fig. 1. The beta transition of present interest
is the one with £~ —2' spin sequence and an end-
point energy of 693 keV leading to the 342 keV
excited state of *'Cd. This is indicated in the
decay scheme by bold lines.

The £ (=aZ/2p) value for this beta group is
~11.6. The beta end-point energy, W,=2.3 is
in m,c® units. Hence, in this case the criterion
for the applicability of the ¢ approximation,
namely, £>>(W,-1), seems to be well fulfilled.
It is therefore expected that this transition would
follow the ¢ approximation. In fact, Hamilton
et al. and Seshagiri Rao® reported nearly iso-
tropic angular correlation for the present beta-
gamma cascade, indicating the applicability
of the ¢ approximation. The shape of this 693
keV beta branch was first measured by Robin-

son and Langer? with a 47 anthracene spectrometer.

They found a large deviation from the allowed
shape amounting to about 17%. Such a large shape
deviation, along with the rather large logft value
of 7.8,5 suggests cancellation among matrix ele-
ments governing this decay, thus indicating clearly
a break-down of the ¢ approximation. Later
measurements of Lehmann® and Nagarajan et al.”
yielded a statistical shape for this beta transition,
supporting the validity of the & approximation.
Recently, Seshi Reddy et al.® remeasured the
spectrum shape of this transition with an inter-
mediate-image spectrometer used in coincidence
with the cascading gamma radiation and reported
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a deviation from a statistical shape factor of about
9%. The contradictory results thus reported on
the spectrum shape factor for this beta group make
the situation rather confusing. However, the im-
proved technique used in Ref. 8 makes that result
more reliable. Thus, a 9% shape deviation is in-
compatible with such small 8-y anisotropies re-
ported earlier.??3

The beta-gamma circular polarization correla-
tion was measured by Delabaye et al.® On the
basis of the extreme single-particle model, they
calculated the matrix elements for this transi-
tion and found that the results were compatible
with the ¢ approximation except for the spectrum
shape reported by Robinson and Langer.*

Seshagiri Rao® extracted the nuclear matrix
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FIG. 1. Partial decay scheme of the ground state de-
cay of the 111Ag as taken from Ref. 1, The 8-y cascade
of present interest is shown by bold lines.
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elements (NME’s) on the basis of his angular
correlation results together with other experi-
mental observables. He obtained sets of NME’s
which support neither the ¢ approximation nor the
modified B;, approximation and classified the
transition an “intermediate approach.” However,
he assumed the validity of Fujita’s theoretical es-
timate for the ratio between two of the vector
matrix elements, based upon the conserved vector
current (CVC) theory. In Fujita’s theory'®!! the
off-diagonal elements in the Coulomb Hamiltonian
(Hcow) are neglected. Damgaard and Winther'?
suggested that this approximation is not always
valid and pointed out that the off-diagonal matrix
elements in H,,, might sometimes be significant
and in some cases have been observed (see Refs.
13-16). Hence, Fujita’s estimate for Acyc, the
vector-matrix element ratio [ a/ [i%/p, cannot
be used in the analysis for obtaining matrix ele-
ments. A more rigorous analysis avoiding the
restriction of the CVC theory is expected to yield
useful information not only on the NME’s con-
tributing to this beta transition but also about the
higher-order matrix elements that are important
in this case.

Hence, it was felt necessary to reanalyze the
experimental data for the matrix elements of the
693 keV beta transition in !**!Ag. For this, a re-
measurement of the energy dependence of the 8-y
directional correlation was also made. While
interpreting the results, applicability of the quad-
rupole-phonon quasiparticle coupling model'” was
also tested together with the shell model predic-
tions.

II. EXPERIMENT

The fast-slow scintillation assembly used in the
present work was described in our earlier
papers.!®-2° In the same references, one finds
details about the standardization of the setup,
source preparation, data collection, analysis of
the experimental data, and various corrections
to be applied to arrive at the final values of the
B-y correlation coefficients at different beta ener-
gies.

A carrier-free '*Ag sample was obtained from
the Bhabha Atomic Research Centre, Bombay, in
the form of silver mtrate in dilute nitric acid. The
experimental film source was prepared and the
correlation experiments were conducted as de-
scribed in Refs. 18-20. The angular correlation
results are summarized in Fig. 2. Here the
angular correlation function (W) is the product
A,(B)XA,(y), normalized so that A,(8)A,(y)=1.
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FIG. 2. Energy dependence of the 693 keV beta 342
keV gamma directional correlation function € (W)
= A,(8)A;(v), normalized so that Ay3)A4,(y)=1. The
spikes are the experimental points. The smooth curves
represent the theoretical predictions of €(W) for the
matrix element parameter set A, B, and C given in
Table II. The single particle estimate of € (W) is also
shown in the figure, .

1. EXTRACTION OF NUCLEAR MATRIX ELEMENTS

The £~ (693 keV beta)?” transition is governed
by the four zeroth-order matrix elements of tensor
ranks 1 and 2 besides the corresponding higher-
order matrix elements arising out of the finite
size of the nucleus. In order to determine the
four NME parameters x,, #,, Y, and z,, the
following experimental data were analyzed:

(a) beta-gamma directional correlation co-
~ efficients e(W) of the present work(Fig. 2),

(b) spectrum shape factor C(W) from Ref. 8,

(c) beta-gamma circular polarization as a func-
tion of angle, P,(6) due to Delabaye et al.®

The NME parameters as defined by Smith and
Simms? are given in our earlier work.? Buhr-
ing’s formalism? as modified by Simms® was
employed for the various experimental observ-
ables. In the analysis x,, u,, and Y are ex-
pressed relative to z,, which in turn is estimated
from the logft value.

The MATCAL computer search program was
adapted to obtain the NME parameters. The
parameters of the ERWF’s were computed from

~ Bhalla and Rose tables.?* The initial coarse

search yielded the following ranges for the NME
parameters: -4.0<x,<-1.0, -2.0<#%,<0.0,
-2.0<Y<0.5. The fine search finally restricted
the magnitudes of the NME parameters to such
narrower ranges: -3.0<x,<-0.15, -1.0<1y,
<-0.1, -1.2sY<-0.15, and 2,=1.0.
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A. Higher-order matrix elements and the CVC ratio

The CVC prediction of Fujita'® and Eichler!!
is given by
Adve=(W, - 2.5)p +2.4¢p, (1)

where £(=aZ/2p) is the Coulomb energy and W, is
the end-point energy. The CVC prediction as
modified by Damgaard and Winther!? (DW) is
given by

age=fa/f 2
cve P

=A8VC+-;-(!Z(0. 6 — )\),

@)

where ) =x’/x in the notation for the NME param-
eters used by Simms.?

If the parameter A =0.6, Ave=Acy’, and
JarfEapys. )

The connection between AP and x,, %,, and ¥
can be deduced as

Az Do [ DY, eyt
x |x,(1+0.8a) x,(1 +a)
. DY(0.8a) ,D(x,+u)d @
"x,(1+0.8a)  x,(1+a)

The parameter ) was determined by equating ARYc
[Eq. (2)] and AZE [Eq. (4)] for each set of solu-
tions x,, #,, 2,, and Y. This was a part of the
computer program, and the range of A values thus
obtained corresponding to the experimentally ob-
tained sets of NME parameters is given in Table
I. In the same table the ranges of x, u, ¥, and
D’y, are summarized, and the numerical values
of the constants p, a, d, and D are given. The
values of A®J¢ are also included in this table.
Three typical sets, A, B, and C were chosen from
the ranges of the NME parameters given in Table
I with minimum x? values and are furnished in
Table II. The theoretical values of (W), C(W),
and P,(G) are shown in Figs. 2-4, corresponding
to these sets along with the experimental values.
The energy dependence of the 8-y circular pol-
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TABLE 1. Extracted NME parameters and NME’s
of the 693-keV beta transition in !Ag corresponding
to D=0.1870, d=-0.2185, a=—0.05053, p=0.01499,
and {=11.684.

NME parameters Absolute values of NME’s

2():1.0

x=-0.19 to —2.67 lf %—‘1‘ =0.108x0.073

=-0.19 to —0.82
D’yy=—0.125 to —0.627 f% =0.079+0.038
Y=—-0.2 to —1.0
n=0.130+0.087 fa—f =0.026+0.009
NE=D'y,/x=0.45+0.21 fa =0.0250.003

A=-0.80 to +1.66

arization correlation was predicted for the typi-
cal sets at three angles and is shown in Fig. 5.

ARt is shown as a function of ) in Fig. 6 for the
limiting values of AKE given by sets A and C
(Table II). The variation of AR due to Dam-
gaard and Winther [Eq. (2)] is also furnished as
a function of ) in the same figure. AZV plots
intersect the AR plot yielding limiting values
of x as 3,;,=—-0.8 and »,,,=1.66. These values
are in good agreement with the theoretical limits
given in Table II.

B. Scaling factor n and the evaluation of absolute values
of NME’s

The scaling factor 1 was obtained from a know-
ledge of the ft value, x,, #,, and Y following the
procedure suggested by Smith and Simms.?® The
ranges of the absolute values of the matrix ele-
ments corresponding to the NME parameters given
in Table I are also included in the same table. The
values of the matrix elements for the typical sets
given in Table Ii are presented in Table III. In
the evaluation of [iB;,;/p (the rank-2 matrix ele-

TABLE II. Typical matrix element parameter sets for the 693 keV beta transition in Hpg

obtained from the range given in Table I.

Set  z, %o ug x u D'y, DY 4 A AP
A 1.00 -2.00 -0.40 -2.06 -0.41 -0.48 -0.17 —-0.9  1.66 0.23
B 100 -2.40 -0.80 -2.47 -0.82 -0.58 -0.17 —0.9 1.64 0.24
C 100 -0.20 -020 -019 -0.19 -0.13 =—0.037 -0.2 -0.80 0.66
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FIG. 3. Shape correction factor C(W) vs W (in myc?

units) as taken from Ref. 8 along with the theoretical
predictions due to the NME parameter sets 4, B, and
C given in Table II.

ment), z, is taken as z, since the higher-order
matrix element z’ occurs in z, with a relatively
small coefficient (¢ =-0.05). The maximum
error thus introduced is only about 5%. The con-
tributions of the third-forbidden matrix element
parameters 7', s’, and‘#’ are reduced by a factor
of D’'R (=0.0028 for the present case). Thus,

in order that +’, s’, and # contribute to the trans-
ition significantly, they must be at least 1/D'R
(=357) times as great as the largest of the first-
forbidden matrix element parameters. The
smallest value of 1 for the present case in 7,
=0.0429. The largest possible value of the’
third-forbidden NME parameters is v2/Mumn
(=32.96), which is greater than the first-forbidden
NME parameters by only one order of magnitude.
The third-forbidden NME parameters must be
greater by at least about two orders of magni-
tude of the first-forbidden NME parameters in
order to be of significance in the analysis. Thus,
it is seen that practically no significant error is
introduced as a result of neglecting the third-
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FIG. 4. Angular dependence of the B~y circular polar-
ization as taken from Ref. 9 along with the theoretical
predictions corresponding to the NME sets given in
Table II.
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FIG. 5. Theoretical energy dependent 8~y circular
polarization correlation for the matrix element sets A,
B, and C at angles 105°, 135°, and 180°.

forbidden NME parameters. The matrix elements
that arise out of screening effects are important
only at very low beta energies and hence are not
considered in the present analysis.

C. Discussion

The NME parameters reported in Table I are
significantly different from those reported by
Seshagiri Rao.® This is due to the fact that no
restriction was imposed on the CVC ratio in
the present analysis.

The experimental value of the vector-matrix-
element ratio A@¢ from the present analysis
varies between 0.23-and 0.66, while the corres-
ponding values of ) range from -0.8 to 1.6.
From the range of values of Aé’%“, a value of 0.42,
which is predicted on the basis of Fujita’s theory,
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FIG. 6. CVC ratio (Agyd vs A='/x). ASJE are due
to the two limiting sets of solutions A4 and C given in
Table II for NME parameters. A‘gv'c are from Eq. (2)
and AQE are from Eq. (4).
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TABLE III. Values of nuclear matrix elements for
the typical sets given in Table II.

Set n fiBij fg foxr f&—
p 4 p
A 0.049 0.041 -0.101 0.017 -0.024

B 0.047 0.039 -0.117 0.030 -0.028
C 0.217 0.181 —-0.041 0.034 —0.027

cannot be ruled out in the present analysis. Thus
Adycdue to Fujita falls within the range of the
present experimental values. The value of x due
to Fujita is 0.6, which lies in the experimental
range given above. Thus, in the present case,
the limits on the parameter ) are consistent with
the assumption that the nuclear Coulomb Hamil-
tonian is diagonal. However, since ) can be as
large as 1.6, significant contributions to the
vector-matrix-element ratio from the off-diagonal
matrix elements of the Coulomb Hamiltonian can-
not be ruled out as in the case of 2-(959 keV g)2*
(412 keV 4)0* cascade in *®Au.?

From Tables I and II, it is seen that there is
no domination of the f iB,;; matrix element and
that some of the matrix elements (Y and u) are
reduced from their normal size. The fact that
[ iBy, is reduced excludes the operation of any
selection rule effect. The j-selection rule cannot
be applied inasmuch as the transforming proton
and neutron in the present case are not in the
same major shell. Furthermore, the K-selec-
tion rule cannot be invoked in view of the fact
that *'Cd is not in the deformed region. Hence,
both the rank 1 and rank 2 tensor matrix ele-
ments could cause this particular beta decay.
For the applicability of the ¢ approximation, DY
must be very much larger than the NME param-
eters x, u, and z. But as seen from Table II
the values of DY are of the same order of mag-
nitude as the other NME parameters. Thus the
condition for cancellation effect, namely

|£Y|2|xi~|u|~|2|, (5)

is satisfied here. This suggests that a cancella-
tion effect in rank 1 matrix elements can explain
the failure of the ¢ approximation in the present
case. This inference is slightly at variance from
that of Seshagiri Rao® who suggested an inter-
mediate approach between the ¢ approximation and
the cancellation effect.

D. Structure of the involved levels

IAe i a spherical odd-proton (Z =47) which
decays to **Cd. The neutron and proton configu-

rations of *'Ag are 50 +(2d;,,)® (1g,,,)® Bs,,,)?
and 28 +(2p_,,/2)4 (1f5,2)° @py,2)* (1g,2)°, respect-
ively.

Delabaye et al.° in their attempt to study the

. structure of the 342 keV excited state in *!Cd

assumed a wave function of the type

l7,Mm)=ald,; T=j,M) +8ls,,,, J,=2,J,M),
(6)

in which the first part corresponds to the single-
particle excitation and the second part corres-
ponds to the core excitation. The first part of
the wave function is assumed to be due to the ex-
citation of the particle into the d; ,, orbit. The
latter part of the wave function corresponds to
the retention of the particle in the s, ,, orbit and
exciting the core to the first phonon vibrational
state. The relative amplitudes of these wave
functions are denoted by « and 8.

For the '''Ag ground state, in the lowest senior-
ity approximation (v=1),

]J’,M’>:|P1/27J’:'§7M’>- )

Though the detailed description of the » =3 member
of the wave function (6) may be rather complicated,
the reduced nuclear matrix elements of the 693
keV beta transition are composed of only single-
particle matrix elements.

<J='g i lTKLy | IJ’ :é) :aak<p,1 /2 “TKL'y l ‘d3/2>
+B,bk<p3/2 ”TKL'y l |Sl/2> . (8)

The operators Ty, , are defined in Ref. 26. The
a, and b, are decoupling coefficients.?” B’ is the
amplitude of the lsllz, (b1 25 D3/2)sm25d, M) proton-
excitation component in the wave function of Eq.
(6). In the approximation of the wave function of
Eq. (7), only this component contributes to the
matrix elements of Eq. (8).

With this description, Delabaye et al.® calcu-
lated the nuclear matrix element ratios, which
are independent of the coefficients @ and 8’, and
obtained the following results:

x=-0.84, z=-0.63 (taking u=1).
Normalizing with respect to z (i.e., z=1),
x=1.333, u=-1.5873.

These values are not in agreement with the ex-
perimentally obtained matrix element ratios.
The analysis of Delabaye ef al., however,

showed that the values of the matrix elements
were not sensitive to & and 8’ in Eq. (8). This
implies that, in this simple case, the informa-
tion given by the nuclear parameters does not
permit a distinction between the single particle
and core-excitation mechanisms.



24 NUCLEAR MATRIX ELEMENTS GOVERNING THE... 2265

It is expected that the Kisslinger and Soren-
sen!” model might describe better the levels in-
volving the present beta transition. Using a
quasiparticle-phonon coupling scheme, Kisslinger
and Sorensen represented the ground state of
Ao by the following wave function:

|$=0.73|0LL) +0.38 254
+0.45[281).

The 342 keV £* excited state of !'Cd is represented
as

©)

|#)=-0.61]033) +0.38 272
+0.05 |2£2)-0.34[2£2)-0.53[213). (10)

With these wave functions, the beta decay matrix
elements are evaluated following the generalized
formalism due to Behrens and Biihring.2® The
“partial” form-factor coefficients for the single
particle transitions encountered in the present
case are calculated and are then used to compute
the form factors and the matrix element ratios
given in Tables IV and V. Table V also includes
the matrix element ratios obtained by Delabaye
et al.® on the basis of the single-particle model,
along with those from the present experimental
analysis. The following inferences could be
drawn from an inspection of Table V:

(i) The single-particle predictions of Delabaye
et al. for the matrix element ratios are not
in good agreement with the present experi-
mental ratios.

(ii) Even the quasiparticle picture, in this case,
is not satisfactory in fitting the experimental
observables. This was as expected by Kiss-
linger and Sorensen, who pointed out that in
the region below the Sn isotopes, the general
coupling scheme seems to be adequate only
for cases in which at least one kind of particle
is near the 28, 38, 40, or 50 closed shell.

TABLE IV. Form-factor coefficients of the beta
transition !!!Ag— 11Cd calculated by using the quasi-
particle model.

'VF(O) AF{? :

{0
110 VF(O)‘ AFZII

101

0.000

-1.37 1.70 -0.49

They traced the discrepancy in the appearance
of low-lying ;—" states in nuclei (which in a
pure shell model would be described as
having three or five particles, or holes in
the gy, level) to either three quasiparticle
states playing an important role or a strong
quadrupole interaction making necessary a
quite different coupling scheme. But, for
the other levels in isotopes with Z <50 and
N=50, such as Ag isotopes, it is expected
that this method will give a good descrip-
tion. However, from the present work it is
found that the one-quasiparticle calculations
are quite inadequate in explaining the beta
decay from the ground state of *'Ag to the
342 keV state of *!Cd. A three-quasiparti-
cle picture might yield a better description
for the levels involved in the present beta
transition, as was the conjecture of Kiss-
linger and Sorensen for the low-lying Z*
states for the isotopes in this region.

One of the authors (M.S.R.) is thankful to the
Council of Scientific and Industrial Research for
their financial support and L.R.R. is thankful
to the University Grants Commission for their
financial support during the course of the present
work.

TABLE V. Comparison of the experimentally determined matrix element ratios with the
predictions of a single-particle calculation and a quasiparticle calculation governing the 693

keV B of 11Ag.

Results from the

Present present experimental
Matrix element Single particle?® quasiparticle analysis
ratio prediction calculations SetA Set B
fg/fm” 1.60 -1.68 -2.47 -2.96
p p
f U:r/f%g 1.59 -2.46 0.41 0.82

2 These results are due to Delabaye et al. (Ref. 9).
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