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Level Structure of Mo and Mo Studied with the (p, t) Reaction
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The 94Mo{p, t)~Mo and 9 Mo{p, t)+Mo reactions have been studied at an incident proton en-.

ergy of 31 MeV. The triton spectra were obtained with a magnetic spectrograph with over-
all resolution of about 20 keV. Experimental angular distributions are compared with two-
nucleon-transfer distorted-wave Born-approximation calculations to extract spin-parity as-
signments and enhancement factors. Particular emphasis is placed on the study of the L =0
transitions near the closed shell at 50 neutrons.

I. INTRODUCTION

This paper reports on the energy levels of "Mo
and '4Mo observed by means of the two-neutron-
transfer (p, f) reaction. The principal motivation
for this work was to obtain two-nucleon-transfer
data on the molybdenum isotopes to complement
previous studies of the (p, f) reaction on the zir-
conium isotopes. "Of particular interest was the
identification of the 0' states in these nuclei and
the study of the I.=0 transfer intensity systemat-
ics near the lV= 50 closed neutron shell.

One of the most interesting results from the pre-
vious zirconium (p, f) study was the observation
that the ground-state transition from the N = 50
nucleus "Zr was a highly correlated L =0 trans-
fer that exhausted almost all of the strength ex-
pected for removal of zero-coupled neutron pairs
from the orbitals comprising the closed major
shell. This same correlated core-pickup state, if
observed, in the heavier zirconium isotopes would
correspond to an excited 0' level. One description
of such a state is that of a "pairing vibration, "'
In the zirconium isotopes it was observed' that
this expected core-pickup state, or pairing vibra-
tion, was fragmented and summed to less inten-
sity than expected. In the molybdenum study re-
ported here, we present results on the effect of
two additional protons on the pairing-vibration
properties of nuclei near %=50. In addition, re-
sults on levels observed with L &0 transfer are
also reported.

The present study was performed at a proton
energy of 31 MeV, since we had observed previ-
ously that the angular distributions for different
L transfers are more distinct at this energy' than
at higher proton energies (e.g. , 88 MeV). ' During
the course of this work, a number of other inves-

tigations of molybdenum (p, t) reactions, covering
some aspects of interest here, have been report-
ed.~ 7 These experiments were all performed at
higher proton energies with reported resolutions
typically 4-5 times poorer than the present work.
Vfhere these previous studies overlap the present
results, appropriate comparisons will be made.

II. EXPERIMENTAL RESULTS

The reactions were studied with 31-MeV pro-
tons from the Oak Ridge isochronous cyclotron.
The targets were rolled, self-supported foils of
isotopically enriched molybdenum metal. The
thi. cknesses and isotopic abundances of the targets
are given in Table I. Tritons were detected by
riuclear emulsions in the broad-range magnetic
spectrograph facility with a typical over-all reso-
lution of 20 keV full width at half maximum.

At the time the present study was initiated, a
preliminary report of the "Mo(p, f) reaction
studied with 40-MeV protons had been received. '
Subsequently, a more complete study of this same
reaction with 39-MeV protons has been reported. '
We have, therefore, restudied this reaction only
over a limited angular range sufficient to extract
the ground-state L =0 transition intensity at 31
MeV. These data are included in the discussion of
the L =0 transfer systematics in Sec. IVA. No
data for excited states in the "Mo(P, f)'OMo reac-
tion were analyzed in the present study.

An example of the spectra obtained for the '4Mo-

(p, f)"Mo reaction is shown in Fig. 1 and for the
'eMo(p, t)'~Mo reaction in Fig. 2. The choice of
31-MeV proton energy was based on the desire to
increase the distinction between angular distribu-
tions for different L-transfer values. In particu-
lar, at this energy, the L =0 transfer has the dis-
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FIG. 1. Energy spectra of tritons observed at 10 from the interaction f 31.-M Vion o — e protons with Mo.

tinct signature of a sharp rise at forward angles.
One adverse effect of this low an incident energy
is that deuterons from the (p, d) reactions on the
molybdenum isotopes begin to overlap the triton
spectra in the region of 5 MeV of excitation. The
presence of these deuteron groups and the high
level density of triton groups precludes any de-
tailed analysis of levels above 5.5 MeV of excita-
tion, even with the present 20-keV resolution.

The main source of error in the cross sections
determined in this work arises from uncertainties
in target thickness. Thicknesses determined by

comparison of measured elastic scattering yields
to those predicted with the optical-model parame-
ters of the next section agreed to within 10@ with
thicknesses obtained by weighing. Since the opti-
cal parameters for proton scattering are well de-
termined in this energy region, they are expected
to reproduce the measured cross sections within
a few percent. The thicknesses determined from
the scattering were used to compute the (p, t)
cross sections, since they should partially cancel
possible systematic errors. Using either method,
relative cross sections are estimated to be accur-
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ate to 3-4%, while absolute cross sections carry
an uncertainty of 10%.

III. DWBA ANALYSIS

Angular distributions from the triton groups
from the '4Mo(P, f) and "Mo(P, t) reactions are
shown in Figs. 3 and 4, respectively. The solid
lines are the results of zero-range, two-nucleon-
transfer, distorted-wave Born-approximation
(DWBA} calculations performed with the computer
program JULIE.'

The relationship of the output of the JULIE pro-
gram to the experimental cross section has been
discussed in detail previously. ' For the purpose
of this paper we will abbreviate the more compli-
cated expression to the form

(~}=».'hI g &(i.i 2~) p„„.(i ii2~, 8)I'
&X '2

where Dp is the normalization factor which arises
from the zero-range approximation, B is the two-
particle spectroscopic amplitude for the particu-
lar configuration considered, P is the transition
amplitude computed by the code JULIE, and g is
the "enhancement factor" which provides a com-
parison of predicted and measured transition in-
tensities. Deviations of the enhancement factors
from unity should thus indicate deficiencies in the
wave functions assumed for the DWBA calculations.
In most cases, since complete wave functions are
not available, DWBA calculations are performed
assuming a simple, single shell-model configura-
tion that might be expected to contribute signifi-
cantly to the particular transition. (In this case
there is then no sum over j,j, pairs. ) Future
comparison of the predictions of complex wave
functions can then be made simply by calculating
the predicted enhancements with respect to the
simple configurations and comparing these with
the experimental enhancements.

The single-particle wave functions for the trans-
ferred neutrons were calculated for a Woods-Sax-
on well by the oscillator wave-function expansion
method of Drisko and Rybicki. ' The real-well-
radius parameter of the Woods-Saxon potential
was r, = 1.25 fm and the diffusivity was a = 0.65 fm.

A Thomas-type spin-orbit term was included with
this same geometry and a strength A. =25. The sin-
gle-neutron binding energies were chosen as one
half of the two-neutron separation energy required
to reach the final state involved.

The optical-model parameters used for the
DWBA calculations are given in Table II. The pro-
ton parameters are taken from the global analysis
of Becchetti and Greenlees. ' This is the same pa-
rameter set as used in a previous analysis of the
zirconium (P, t) data. ' Two sets of triton parame-
ters were employed and both are listed in Table
II. The parameter set taken from the analysis of
Drisko, Roos, and Bassel" is the same as that
used previously for the zirconium data. The sec-
ond set of triton parameters, taken from the work
of Flynn et al. ,

' has had more general use and
was included here for comparison. The two sets
of triton parameters yield essentially identical
shapes for the predicted angular distributions but
result in significantly different magnitudes.

A comparison of DWBA predictions using the
two sets of triton parameters from Table II shows
that the cross sections predicted using the param-
eters of Drisko, Boos, and Bassel are consistent-
ly 30% larger than those obtained using the param-
eters of Flynn et al. This difference will thus re-
quire a different value of D,' to obtain consistent
enhancement factors from the two parameter sets.
We have included those two sets in Table II to call
attention to the difficulties attendant to absolute
normalization of two-nucleon-transf er calculations.
We have pointed out previously2 that relatively
small changes in the bound-state geometry (chang-
ing r, from 1.25 to 1.20 fm} also result in quite
dramatic changes in predicted cross sections.

The data on the energy levels observed in "Mo
and '~No are summarized in Tables III and IV.
Enhancement factors, extracted for the simple
configurations listed, are included in the tables.
For the triton parameters of Drisko, Roos, and
Bassel, a value of D,' = 22 was used in the present
analysis to be consistent with the previous analy-
sis of the Zr(p, t) reactions. ' The same results
are obtained from calculations using the triton pa-
rameters of Flynn et al. with a value of D,'= 29.

TABLE I. Nominal target thicknesses and isotopic abondances.

Target

~2Mo

"Mo
"Mo

Thicknesses
(mg/cm2)

0.56
0.37
0.43

~2Mo

98.27
0.87
0.18

'4Mo

0.46
93.6
0.18

.O'Mo

0.37
2.85
0.94

0.26
1.04

96.8

97Mo

0,13
0.40
0.96

'8Mo

0.27
0.75
0.82

"'Mo

0.25
0.22
0,1
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IV. DISCUSSION

A. I, =0 Transitions

The relative (p, t) intensities observed for I. =0
transitions are summarized in Fig. 5. This fig-
ure also includes the ground-state transition in-
tensity measured in the "Mo(P, t)"Mo reaction.
Since none of the previous studies ' of this reac-
tion have reported any appreciable L =0 strength
to excited 0' levels in ' Mo, this intensity would
seem to represent the bulk of the strength expect-
ed for removal of zero-coupled neutron pairs
from the N = 50 shell. The enhancement factor
extracted by assuming pure (g»g)gg pickup is 7.0,

significantly less than the factor of 10.0 obtained
for the similar transition from 'OZr.

From a simple shell-model viewpoint, the pro-
ton structure of the molybdenum nuclei can be as-
cribed to filling of the 2P&/2 and 1&9/2 orbitals be-
yond an inert "Sr core. In such a model, the
ground state of "Mo will be of the form

+(vP1/g) 0(vgg/g) 0+ P(vugg/g) 0 I

and the orthogonal combination will result in a
low-lying 0' excited state. If the configuration
mixture of the protons is unaffected as neutrons
are added beyond the N = 50 core, such 0' states
would not be populated by the (P, I) reaction. In
the case of the zirconium isotopes, a weakly pop-
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ulated 0' excited state was observed in all the even
isotopes with N & 50, indicating the presence of
some configuration changes. " The observed inten-
sities were shown to be consistent with the chang-
es in proton structure deduced from results of
single-proton-transfer experiments.

One of the initial motivations for the present
study was to locate a low-lying excited 0' level in
".Mo that might be ascribed to the expected proton

excited state. The level at 2.515 MeV of excita-
tion seems to be an excellent candidate for this
state, since it is reasonably close in energy to the
predicted position" "for such a level and is rath-
er weakly populated as expected. This 0' level
has also been reported recently in studies of this
same reaction at higher energies. " Unlike the
case for the zirconium isotopes, we do not see
this low-lying proton excited 0' level in the N = 52
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nucleus, ' Mo. This suggests that the proton
structure of "Mo and ~Mo is remarkably similar.

The higher-lying 0' states observed in "Mo are
assumed to arise from removal of neutron pairs
from the N = 50 core and hence correspond to the
pairing-vibration excitation in this nucleus. Al-
though a very weakly populated level is observed
at 5.15 MeV, quite close to the energy expected
for the pairing vibration from the simple harmonic
form of the model, the bulk of the intensity is ob-
served to populate a 0' level more than 1 MeV
lower in excitation. The pairing-vibration inten-
sity observed in "Mo is only 55% of the ground-
state transition from "Mo to "Mo. In the zirconi-
um isotope (two protons less) this ratio was found
to be about 75%. Thus both the energy shift and
intensity loss of the pairing-vibration strength are
more pronounced in molybdenum than zirconium
and more closely resemble the behavior of such
states observed previously in the neodymium iso-
topes. "

The results for the 0' levels in ' Mo are very
similar to the results reported' at a bombarding
energy of 40 MeV, but the intensity ratios are no-
ticeably different from the 52-MeV results. ' Nei-
ther of the previous experiments observed the 0'
level at 5.15 MeV.

In the "Mo(p, I) reaction we observe two excited
0' levels. Only the stronger of these, at 3.70 MeV,
has been reported previously. ' We have examined
the spectra for this reaction up to about 5.5 MeV
of excitation and observe no other L =0 transitions
of comparable intensity. These results thus paral-
lel rather closely the previous results on the zir-
conium and neodymium isotopes in that the pair-

ing-vibration strength is fractionated and dimin-
ished in intensity as neutrons are added beyond
the closed shell. Except for the neutron closed-
shell nucleus, no single state is observed to car-
ry the bulk of the expected pairing-vibration
strength.

B. Levels in Mo

The properties of the "Mo levels summarized
in Table III are generally in good agreement with
those reported' from the same reaction at a pro-
ton energy of 40 MeV. We prefer a 2' assignment
for the 3.535-MeV level rather than the tentative
3 assigned previously. The level observed here
at 5.150 MeV is quite definitely a 0' state. We do
not observe the 4' level reported previously' at
5.09 MeV, but this region is difficult to analyze
because of interfering deuteron groups.

The enhancement factor of 1.5 for the Mo(p, I)
"Mo ground-state transition is slightly less than
the enhancement for the analogous transition in
the zirconium isotopes. ' The rather strong tran-
sition to the first excited 2' level, presumably a
state due primarily to proton excitation, should
be noted. The enhancement factor for this state
is about twice thaf for the similar state in the "Zr-
(p, t)9OZr reaction. This does not necessarily im-
ply that there are neutron components in these 2'
levels but, more likely, that the ground-state wave
functions for the N= 52 nuclei contain significant
components with these 2+ states coupled to v=2
neutron configurations. The present results then
indicate significantly more mixing in the wave func-
tions for the molybdenum case than for the zirconi-
um case.

o+ o.oo

]4 — Mo

0 515

o' &8

o(p, t)
p=51 Mev

TABLE H. Optical-model parameters used in the
DWBA calculations. The notation for the parameters is
the same as that of Satchler [see G. R. Satchler, Nucl.
Phys. A92, 273 (1967)j. Multiple values are for 9 96Mo,

respectively,

12 O+ 2.5 0+ 5.70
O+ ~.&2

Protons Tritons ' Tritons

10—
o+ o.o

9 Mo

0+ o.o
'4Mo

0 000
96Mo

V (MeV)
ro (fm)
a (fm)
W (MeV)

W, (MeV)
r'() (fm)
a' (fm)

V, (MeV)
r (fm)
a~ (fm)

(fm)

54.7, 55.1, 55.5
1.12
0.78
4.14

5.08, 5.30, 5.53
1.32

0.57, 0.58, 0.60
6.2
0.98
0.75
1,20

170.1
1.15
0.739

19.0
0.0
1.515
0.758
0.0
0.0
0.0
1,4

170.7
1.16
0.752

21.5
0.0
1.498
0.817
0.0
0.0
0.0
1.25

FIG. 5. Relative I. =0, (p, t) transition intensities.
~Reference 11.

Reference 12.
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TABLE III. Levels in 92Mo observed with the 94Mo(p, t) reaction. The enhancement values are based on a choice of

Do as discussed in the text. The listed spin-parity assignments are based on the present work. Excitation energies are
+0.005 Mev.

Peak No

g.s.
1
2
3
4
5
6
7
8
9

10
11
12

g+
(Me V)

0.000
1.505
2.275
2.515
2.845
3.090
3.535
3.835
3.915
4.140
4.300
4.485
5.150

0+

2+

(4+)
p+

3

2+
p+

2+

4+
2+

2+

0+

0
2

(4)
0

Assumed
transition

a, b
c

b
d

d
d

b

&'(i )i 2~)

1.0
1.0

1,0, 1.0
2.33

1.67
1.0
1,67
3,0
1.67
1.67
1.0

1.5
0.3

0.07, 0.7
0.5

0.09
3.5
0.14
0.6
0.40
0.14
0.25

' [j Mo)g(d, (2) gjp- j Mo)g.
(g9/2) 0 (g9/2) 0 ~' &(f5/2) o(ds/2) o&o I:(f5/2)'5/2("5/2)~J ~

t(A/2) 0(ds/2) 0~0 ~(g9/2) 9/2(~5/2)~J'

TABLE IV. Levels in 94Mo observed with the 96Mo(p, t) reaction. The enhancement values are based on a choice of
D 0 as dis cussed in the text. The listed spin-parity assignments are based on the present work. Excitation energies
are +0.005 MeV.

Peak No.

g.s.
1
2
3
4
5
6
7
8
9

10
11
12
13

15
16
17
18
19
20
21

Eg
(MeV)

0.000
0.870
1,575
1.865
2.070
2.300
2.395
2.425
2.540
2.570
2.615
2.775
2.870
3.320
3.375
3.405
3.455
3.700
3.800
3.995
4.095
4.140

p+

2+

4+

(2')
2+

(4+, 3)
2+

(5 )
4+

p+

(5 )
2+

(2')
p+

3
2+

2+
2+

0
2
4

(2)

(4, 3)
2

(5)
4

0
(5)

(2)
0

2

2

Assumed
transition

a
a, b

a, c
dq e

&2(jg j2J)

1.33
1.67
3.00
1.67
1.67

3.0, 4.67
1.67

3.667
3.0

1.0
3.0, 3.667
5.0, 3.33

1.0
2.333
5.0
5.0
5.0

1.8
0.18
0.6
0.06
0.5

0.10, 0.15
0.035

0.20
0.11

0.75
0.06, 0.04
0.25, 0.07

2.0
0.2
0.3
0.8
0.3

„' «s/2)'0- «s/2)'J
~ +8/2) 0(d5/2) 0~0 t(+3/2) 3/2(d5/2) 5/2~ J'' &(f5/2) O("5/2) 0~0 ~(f5/2)(ds/2) ~J ~

(g9/2) 0- (g9/2)'J'
&(g9/2)' 0«5/2)0~ 0 t. (A/2) 9/2("5/2) 5/2~J ~
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C. Levels in Mo

The observed levels in '«Mo are summarized in
Table IV and compared with results from selected
previous studies' ' in Fig. 6.

The level at 2.070 MeV shows no indication of an
L = 0 component. Instead, the angular distribution
favors strongly a 2' assignment to this state. This
is somewhat disappointing since the shell-model
calculations discussed in the following section pre-
dict two excited 0' levels near 2 MeV of excitation
in "Mo. These levels are predicted to be populated
weakly by the MMo(P, f) reaction and the possibility
must be considered that an accidental degeneracy
in energy of 0' and 2' levels obscures the weak 0'.
There seems to be little doubt that this reaction
has missed the expected low-lying 0' excited
states, although the limit of detection for L, = 0
transitions not obscured by other states was about
0.2/q of the ground-state intensity in this region.

The assignment of 4' is favored for the level at
2.30 MeV on the basis of the positive parity deter-
mined by the ('He, d) study. " The present work
assigns 2' to the 2.39-MeV level which is within
the limits determined by the decay scheme re-
sults. " The level at 2.54 MeV appears to be an-

other candidate for an unresolved doublet. The
inelastic proton data" clearly establish a collec-
tive 3 level at this energy, but the (p, t) data fav-
or a 5 assignment. However, the low intensity
seen for the collective 3 in the Zr(P, f) studies'
is not inconsistent with the L = 3 being obscured in
the present case.

The levels for which no assignment is given for
the (p, t) work are all weakly excited and show
rather featureless angular distributions consistent
with Lo 5

The distribution of L =2 transfer strength among
the 2' levels is quite interesting. Here, with four
valence neutrons in the initial state, it should be
relatively easy to populate the lowest 2' level.
Nevertheless, the lowest 2' in ' Mo is not populat-
ed appreciably stronger than the first 2' in Mo.
This is a striking change from the behavior ob-
served for the analogous transitions in the zirconi-
um isotopes where the lowest 2' in "Zr is popu-
lated almost an order of magnitude more strongly
than the 2' in "Zr. In "Zr the first 2' is more
than twice as intense as any other 2' level, while
in '«Mo the first 2+ is less than half as strong as
the 2' level at 2.07 MeV. It has been pointed out
previously" that the population of these 2' levels

3.320

(5-8)
(i,2 )

(6 )

(),2 )

2.872

2.740

2.423
2.393

8
6

(4 )
+

(5 )

6+

(2 )

2.953 (2&)
2.870 (4+)
2.738

2.608 (5 )
(3)

2.42( (24)
2.300

3.090

2.930
2.830

2.580
2.533
2.42(

(8)
(8)-+

(3-6)&
(2-6)&
(3-6)~»
(2-6)-
(3-6Y

(6)+
(2-6)

2.960
2.875
2.835
2,775
2.6) 5
2.570

i2.530
2.420
2.295

4—+
(5 )'
2t

(4t3 )

2.870
2.775
2.6(5
2.570
2.540
2.425

i2.395
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FIG. 6. Selected experimental data on the low-lying energy levels of 94Mo. The decay data are taken from Ref. 17,
the (e, 2ny) data from Ref. 18, the (P,P') data from Ref. 19, the (3He, d) data from Ref. 20, and the (p, t) data from the

present study.
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TABLE V. Comparison of (P, t) enhancement factors
predicted by the extended shell-model calculations with
those measured experimentally. Both enhancements are
expressed as a ratio to the predicted strength for a pure
(d&&2)" configuration.

Reaction (MeV) exp @SM

94Mo- 92Mo

"Mo-'4Mo

0.00

0.00
0.87
1.87
2.07

0+

2

0+
2+

2+

2

1.5
0.3

1.8
0.18
0.06
0.5

1.5
0.4
1.7
0.2
0.03
0.9

in the "Nb('He, d) proton-transfer reaction does
not agree with simple shell-model predictions.
Again the presence of considerable configuration
mixing in the wave functions seems apparent and
points to the need for more complete calculations.
An example of such a calculation is given in the
following section.

D. Comparison with Shell-Model

Calculations

The enhancement factors shown in Tables III and
IV were obtained by assuming that a single config-
uration for the transferred neutron pair was re-
sponsible for the transition. This simplification
was introduced to allow a more meaningful sys-
tematization of the data. The observed deviations
of enhancement factors from unity indicate the in-
adequacy of the simple wave functions.

In a previous analysis' of the zirconium (P, I)
reactions we included a comparison of intensities
for a few low-lying states with predictions from
an extended shell-model calculation. VFe have en-
larged the scope of these calculations to include
the molybdenum isotopes of interest in the pres-
ent study. The model assumes an inert "Sr core

with four protons distributed in the 1g„, and 2p, gg

orbitals and the appropriate number of neutrons
distributed over the complete space of the 2d„„
2d„» and 3s», orbitals. The wave functions and
two-particle-transfer overlaps, B(j,j,J), were
calculated with the Oak Ridge-Rochester shell-
model program ' and the multiple-configuration
DWBA calculation performed with the code JULIE.
The enhancement factors obtained from these cal-
culations are shown in Table V.

As in the zirconium case, the extended wave
functions reproduce the ground-state L =0
strengths very well. Thus, the ground state
changes from isotope to isotope, as well as from
zirconium to molybdenum, seem to be dominated

by the selected model space. The interactions
used in the calculations are apparently introduc-
ing somewhat too much L = 2 transition intensity
into the low-lying levels, but the previously dis-
cussed behavior of the observed enhancements for
the 2' levels in ' Mo is predicted fairly well by
the model wave functions. The over-all agreement
between calculation and experiment seems quite
encouraging.

Comparisons to higher L transfers have not been
made because of the omission of the 1g,/2 neutron
orbital from the calculations. With the inclusion
of this orbital, calculations using this shell-model
basis space seem quite capable of producing a
good description of the low-lying level structure
and the one- and two-neutron-transfer strengths
for nuclei in this mass region.
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A detailed study of the 0.962-MeV P transition from the decay of «SSAu is performed. A
complete description of the theoretical formalism employed is given. Two sits of nuclear
matrix elements have been extracted from the experimental data. In one of them the P mo-
ment of multipolarity A, =2 is of the same order of magnitude as those of multipolarities A. =O
and A, =1 and the ratio A(=(e)/g |',ir )) is consistent with the Fujita-Eichler estimate Q, (FE)
=2.4j. In the second case the p moment of A, =2 is negligible and the ratio A is strongly re-
duced with respect to A(FE), A possible mechanism for the reduction of the p moments from
their single-particle values is discussed on the basis of a particle-plus-phonon coupling mod-
el. It is concluded that the state 2f~~2 is the dominant neutron single-particle configuration
in the ground state of »98Au.

I. INTRODUCTION

Once the V-A. structure for the weak Hamilto-
nian had been well established, further progress
was made to relate the P decay with other proper-
ties of the nucleus. ' ' The weak Hamiltonian is
expressed as

&;m=gsilA(o 14-~5L4)+g»(n 1 '2 —fsH (1.1)

where L, and L,, are the appropriate combinations
of the lepton wave functions defined by Alaga";
gs is the semileptonic weak-coupling constant;
g„and g~ are the effective axial-vector and vector
coupling constants, respectively (g„=-1.19 and

g» =1.0).
In this Hamiltonian, the effects induced by the

strong interactions (pseudoscalar and pseudo-
tensor) are not taken into account; in addition,
the higher-order terms (third forbidden) in the
multipole expansion are neglected. Although these

effects are relevant in 0 -0' and unique first-for-
bidden P transitions, ' "they are generally not im-
portant in nonunique P transitions. They may only
be significant when the $ approximation is not valid
(see below) and/or when the leading p moments are
strongly reduced by some selection-rule effect (for
example f forbiddenness).

On performing the multipole expansion of the
Hamiltonian (1.1) for the case of first-forbidden
transitions, there remain six lowest-order P mo-
ments. They are listed in Table I.

The relativistic P moments are usually related
to the corresponding nonrelativistic ones by defin-
ing the ratios

A =(n)/((fr)

with $ = n g/2ro, where n is the fine-structure con-


