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In a particle-y spectroscopy experiment, """'"Osnuclei were Coulomb excited by 14.5 MeV 'He, 48.0 MeV
"0,and 62.0 MeV "Sbeams, successively. Using both semiclassical and quantum mechanical coupled channels
codes, the coincidence y-ray yields were analyzed to obtain the relative quadrupole moments of the 2l+ state, as
well as branching ratios and the spectroscopic quadrupole moments of the 22+ states in these nuclei. As an
independent check, the spectroscopic quadrupole moments of the 2+, and 22+ states in '"Os were measured by
particle spectroscopy techniques using "0 projectiles. The results of the two experiments are in good
agreement. These results, together with the corresponding values for """Wand '"Pt, are compared with the
predictions of several models, including (i) microscopic pairing-plus-quadrupole and boson expansion theory,
and (ii) phenomenological interacting boson approximation and asymmetric rigid rotor models. The general
experimental trends are best described by the above microscopic models. Both phenomenological models fail to
reproduce the systematics of the experimental quadrupole moments.

UCI EAR 8 EACTIONS i88, i9o&i920s(& &1~) E = 14 '5 MeV. i88&i90, i92O (i6O 16PI~)
8=48.P MeV; ' & { S, S'y), E=62.0 MeV; measured particl. e-p coin; de-
duced q(22); branching ratios (22), relative q(2i). Thick natural target.

8 Os('6O, '60'), E =45.0MeV. measured o.(E, 142.3'); deduced q{2&), q(22). Thin en-
riched target. Coupled channel semiclassical and quantum mechanical analyses.

I. INTRODUCTION

The Gs-Pt nuclei, spanning a region where a
prolate to oblate shape transition takes place,
provide a crucial testing ground for the nuclear
structure models that attempt to describe the
collective degrees of freedom. The spectro-
scopic quadrupole moments' ' q(2,') as well as
the systematics of the relative location of the
quasigamma band with respect to the ground state
band, suggest that the y degree of freedom plays
an important role in this shape transition region.
While all models agree that these nuclei are to
varying degrees triaxial, they differ on the na-
ture of this triaxiality.

In the pairing plus quadrupole model of Kumar
and Baranger, ' the potential energy surfaces
(PES) are predicted to be soft with respect to y
vibrations in the A=190 mass region. The pre-
dicted PES are similar to those obtained from
other semimicroscopic calculations in thi:s re-
gion, ' ' which attribute the triaxiality to dynamics,
that is, zero-point fluctuations. The same con-
clusion has been reached in some phenomenologi-
cal models, ' "as well as in a Hartree-Fock-
Bogoliubov microscopic calculation" which has
found appreciable dynamic triaxiality for most
nucl. ei investigated.

In contrast, some investigators have found that
the asymmetric rotor model (ARM) of Davydov
and Filippov" fits certain features of the transi-
tional nuclei successfully. The rigid triaxial
shapes assumed in this model stand at variance
with practically all microscopic calculations.

More recently, the interacting boson approxi-
mation (IBA) model of Arima and Iachello" has
offered an alternative description of the transi-
tional nuclei compared to the above geometrical
models which attempt to approximately solve
Bohr's collective Hamiltonian. Many of the com-
plex and rapidly changing empirical features of
the Os-Pt region are well reproduced in terms of
a perturbed O(6) scheme. " Since the y-unstable
model of Wilets and Jeans" is the closest geo-
metrical analog of the O(6) iimit of the IBA,"'"
the success of this model in reproducing the ex-
perimental data may be interpreted as additional
support for the y-soft cores in this region.

In view of the fact that nearly all the micro-
scopic calculations predict y-soft potential ener-
gy surfaces, it is important to experimentally
determine the extent of the softness of these nu-
clei with respect to y vibrations. The rigidity or
softness of the PES affects such observables as
the energy levels, electromagnetic transition
rates, and spectroscopic factors. However, some
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of these observables are equally affected by vari-
ations in other nuclear parameters and, hence,
are not unique tests of the core softness. One ex-
ception is the electromagnetic properties of the
quasigamma band. " This report is part of a sys-
tematic study of the electromagnetic properties
of the quasigamma band in some even-even W, '

Os, and Pt (Ref. 17) nuclei. Presented here are
the results of Coulomb excitation experiments in
which the spectroscopic quadrupole moments and

branching ratios of the 2,+ states in '"'" ""Os
were determined. Although the static quadrupole
moments are not very sensitive to the core soft-
ness, they enter the determination of the transi-
tion matrix elements of the quasigamma band
from heavy ion Coulomb excitation experiments.
Some of these results have been reported in earli-
er communications. "

II. DATA ACQUISITION AND REDUCTION

The experiment consists of consecutively Cou-
lomb exciting a thick, natural Os target by 14.5
MeV He, 48.0 MeV "0, and 62.0 MeV "Sbeams
obtained from the University of Pittsburgh 3-stage
Van de Graaff. A Ge(Li) detector at 55' was used
to detect the deexcitation y rays in coincidence
with backscattered particles which were detected
in a cooled surface barrier annular detector at
(8)„b= 163 . To minimize the sensitivity to such
factors as target self-absorption and Ge(Li) finite
solid angle correction, the target assembly and
detection geometry were untouched for the dura-
tion of the experiment. The y-ray energy, parti-
cle energy, as well as the timing information
were recorded, event by event, on magnetic tape.
The data were subsequently analyzed off line, by
placing appropriate windows on the particle-ener-
gy and timing spectra, and projecting out the
corresponding y-ray spectra. The ratios of the
true peak to the accidental background in the
timing spectra were better than 20 for the 'He
and 70 for "O and "Sbeams, respectively.
Nevertheless, the y-ray spectra were corrected
for the random coincidence events. Details of
the experimental setup as well as data reduction
procedure are given in Refs. 17 and 18. Sample
spectra are given in Figs. 1 to 3.

As an independent check on the cr(2,') values ob-
tained from the above particle-y coincidence ex-
periment, the quadrupole moment of the 2,' state
in '"Os was additionally measured by particle
spectroscopy techniques. In this experiment, thin
(10-15 p, g/cm'), isotopically enriched (94.479')
spot targets of '"Os were bombarded with a 45
MeV "0beam. The elastically and inelastically
scattered particles were momentum analyzed at a
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FIG. 1. Particle-gamma coincidence spectrum for
14.5 MeV He particles.

III. DATA ANALYSIS

The particle data were analyzed to obtain the
spectroscopic quadrupole moments of the 2y and
2,' states in '"Os. The particle-coincidence data
were analyzed to extract the spectroscopic qua-
drupole moments of the 2,+ states in " '" ""Os
isotopes. Also, relative cf (2,') values were de-
duced for '"*'"Os nuclei with respect to that of' 'Os. Additionally, this data rendered more
precise branching ratios for the 2,' states in all
three Os nuclei.

The calculations of the elastic and inelastic
scattering cross sections were obtained from the
semiclassical coupled channels code of Winther
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FIG. 2. Particle-gamma coincidence spectrum for
48.0 MeV 0 particles.

142.3' laboratory angle in an Enge split-pole mag-
netic spectrograph. Two position sensitive detec-
tors were placed in the focal plane of the spectro-
graph to detect the '?' and 8' charge states, which
together account for nearly 95% of the outgoing
ions. A sample spectrum is shown in Fig. 4.
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and de Boer" (WD), and included the 0', 2,', 4,',
6

y 22 and 4,' levels. The quantum m ecban ical
(QM) correction factors for the 2,', 2,', and 4,'
states were obtained from the quantum mechanical
coupled channels code AROSA" in a manner dis-
cussed in Refs. 17 and 18. In the range of beam
energies relevant to this experiment, the QM
corrections to the 2,' states amounted to nearly
2-2.5% and 1.5% for the 'He and "0projectiles,
respectively. The corresponding QM corrections
for the 2,' states were less than 0.5%.

The relevant E2 reduced matrix elements which
enter the calculations were obtained from the re-

suits of previous measurements. In cases where
more than one measurement was available, the
weighted average of the more recent values was
adopted. The following studies were consulted in
arriving at the choice of the reduced quadrupole
matrix elements (Ms, ): Refs. 1, 2, and 22 for
q(2,'); Refs. 1, 2, 23, and 24 for cols, (0', 2,');
Refs. 24 and 25 for IVY»(0'„2,'), )VI~, (2,', 2,'), and

were taken from calculations of Kumar and
Baranger. ' The influence of these lM&, on the
y-ray yields from the 2,' states were, however,
insignificant. The All matrix elements were de-
termined from the compilation of the Ml/E2 mix-
ing ratios by Krane. " However, it should be
pointed out that the effect of M1 on the angular
distribution of the 2,'-2,' transition is nearly
zero at 6I = 55 . Moreover, since the extraction of
the quadrupole moments involve comparison of
the relative y-ray yields as a function of beam
species, they are independent of the ki1 values.

The F4 transition matrix elements M~, (0', 4,')
were taken from a Coulomb nuclear interference
work by Baker et al." The rigid rotor model was
used to estimate other E4 couplings. These E4
matrix elements did not exert any discernible in-
fluence on the extracted g(2,') values reported in
this survey.

In the case of particle-y data, the thin target
y-ray yields calculated by the WD code had to be
integrated over the beam energy and the accep-
tance angles of the particle and y-ray detectors.
The range of energies included in this integration
were =11.5—14.5 MeV for 'He, 36—48 MeV for
"0, and 46—62 MeV for the "Sprojectiles. The
values of stopping powers entering the energy in-
tegration were taken from the work of Northcliffe
and Schilling. " The finite Ge(Li) solid angle cor-
rection factors were based on the extrapolation of
values given by Camp and Van Lehn. " Finally,
the thick target yields were evaluated at three
scattering angles, and numerically integrated to
account for the finite particle-detector solid
angle. The thick target yields were corrected for
such factors as the target self-absorption and QM
effects, which were calculated in a manner de-
scribed in Ref. 18.

The absolute y-ray yields from a thick target
depend on many factors, including beam intensity,
target isotopic enrichment, dead time losses, the
effective target thickness and, hence, the stopping
power, finite Ge(Li) solid angle correction fac-
tors, and the absolute Ge(Li) efficiency. The rela-
tive y-ray yields, however, are either indepen-
dent, or insensitive to these factors. The extrac-
tion of the quadrupole moments were, therefore,
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s(2:, 0)M, ', (0', 2:, )
f8

, l +p.;(A)q(2.') + ~(A) X(2:)

i+p, (A)q(2;)

Here, Ms, (n, m) denotes the reduced quadrupole
matrix element connecting states n and rn, and

s(n-m) indicates the detection efficiency for the
(n-m) transition y ray. Functions p, +(A), p, +(A),
and o. (A) depend on the experimental conditions
and are readily calculable. The parameter X(2,')
is given by

eI 2' 2'
(2)

and is proportional to the square root of the cas-
cade-to-crossover branching ratio of the 2,' state.
While functions p, +(A), p, +(A), and o. (A) depend
strongly on the projectile mass, their ratios,
namely p, +/p, + and a/p, +, . are, to a very good
approximation, independent of A. Therefore, ex-
pansion of Eq. (1) around the experimental values
q, (2,') and x,(2,') results in the expression

based on yield ratios obtained by normalizing the
yields relative to the (2,'-0+) transition strength.
Furthermore, to reduce the sensitivity to many
electromagnetic matrix elements which enter the
calculation of the yield ratios (Ys), it was decided
to deduce the quadrupole moments by comparing
the relative enhancement of the Y~ as a function
of beam species. According to the second-order
perturbation theory, for a given energy range and
under a fixed detection geometry, the dependence
of the Ys on the q (2,') values may be parametrized
in terms of the projectile mass A as follows:

Y(22 0+;A)
Ys(22 - O', A) =-

Y(2'+ 0+.'A)

function whose slope determines the q(2,'):
slope=q(2, ')+P[q(2,') -q, (2,')].~[x(2;)-x.(2:)]. (4)

The y intercept of this linear plot is proportional
to

Figure 5 shows the sensitivity plot for '"Os.
Shown on this plot are six points, corresponding
to three beams and two yield ratios Y~(2,'- 0')
and Y„(2,'- 2,'). The error bars are due to exper-
imental uncertainties from such sources as the
statistical fluctuations, background subtraction,
and contaminations due to other transitions in the
case of composite peaks. The solid and dashed
lines were obtained from a least-squares fit to the
experimental points and denote the true slope and
the associated uncertainties, respectively. For
comparison, the dot-dashed line represents the
slope corresponding to q(2,') =0.34 eb, which has
been predicted by Kumar and Baranger. '

According to Eq. (5), the deduced q(2,') depends
on q(2,') as well as the sign and magnitude of

and may be different than 1.0 if the actual values
differ from those used in the calculation. In this
case, the "true slope" will be the ratio of the ex-
perimental slope divided by the y intercept. The
quadrupole moment is, therefore, given by

q(2,') =true slope —P[q(2,') —q, (2,')]
-r [x(2:)—x, (22') ]

Y„(2,+-O', A) =g(A)(1+p(A){q(2,') +P[q(2,') -q, (2,')]
+7[x(22) —xo(22)] f & (2)

Again, functions g(A) and p(A), as well as param-
eters P and y, are fully calculable. Specifically,
g(A) may be obtained through a calculation corre-
sponding to

q(2,+) =0,

q (2,') =q.(2,'),
and

0
L2+N

X
w 1.0

+0
o.e

l920

YR {22 22
o YR{22

0.lo I

'L.SQ.F.

K-8
I

0.20

x(2:) = x.(2:) .

Similarly, p(A) may be readily obtained by as-
suming a nonzero q(2,') in the computation. Con-
sequently, a plot of [Ys],„ /g(A) as a function of
the sensitivity parameter, p(A), will be a linear

FIG. 5. Plot of the ratios of the experimental and
calculated yield ratios jY&(22 f )] as a function of sen-
sitivity parameter p(A) (see text). The slope of the
fitted line (solid line) is proportional to q(&2). For com-
parison, the dot-dashed line represents the slope cor-
responding to q(2~) = 0.34 eb which is predicted by Kumar
and Baranger (H, ef. 4).
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)t(2, ). The experimental p, (2, ) values used in the
calculation were based on the weighted average of
the quadrupole moments. "" The sign of y(2,') is
related to the sign of P, defined as P, =—M»(0', 2,')

determined to be negative. " (Our definition of the
reduced matrix elements includes an i phase
factor. ) Since muonic experiments have estab-
lished the sign of M»(2,', 2', ) to be positive, "the
sign of X(2,') is determined unambiguously. The
magnitude of X(2,') was taken from the previous
measurements, "'"'"and was modified to agree
with the 2,' branching ratios determined in this
experiment.

IV. EXPERIMENTAL RESULTS

The extracted q(2,') values for Os isotopes,
along with those of '"'"'W (Ref. 18) and ' Pt
(Ref. 17) are shown in Table I. A short descrip-
tion of how the values were obtained will be given
in the following subsections. Also included in this
table are the predictions of (i) microscopic mod-
els, namely the pairing-plus-quadrupole (PPQ)
model of Kumar and Baranger, ' and boson expan-
sion theory (BET) of Weeks, Kishimoto, and

Tamura, (ii) phenomenological models, including
the dynamic collective model (DCM) of Sedlmayr
et al. ,

"'" interacting boson approximation (IBA),"

and asymmetric rotor model with variable moment
of inertia (ARM+VMI) due to Toki and Faessler. "
To make a meaningful comparison between these
models, the results of PPQ, BET, and DCM cal-
culations were scaled by matching the calculated
lVls, (0'- 2,') values to the adopted experimental
results shown in Tables I and II.

The experimental q(2,') values of '"""Os rela-
tive to that of '"Os were obtained through a pro-
cedure which is quite analogous to that described
in Sec. III. Due to smaller excitation energy, the
reorientation effect is smaller for the 2,' states
compared to the 2,' states. As a result, the un-
certainties in the deduced relative quadrupole
moments are rather large. Nevertheless, such
information serves as an additional check on the
reliability of the method and the extracted quanti-
ties. The values obtained in the experiment are
shown in Table II. Table III compares the branch-
ing ratios Bz(2, ) obtained in this survey with other
measurements and the theoretical predictions of
the above models.

A. ~Os nucleus

The spectroscopic quadrupole moments of the
and 2,' states we re d educ ed from the particle

spectroscopy data to be q (2,') = —1.15(25) e b, and

g(2,') =+1.05(20) e b. The extracted value for

TABLE I. Comparison of the experimental and theoretical values for the spectroscopic quadrupole moments of the
22+ states. Theoretical predictions are scaled to reproduce the adopted experimental ~(&2;0+—2&+) transition moments
shown in the table. Values are given in units of (eb).

Experimental values ~

Particle Particle-y Average
Adopted

M(E2 O-2) PPqb
Theoretical predictions

BET IBA1 IBA2 DCM ARM 3'

184~
i 86yy

'"Ps
90P s

192P s
192pt
1,94pt
i96P t

1.5(4)
1.o5(30)

o.1(4)"
1.1(3)
0.83(45)
0.9(4)
o.8(3)

-o.5o(45) '

1.3(3)"
1.oo(25)

-1.94"
-1.83
-1.68'
-1.55'
-1.44'

1.37"
1.27'
1.23~

0.74
1.03
1.14
0.85
0.33

-0.49
M.41
-0.62

1.42
1.27
1.01

-0.32
-0.49
-0.55

1.39
1.23
1.0

+0.02
+0.01

0.0

1.62
1.54
1.21
1.20
0.97

+0.22
-0.15
-0.18

1.55
1.64
1.46~

1.34~

1 023
-0 54
-0.65
-0.54

1.7
1.6
1.38
1.17
0.81

-0.86
-0.21

0.0

~ Values in parentheses represent uncertainties in the least significant digits.
"Pairing-plus-quadrupole model, Ref. 4.

Boson expansion theory, Ref. 8.
Interacting boson approximation (one boson), Ref. 14.
Interacting boson approximation (two bosons), Ref. 32.
Dynamics collective model. , Ref. 10.

g Asymmetric rotor model plus variable moment of inertia, Ref. 33. The asymmetry parameters p are taken to be
]3 7' ]6.0 ]9 1 21.7', 25.2', 24.4', 28.8 and 30' for '~86~, ~ 90'9'ps, and '9 ~94~96Pt, respectively.

"Reference 18.
' Average of reported values in Refs. 1, 2, 23 and 24.
' Reference 34.
"Reference 35.
1 Reference 17.

Average of values reported in Refs. 3 and 24.
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TABLE II. Comparison of experimental and theoretical values for the spectroscopic quadrupole moments of the 21+

states. Theoretical predictions are scaled to reproduce the adopted experimental ~(&2;0 21+) transition moments
shown in the table. Values are given in units of (& b).

Experimental values ~ Theoretical predictions

Present
work

Previous
Coul ex. Muonic

Adopted'
~(&2;0-2) PPQ BET IBA1 IBA2 DCM ARM

"'w
1S6W

sPs
190p s

'8'Os

-1.15(25)
0 8(3)ll

-0.95(30)'
0 7(3)h

—o.8(3)'

-1.65(1v)'
-1.35(17)
-1.33(9)'
-0.98(8)

-O.53(10)

-1.4V(4) ~

-1.18(3)g

-o.9v(3) g

-1.94
-1.83
—1.68
-1.55

—1.44

-1.7
-1.51
—1.18
-0.86

-1.46
-1.28

—0.32 -1.0

-1.42
1.23

-1.0

-1.75
-1.65

1 ~ 2 7
-1.21

-1.7
-1.6
—1.4
—103

-0.98 -1.0

-1.7
-1.6
-1.38

1 ~ 17

-0.81

192pt
184pt
198pt

+0.62(6)
+0.63(6)
+0.78(6)

o.2s(17)j
1.37
1.2 7
1.23

+0.09 +0.35 -0.025 -0.136 +0.46 +0.86
+0 48 +0 53 -0 013 +0 123 +0 58 +0 21
+0.74 +0.63 0.0 +0.29 +0.48 0.0

Values in parentheses represent uncertainties in the least significant digits.
References are given in Table I.
Description and references are given in Table I.

d Reference 36.
~ Particle spectroscopy data.
f Average of reorientation measurements by the Pittsburgh group (Refs. 1-3) and Rochester group (Ref. 22).
g Reference 31.
"From particle-y coinc, data assuming g(21+) = —1.33 eb for ps from reorientation measurements.' From particle-y coinc data assuming g(21+) =-1.47 e b for 1 Os from muonic experiments.
& Reference 37.

q(2,') is in reasonable agreement with (q(2,'))
= —1.33(9) eh, which is the average of the previous
reorientation measurements. "'"

The result of particle-y coincidence data may
be expressed as

q (2,') = 0.83 (45) + 0.30[q (2,') —(-l.3)]

-0.08[)t(2,') —(-3.13)) ~ b,

where the values q, (2,') = —l.3 e b and )t, (2,')
= -3.13 eb were used in the calculation. Varia-
tions in q (2,') due to changes in q (2,') and )t(2,') are
readily calculable from this equation. This result
is in reasonable accord with that obtained in the
particle spectroscopy experiment. Considering
the fact that the two methods are quite different,
the close agreement between the two independent

TABLE III. Comparison of the experimental and theoretical branching ratios'(E2;22 21+)/B(E2;2~ 0+).

Experimental values'
Pittsburgh Other measurements PPQ BET

Theoretical values
IBA1 IBA2 DCM ARM

1&4w

188w

188p s
1900s
192ps
182pt
184pt
188pt

2.1(1)
2.3(1)
3.5(2)'
5.4(2)
7.6(4)

261(10)"

1.8o(s)'
2.2(1)
3.2(4)d
5.7(8)
8.4(4)
200~
29o(3o)'
14O OOO'

2.9(5)'
5.6(lo)
8.4(15)

10.3
9.8

10.9
18.8
106
555
451
70

2.6
3.1
5.6
312

50 000
526

3.0
4.4
7.4

25 000
50 000

100 000

1.9
2.1
2.9
5.5
9.7
492

16 300
410

7.9
5.7

18.9
127

1975

2.4
3.0
4.6
7.5

22.1
26.4
361

Values in parentheses represent uncertainties in the least significant digits.
Description and references given in Table I.

~ Reference 18.
Reference 24.
P resent work.
Reference 25.

~ Reference 38.
"Reference 17.
~ Average of values listed in Ref. 17.
~ Reference 14.
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measurements is reassuring. The adopted value
of q(2,') = 1.0+0.25 e b is based on the weighted
average of the results of the two experiments.

if q(2,') =-1.0 of the muonic experiment were sub-
stituted in Eq. (9), the deduced q(2,') would be
further reduced to 0.7(3) eh.

B. Os nucleus

The value for q(2,'), extracted from the slope of
the sensitivity plot, was found to be

q (2,') = 0.5 (3) + 0.36[q (2,') —(-0.98)]

-0.26[y(2,') —(-3.61)] e b. (7)

This result is based on a least-squares fit to all
six experimental points. It is.worth noting that the
(2,'- 0') yield from the o beam was inexplicably
large. Omitting this poi.nt from the fit, one ob-
tains a value of 0.85(40) eb for the true slope.

As mentioned earlier, the (2,'- 0') transition y
rays may be utilized to extract the relative spec-
troscopic quadrupole moments of the 2,' states.
The analysis of the data resulted in the relation-
ship

[q(2,')]"0-0.904[q(2,')]"'=0.4(3) eb. (8)

For an adopted value of [q(2,')]"'= -l.3 s b, the
above equation renders [q (2,')]'"= -0.8(3) e b.

Again, it is worth recalling that according to
Eq. (5) of Sec. III, the extracted q(2,') depends on
the experimental q(2,') value. Therefore, for a
more realistic estimate of q(2, ), it is desirable
to use [q(2,')]'"p= —0.8 e b in Eq. (7). This results
in q(2,+) =0.55(30), or 0.9(4) eb for the "00s nu-
cleus, depending on whether the (2,'- 0') y-ray
yield due to the a beam is included in the fit or
not.

C. ~Os nucleus

[q (2,')]'"—0.846[q(2,')]"'=0.4(3) e b. (10)

This relationship gives [q(2,')]'"= -0.7(3) eh if
one assumes a value of -1.3 eb for the q(2,') in
the "Os nucleus. This may be compared with

[q(2,')]'"= -0.53(10) eh, which is the average of
previous reorientation measurem ents.

As discussed in the previous subsection, a more
realistic estimate of q(2,') is obtained if one sub-
stitutes [q(2,')]'"~= —0.7 e b in Eq. (9). The result-
ing value for q(2,') is then 0.8(3) eb. Similarly,

The static quadrupole moment of the 2,' state
was determined from the sensitivity plot of Fig. 5

to be

q(2a) =0 9(3) +0 42[q(2&) —(-0 5)]

-0.29[X(2,")—(—3.87)] e b.

The relative q(2,') values of '"Os and '"Os may be
expressed as

V. DISCUSSION

Many features in the energy spectra of the
heavy transitional nuclei suggest the rapid onset of
triaxiality and prolate to oblate shape transition
in this region. According to Kumar, "the prolate-
oblate difference in the potential energy Vp, and

the static quadrupole moment of the 2,' state are
strongly correlated with the (E,+ —E,+) energy
difference. The near degeneracy of the 2,' and 4,'
states in the heavier Os isotopes and subsequent
drop of the 2,.' state below 4,' would imply a pro-
l.ate-oblate shape transition in the A = 190 mass
region, where the E,+/E, + energy ratio attains a

2 I
minimum;

Experimentally, the first clear evidence in sup-
port of the above expectations was offered by
Saladin and co-workers, who measured the spec-
troscopic quadrupole moment of the 2,' states,
q(2,'), in Os (Refs. 1, 2) and Pt (Ref. 3) nuclei.
The reduction in magnitude of the q(2,') values
compared to the rigid rotor values (by as much

as 50% for A = 190 nuclei), and the change in sign
confirmed the earlier predictions of Kumar and

Baranger. '
~ Since then, a wealth of experimental data has

been accumulated and interpreted within the
framework of one or another of the many triaxial
models. While gll these models agree on the
presence of significant triaxiality in this region,
they differ on the question of its origin and nature.
The more microscopic calculations such as pair-
ing-plus-quadrupole (PPQ) of Kumar and Baran-
ger, ' microscopic calculation of potential energy
surfaces by Mosel and Greiner, ' boson expansion
theory (BET) of Weeks, Kishimoto, and Tamura, "
as well as a Hartree-Fock-Bogoliubov calculation
by Girod and Grammaticos" predict a significant
softness with respect to y vibrations in this region.
Similar conclusions have been reached in a semi-
microscopic calculation by Gotz et al. ' and in
some phenomenological models, including the
collective dynamical model (CDM) of Sedlmayr et
al."'"and the IBA of Iachello and Arima. "

In contrast to the above models, the ARM of
Davydov and Filippov" assumes a core which is
rigid with respect to y vibrations. This model
has been extended to include the following: (i) y
vibrations" or both y'and P vibrations" to account
for the excited 0 and 2' states; (ii) variable mo-
ment of inertia (ARM+ VMI), or the 0 and 2 quasi-
particle coupling in order to lower the energies of
the high spin states" and correct for the phase of



BAKTASH, SA LAOIN, 0'88 IEÃ, AND A LESSI

odd-even clustering in the quasigamma band ',
(iii) coupling of an odd nucleon in a single, ' or
several"'" Nilsson orbitals to explain the nega-
tive-"'" and some positive-parity bands" in the
transitional odd-A nuclei.

In the following subsections we'shall briefly
compare the experimental data with the predictions
of the above models. The experimental informa-
tion may be, broadly speaking, classified into the
following categories.

(i) Energies of the ground state and quasi gamma
band in the transitional even-even nuclei. The
microscopic pairing-plus-quadrupole' and boson
expansion theory" models, and to a lesser extent
the interacting boson approximation pehnomenolog-
ical model, give reasonable estimates of the ener-
gy levels of the ground-state band. The excitation
energies of the ground-state band are, however,
overestimated in a simple asymmetric rotor
model. " This problem may be remedied by in-
clusion of a variable moment of inertia. " The
phenomenological dynamic collective model "~'
fits both the ground-state band and gamma-band
excitation energies very nicely. The difference
between the y-soft and y-rigid potentials mani-
fests itself in the odd-even staggering of the
gamma-band energies: The energy levels of the
gamma band in a y-soft potential show a
(3', 4'), (5', 6'), .. . clustering pattern, which is
opposite to the (4', 5'),. (6', 7'), . . . bunching pat-
tern predicted by the rigid asymmetric rotor
model. Although the experimental data show a
slight (3', 4'), (5', 6'), . . . clustering pattern, the
observecl odd-even staggering is noticeably small-
er than that predicted by the above y-soft models.
Recently, Yadav et a/. "have shown that inclusion
of 0 and 2 quasiparticle coupling in the asymmetric
rotor model has the effect of both lowering the en-
ergies of the high spin states, and correcting the
phase of odd-even staggering.

(ii) Energies of the positive and negative parity
bands ig the transitional odd-A. nuclei. The nega-
tive parity bands in these nuclei were initially ex-
plained in terms of a particle-rigid asymmetric
rotor model. " Inasmuch as the deduced core
asymmetry agreed with the asymmetry of the
neighboring even-even nuclei, the success of this
model was interpreted as evidence in support of
rigid triaxiality in this region. However, as-

Paar et al."have shown, soft cores or even
models within spherical representation have equal
success in fitting not only the negative parity but
also the positive parity bands in these nuclei. It
is now believed that the odd particle is not a sen-
sitive enough probe to distinguish between the
quadrupole fields of various cores."'" In addi-
tion to quadrupole deformation and asymmetric

shapes, the presence of hexadecapole deforma-
tions in this region"'" entails'perturbation of the
Nilsson states, "and would necessitate inclusion
of several orbitals in any realistic calculation of
energies in these odd-A nuclei.

(iii) Energies and branching ratios of the excited
0' and 2' states. In a series of (n, y) experiments
Casten and co-workers"'" have established many
excited 0' and 2' states below the pairing gap in

Os and Pt nuclei. The recurring 0'-2+-2' pattern
of these states and their branching ratios are
nicely explained by both the perturbed-O(6) limit
of the IBA" and the boson expansion theory. ' It
should be noted that excited 0' states are for-
bidden in a simple rigid asymmetric model, which
in addition, does not allow for any excited 2'
state above the 2,' level. The inclusion of P vi-
brations in this model will provide a P band and
its associated 0' and 2' states. " Additional ex-
cited 2' states would require the inclusion of y
vibrations. "

(iv) One and two nucleon transfer data. Due to
the shape difference between the initial and final
nuclei, the two-neutron transfer cross section at-
tains a local minimum in the shape transition re-
gion. " Results of a '"Os("C, "C)'"Os transfer
experiment have shown only a weak direct J= 2

pickup strength between ' '"Gs nuclei. " More
recently, relative Pt(t, P) and Pt(P, t) ground state
transfer strengths have been measured and inter-
preted within the framework of the limiting sym-
metries of the IBA." The (t, P) data favor the
O(6) or SU(3) limiting symmetries over the SU(5).
Similarly, the O(6) limit of the IBA provides a
qualitative explanation of L=O and L =2 strengths
in Pt(P, t) reactions. In contrast, the results of
(d, p) and (d, t) reactions on even-even Os and Pt
targets have not been conclusive. While the re-
sults rule out an interpretation of the low-lying
states as members of a single asymmetric rota-
tional band (such as those calculated by Hecht and
Satchler"), they cannot completely reject an ex-
planation in terms of states obtained by admixing
several asymmetric rotational bands. "'" A better
fit to the data was obtained in two model calcula-
tions. The first one is a Faessler-Greiner type'
which allows for the P and y vibrations in the core.
The second is a Nilsson calculation. " The pre-
dicted spectroscopic factors deviated from the ex-
perimental values for some low-lying states. In-
clusion of hexadecapole deformation in these cal-
culations, which perturbs the Nilsson model states
and fragments the single particle strengths
through Coriolis mixing, ' may bring the model
predictions closer to the experimental results.

(v) Etectromagnetic moments. With the possible
exception of the third category, the above experi-
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mental information has not offered a unique and
sensitive probe of the core softness. In contrast,
the static and transition electromagnetic moments
of the gamma band show a particular sensitivity
to the asymmetry of the core and the extent of its
softness with respect to y vibrations. "'" Specif-
ically, the B(E2;I&- I~) of the y-band- ground
band transitions changes -1/I in the y-soft model
of Jean-Wilets, "but l(I' in the rigid asymmetric
rotor model. " Several groups have used heavy
ions to Coulomb excite some Pt isotopes. "'""'
While the results of the "'Xe beam are compatible
with a rigid triaxial interpretation of '"' Pt nu-
clei, "the B(E2) values of the gamma band in '"Pt
obtained from the ' Kr experiment" are larger
than those of the ARM by a factor of 2. This may
signify some softness in this core. Such discre-
pancies may be due to the fact that heavy ion
Coulomb excitation of the higher lying members
of the gamma band in these nuclei proceeds
through several competing paths, each of which

depends on many matrix elements. The data anal-
ysis is, therefore, complicated and involves some
model assumptions which may inadvertently bias
the results. " To deduce model-independent ma-
trix elements, one would have to start with lighter
ions and gradually proceed to heavier beams, de-
termining a few matrix elements at a time. Some
efforts in this direction are currently underway. "
While the quadrupole moments of the 2,' and 2,'
-states are more sensitive to the average asymme-
try (y), rather than to its fluctuation &(y), never-
theless, they enter the determination of the B(E2)
values of the gamma band rather sensitively.
Similarly, quadrupole moment values are needed
for the determination of the core softness o(y)
from nearly model independent sum rules given by
Kumar. " In the following, we shall compare the
experimental values of q(2;), q(2,'), and the
branching ratios of the (2,') states with predictions
of several microscopic and phenomenological
models.

A. Systematics of q(2&) in W-Os-Pt region

A graphical representation of Table II, which
compares the experimental and theoretical values
of g(2,'), is given in Fig. 6. The Coulomb excita-
tion measurements (full circles) for Os and Pt
nuclei are a weighted average of the values re-
ported by the Pittsburgh' ' and Rochester" groups.
The corresponding values for '"""Ware from
recent experiments at Rochester. " Also shown in
this figure are the muonic measurements" (full
squares).

It is noteworthy that the results of the muonic
measurements" differ increasingly from the re-
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FIG. 6. Comparison of the experimental spectroscopic
quadrupole moments of the 2~ states with predictions of
various models. The full circles represent the weighted
average of the reorientation measurements, and full
squares are from muonic experiments (Ref. 31) (see
Table II). The labels BET, PPQ, ARM, and IBA2 refer
to boson expansion theory (Ref. 8), pairing-plus-quad-
rupole (Ref. 4), asymmetric rotor model (Ref. 33), and
2 boson interacting boson approximation (Ref. 32), re-
spectively.

orientation values, as one moves toward heavier
nuclei. The difference is particularly large for
'"Os and ' Pt nuclei. A similar difference has
been observed in the Hg region, where the muonic
experiments (a) underestimate the quadrupole mo-
ment of '"Hg (Ref. 62) relative to a reorientation
experiment, and (b) obtain the opposite sign for
the quadrupole moment of the (2 ) state in '"Hg
(Ref. 62) compared to a Mossbauer experiment. "
Interestingly, in all these cases the quadrupole
moments deduced in muonic experiments fall sys-
tematically below the values obtained i:n the re-
orientation measurements; i.e. , they tend toward
more prolate shapes. In contrast, the results of
the muonic experiments are in excellent accord
with Coulomb excitation measurements for such
nuclei as '"Sm (Ref. 64) and "'Lu,"which are
generally believed to have symmetric charge dis-
tributions. Therefore, the systematic discrepancy
between the muonic and Coulomb excitation mea-
surements in the heavy transitional region may
prove to be significant. At present, one could
only speculate about factors responsible for such
a systematic difference. One possible reason cited
in the literature, "namely the influence of giant
dipole resonance (GDR) on the extraction of qua-
drupole moments in the reorientation experiments,
does not seem to be a viable explanation. While
some of these measurements are only weakly sen-
sitive to the GDR effects, others' are based on
relative measurement of the quadrupole moment,
and hence are independent of the polarization ef-
fect. In contrast to the Coulomb excitation mea-
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surements which are model independent [in the
sense that no specific charge distribution enters
the extraction of q(2')j, the results of the muonic
experiments depend on the assumptions made for
the nuclear charge distribution. The analysis of
the muonic experiments have so far included only
axially symmetric charge distributions. " How-
'ever, since axial asymmetry plays a very impor-
tant role in this transitional region, and in view
of the fact that the above differences seem to be
correlated with the asymmetry parameter, it will
be interesting to explore the influence of an asym-
metric charge distribution on the analysis of
muonic data. One such study has already demon-
strated a significant sensitivity to asymmetric
charge distributions in the case of 3D-2P muonic
transition energies. "

Considering all q(2,') values, the predictions
of PPQ and BET are in better agreement with the
systematic trend than ARM and IBA. The asym-
metry parameters used for the ARM calculations
are those given by Toki and Faessler (ARM+ VMI)."
While the predictions of the absolute values of
quadrupole moments in the ARM (quadrupole signs
are not predicted in this model) are in close agree-
ment with the experimental measurements for W
and Os, they follow the wrong trend in Pt isotopes.

The quadrupole moments of the 2,' and 2,' states
vanish in the O(6) limit of the one boson interacting
boson approximation (IBAI). Therefore, as shown

in Table II, perturbed O(6) calculations, "which
describe the Pt-Os region in terms of an O(6)- rotor transition, predict very small (prolate)
quadrupole moments for Pt nuclei. (The seemingly
more rotational bands in Os and lighter Pt nuclei
are reproduced by the introduction of a Q ~ Q inter-
action in these calculations. ) The calculated val-
ues, however, are in good accord with the muonic
measurements for Os isotopes. Inclusion of two
bosons (proton and neutron bosons) in this model,
IBA2, results in a slightly improved prediction
for the Pt isotopes and leaves the Os values es-
sentially unchanged. " The sign of the spectro-
scopic quadrupole moment is still predicted to be
negative (prolate) for '"Pt, in contradiction with
the experiment.

B. Systematics of q(2&) in W-Os-Pt region

The experimental q(2,') values, along with some
model predictions, are given in Table I and pre-
sented in Fig. II'. The quadrupole moment of the
2' member of the quasigamma band is predicted
to be = -q(2,') in almost all models. Within the
experimental uncertainties, this relationship
seems to be val. id for ' 'W ' '" ' 'Os, and '~Pt
nuclei. In contrast, q(2,') is measured to be much
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smaller than q (2,') for ' W. The pairing-plus-
quadrupole and, to a lesser extent, dynamical
collective models are the only models which pre-
dict a drop in q(2,') from '"W to "4W. (The pre-
dictions of the boson expansion theory are not
presently available for W isotopes. ) Within the
framework of PPQ, this decrease is caused by
admixture of some K =0 (P-band) component in the
wave function of the 2,' state in '"""W. Since
q(28) =-q(2'), the predicted admixture of K=O
and K=2 components (that is, coupling of P and y
degrees of freedom) would result in reduced
quadrupole moments for the 2,' state in these nu-
clei. A preliminary measurement of q(2,') in '"W
has confirmed the above predicted reduction. "

For the Os isotopes, all models are in reason-
able agreement with the data. With increasing
neutron number, the PPQ predicts a faster drop
in q(2,') than the experimental trend.

In the Pt region, lack of experimental systema-
tics prevents a close scrutiny of the model pre-
dictions. However, should the observed trend of
q(2,') = -q(2,') continue, the above mentioned (sub-
section VA) shortcomings of ARM and IBA would
persist for the 2,' state as well.

C. Systematics of the branching ratio of the 2& state

Table III compares the experimental branching
ratios Bz(2,+) —= B(E2;2,+ - 2,+)/B(E2; 2,+- 0,+) with
some model predictions. Starting with '"W, the
experimental branching ratios gradually increase
with increasing proton and neutron number, until
they reach a maximum in '"Pt (Fig. 8). Although
nearly all models reproduce the general experi-
mental trend, ARM gives the best quantitative
agreement. All y-soft models (both microscopic

FIG. 7. Comparison of the experimental spectroscopic
quadrupole moments of the ~~ states (full circles) with
various model predictions. The labels are the same as
in Fig. 6.
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FIG. 9. Comparison of the experimental (full circles)
and theoretical values of q(~~)/Mz&(0', &~) ratios. The
labels are the same as in Fig. 6.

FIG. 8. Comparison of the experimental (full circles)
and theoretical branching ratios of the 2& states. The
labels are the same as in Fig. 6.

and phenomenological) predict a maximum peak
at ' Pt rather than '"Pt.

It has been pointed out that ARM fails to repro-
duce the experimental quadrupole moments and

Bz(2,') simultaneously. " This shortcoming is
similarly shared by IBA1, which fails to reduce
I3(E2; 2,'- 0,') values without concurrently reducing
the quadrupole moments. Figure 9 shows a plot
of g (2,')/Mz, (0', 2,'). Although the experimental
values change by nearly tmo orders of magnitude,
the predictions of ARM (and 1BAl) remain nearly
constant across the W-Os-Pt nuclei, where the
asymmetry parameter changes from =14 in '"W
to =30' in '"Pt. In contrast, the general trend is
reproduced by the PPQ and BET microscopic
models, as mell as the more realistic version of
IBA, namely IBA2.

particular, the success of PPQ in reproducing
both the fall in q(2,') in the lighter W isotopes and
nonvanishing quadrupole moments in the Pt region
is very impressive. The predictions of the phe-
nomenological dynamical collective model are in

reasonable accord with the experimental data.
Both (one boson) interacting boson approximation
and asymmetric rotor models have difficulty fitting
the quadrupole moments in the Pt nuclei. The
more realistic two boson IBA, which includes both
proton and neutron bosons, gives somewhat im-
proved results. The gross macroscopic proper-
ties of the nuclei in this transitional region, there-
fore, seem to be quite responsive to subtle
changes in the underlying microscopic structure. '
The present results, along with other experimen-
tal evidence briefly reviewed in this paper, indi-
cate that compared to the rigid triaxial models
the y-soft models have had better or equal success
in explaining the systematics of these transitional
nuclei.
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