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Positive- and negative-parity level structures of ' Pt from (n,n 'yj reaction spectroscopy
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Energy levels of '"Pt populated by the (n,n'y j reaction have been studied at incident neutron energies up to 4.5
MeV. Detailed y-ray excitation functions were measured between 1.4 and 2.5 MeV, and y-ray angular distributions
were obtained at 2.5 MeV. Essentially all previously known levels below 2.0 MeV having J (6 were observed. New
level placements and spins for some previously unassigned levels have been deduced. The negative-parity states with

spins from 1 to 6 are interpreted in terms of the semi-decoupled model. The positive-parity states are compared to
several models, including the boson expansion theory and the interacting boson model. The interacting boson model

adequately accounts for the observed branching ratios, with the exception of the previously noted anomalous 1547-
keV 0+ state. The boson expansion theory enjoys comparable success for '"Pt.

NUCLEAR REACTIONS ~ Pt(n, n'p), E~ 1 2 4 5 MeV Measured Ey Iy,
E Ey 8y) Pt deduced level s, branching ratios, J, ~ . Compared level s and

branching ratios to theory. Enriched target, Ge(Li) detector, time-of-flight back-
ground suppression.

I. INTRODUCTION

The platinum nuclei fall in a region which is
characterized as shape transitional because col-
lective excitations of these nuclei exhibit large
departures from both the rotational model" and
the vibrational model. ' Attempts to understand
these structural deviations in terms of small cor-
rections to these models have not been satisfac-
tory, but it is clear that an understanding of the
collective properties of nuclei in this region is
critical to a unified description of nuclear struc-
ture. Although it is generally agreed that a pro-
late to oblate shape change occurs in going from
the stable osmium nuclei to the stable platinum
nuclei, the role of the y degree of freedom is the
subject of considerable contention. ~ '

Some models of long standing which have been
employed to account for the properties of low-ly-
ing states include the triaxially deformed rigid
rotor, ' the rotation-vibration model, ' and the y-
unstable model. ' Kumar and Baranger" per-
formed model computations with the complete Bohr
collective Hamiltonian using potential energy sur-
faces and inertial parameters calculated within the
pairing-plus-quadrupole model of residual inter-
actions. "" They have experienced reasonable
success in explaining observed quadrupole mo-
ments and reduced transition probabilities in this
mass region.

A recent resurgence of interest in transitional
nuclei has been fostered by the application of boson

calculational techniques to this region. Cizewski
et al."have proposed that the interacting boson
model (IBM) of Arima and Iachello' "provides a
good description of these nuclei, and suggest that
'"Pt is an excellent example of the O(6) limiting
symmetry" "of this model. This symmetry is
similar" to that of the y-unstable model. ' In addi-
tion, Casten and Cizewski"" have found that the
introduction of progressive and systematic de-
partures from the O(6) limit of the IBM can ac-
count for variations of empirical characteristics
throughout the even-mass Os and Pt nuclei, again
affirming the validity of the O(6) limit for heavy
Pt nuclei. The boson expansion theory (BET) of
Kishimoto and Tamura, '8 29 which is fundamentally
different from the IBM although also a boson basis
state model, has recently been used to describe
collective motions in many transitional nuclei with
good success. "" More detailed spectroscopic
knowledge of the transitional nuclei is required to
fully evaluate and test these models.

We have undertaken the investigation of '"Pt with
the (n, n'y) reaction as the initial phase of a larger
detailed study of transitional nuclei. The level
properties of "Pt had been extensively studied
and recently compiled ' from radioactive decay
and a number of different nuclear reaction stud-
ies, but inelastic neutron scattering is less selec-
tive than other reactions and, consequently, leads
to the population of a large number of levels.
Moreover, this reaction is not restricted to low-
spin states or states of a particular parity, while
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the use of p-ray detection preserves good spec-
troscopic resolution. In conjunction with this
study we have also performed neutron detection
time-of-flight studies of "Pt. Those data, along
with the inelastic scattering cross sections de-
duced from this work, will be presented in a future
article.

II. EXPERIMENTAL PROCEDURES

The techniques employed in these measurements
were similar to those of previous (n, n'y) studies
in this laboratory. "" The pulsed proton beam
from a 6.5-MV Van de Graaff accelerator with a
repetition rate of 2 MHz and a pulse width of -7 ns
was focused through a 3.3 p, m molybdenum en-
trance foil into a tantalum-lined cell containing
slightly less than 1 atm of tritium gas. Neutrons
were produced by the 'H(P, n)'He reaction. The
scattering sample of enriched (97.4% ' Pt) metal-
lic platinum powder with 42 g mass was contained in a
cylinder of polyethylene with a diameter of 1.5 cm,
a height of 3.0 cm, and a wall thickness of 0.25
mm. This sample was suspended at a distance of
6.3 cm from the end of the gas cell at 0 relative
to the beam axis. With these conditions, a typical
neutron energy spread of 70 keV was realized at
the scattering sample for incident energy "2 MeV.

A coaxial Ge(Li) detector with an efficiency of
15% for 1.33-MeV r rays (relative to a 7.6 x 7.6
cm Nal(T1) detector at 25 cm) was positioned ap-
proximately 75 cm from the sample on a goniomet-

er. The Ge(Li) detector was shielded from the
direct neutron flux by a tungsten shadow bar, while
a hollow cylinder of lead surrounded by Li,CO, and
paraffin was used to shield the detector from the
general neutron and photon background. The ener-
gy resolution of the detector was 2.2 keV full width
at half maximum (FTHM) at 1332 keV. Radioac-
tive sources of '"Eu and "'Cs were used as ex-
ternal sources for energy and efficiency calibra-
tion of the Ge(Li) detector. These sources were
counted in identical geometries and counting (and
gating) conditions as those of the actual measure-
ments of ' ~Pt. Well-known transitions in '~Pt
were also used for internal energy calibrations.
Other internal spectral calibrations were obtained
by counting the '"Eu source simultaneously with
the r rays produced by the neutron bombardment
of the '"Pt sample.

For normalization of the individual runs a con-
ventional long counter" located perpendicular to
the beam axis at a distance of 3 m from the target
cell monitored the neutron flux. The usual time-
of-flight (TOF) techniques, where the y-ray ener-
gy spectrum is gated with the prompt photon peak
of the time spectrum, were employed to discrimi-
nate between prompt y rays and background events
in the detector. The signals from the detector
were digitized with a 4096-channel analog-to-digi-
tal converter (ADC) and stored in a computer
memory. A typical r-ray spectrum is shown in
Fig. 1.

Gamma-ray yields were measured as a function
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FIG. 1. Spectrum of y rays from 2.5 MeV neutrons incident on ' Pt. Many of the prominent peaks from Pt y rays
are identified by energy in keV.
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of incident neutron energy in 50-keV steps from
1.4 to 2.5 MeV and also at 1.2, 3.5, and 4.5 MeV.
From these excitation functions the y-ray thresh-
olds were deduced. Angular distributions of z rays
were measured at E„=2.5 MeV for 12 angles even-
ly spaced between 40' and 150' relative to the beam
axis.

Background spectra were measured at several
energies by substituting an enriched '"Pb sample
in the target position. Since '~Pb has no excited
states below 2.61 MeV, no y rays are produced by
scattering low-energy neutrons; otherwise, this
sample is similar in density, g, and A to '~Pt. A
search was made for isomeric states having tg/2
~ 5 ns which might be populated by the inelastic
scattering reaction, but none were found.

III. DATA REDUCTION AND RESULTS

The peak fitting program SAMPO (Ref. 40) was
used to extract peak centroids and yields. Relative
efficiencies for yield corrections were obtained
from the efficiency calibration noted above using
the piecewise cubic spline procedure described by
Conte and deBoor ' for interpolation. Energies of

p rays were obtained from centroids using an en-
ergy calibration curve which was a second order
polynomial least squares fit to centroids of peaks
of known energies.

The large '"Pt sample required for this work
leads to several pernicious effects for which cor-
rections must be employed. The extracted y-ray
yields must be corrected for sample p-ray absorp-
tion, neutron attenuation, and multiple elastic and
inelastic neutron scattering. Corrections to the
data have been made for the effects of ~-ray ab-
sorption with a computer code developed in this
laboratory. The analytic expressions of Engel-
brecht" were used to correct for neutron attenua-
tion and scattering in the cylindrical sample. All
r-ray yields were compared, for normalization to
cross sections, with the well-known cross sec-
tion'+" of the 847-keV z ray of "Fe obtained by
inelastic scattering from a natural iron sample.
Corrections for the yield of this r ray were treated
consistently with those for '"Pt.

A. Excitation functions
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A y-ray spectrum was also taken at an incident
neutron energy of 1.2 MeV in order to measure
the branching ratio of decays from the 622-keV
second 2' state. At higher energies knowledge of
this ratio proved important in separating the con-
tribution of this 622.0-keV transition from that of
the 621.4-keV transition from the 3 state at 1432.5
keV. Measurements at 3.5 and 4.5 MeV revealed
a surprisingly small number of transitions which
were not observed at lower incident neutron ener-
gies.

Figures 2 and 3 display examples of p-ray ex-
citation functions. When transitions from low-spin
(J~ 2) states evince little feeding from higher-ly-
ing states, their excitation functions are charac-
terized as rising sharply above threshold, leveling
off a few hundred keV above threshold, and (in
many cases) then decreasing. At least, the curva. —

ture of the energy dependence is always negative.
The excitation functions from intermediate-spin
(J= 3 or 4) states tend to increase nearly linearly,
while the slopes of the excitation functions of high-
er-spin (Zo 5) states always increase, or the
curvature is positive, with bombarding energy.
The excitation functions can be used, therefore,
not only to obtain thresholds and level placements

Detailed excitation function measurements were
made with the Ge(Li) detector placed at 125 rela-
tive to the beam axis to facilitate relating the de-
tector yields to angle integrated cross sections.
By extrapolating the ~-ray yields to threshold, the
decaying level can be placed. These threshold
values, together with the accurately measured p-
ray energies, were used to fit transitions into the
decay scheme.
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FIG. 2. Excitation functions of y rays from some
low-spin states in 94Pt. The J' given is that of the
emitting state.
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but also to deduce limits on the transferred angu-
lar momentum. This spin-dependent behavior of
excitation functions has been noted previously for
rare earth nuclei.

The 455.8-keV transition which has also been
observed4'" in the 'O'Os(~, 2ny) reaction has
been placed as deexciting a new level at 1883.3
keV to the 3 state at 1432.5 keV. The shape of
the excitation function indicates that this transi-
tion is from a state of intermediate spin, and the
fact that it has only been observed previously in
the (&, 2ny) reaction adds further support to the
suggestion that it is not a low-spin level. Recent
reexamination ' of in-beam y-ray measurements,
at our suggestion, reveals this transition to be in
coincidence with y rays depopulating the 3 state
and provides additional confirmation of its place-
ment.

B. Angular distributions

If the anisotropies of the p-ray angular distribu-
tions are substantial, it is often possible to de-
duce unique spin values for the decaying levels or,
at least, to limit assignments to a few possibili-
ties. ' These anisotropies at low incident energies
are essentially independent of the neutron scatter-
ing mechanism. They depend, however, on the
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alignment of the excited level produced in the neu-
tron scattering. M At energies not too far from
threshold, the outgoing neutrons correspond to a
few partial waves, and low m magnetic substates
are more strongly populated than others. Hence
the level alignment is a maximum when the out-
going neutrons are so low in energy that they have
only l =0 components. An incident energy of 2.5
MeV was selected here to give adequate scattering
strength to levels of interest in this study; yet few
of these levels were being fed by cascades from
higher levels, and this energy was low enough to
produce good alignment for states excited.

Yields at each of the 12 angles of measurement
were corrected for scattering and absorption ef-
fects. Figures 4 and 5 show examples of angular
distributions of several transitions. The distinc-
tion between dipole and quadrupole transitions is
evident, as is the isotropy of the decay of the 1547-
keV 0' state.

The yields were fitted with the even-order Le-
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FIG. 3. Excitation functions of the 562.6-, 621.4-,
and 1104.0-keV transitions. The J' given is that of the
emitting state.
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FIG. 4. Angular distributions of some of the y rays

from Pt. The solid curves are least-squares Legen-
dre polynomial fits to the relative yields.
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TABLE I. Energies, intensities, angular distribution
coefficients, and transition assignments of y rays ob-
served in the Pt(n, n'y) reaction at E„=2.5 MeV.
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gendre polynomial expression

1'(8)=&,[1+a, P, (cos&) +a,P,(cos&)] .
The solid curves in Figs. 4 and 5 are the fits,
while the error bars represent the relative uncer-
tainties of each datum. The order of the coeffi-
cients for the fit and uncertainties were deter-
mined by a least squares procedure. A chi-square
test was applied to each fit and the significance of
each additional coefficient was determined by an
E-test of the chi square. In general, the uncer-
tainties associated with the a, term exceeded the
value of the coefficient; therefore, the a4 terms
were ignored in the interpretation. Isotropy was
indicated for fits in which the a, term was rejected.
The results of the fits to the angular distribution
measurements are contained in Table I.

Interpretation of the anisotropies of Table I could
be complicated by cascade feeding of a level, since
extensive feeding can destroy the excited state
alignment produced by direct excitation in neutron
scattering. That this was not the case in this ex-

202.8 (2)
293.50 (5)
300.74 (7)
304.8 (3)
328.45 (3)
364.8 (2)
409.69 (10)
417.96 (11)
455.80 (9)
482.80 (6)
499.65 (9)
529.0 (2)
562.64 (8)
575.9 (2)
589.18 (11)
594.3 (2)
600.3 (2)
607.63 (9)
621.4 (2)
622.0 (2)
645.16 (10)
684.08 (12)
700.5 (2)
810.5 (2)
816.2 (3)
889.g0 (15)
894.51 (13)
901.05 (17)
925.5 (3)
938.6 (2)
948.3 (2)
999.99 (14)

1007.57 (9)
1048.55 (13)
1059.8 (3)
1093.9 (2}
1104.01 (8)
1118.7 (3)
1137.8 (2)
1150.8 (2)
1156.5 (2)
1165.6 (2)
1169.9 (3)
1175.4 (2)
1183.60 (12)
1194.8 (2)
1218.75 (13)
1293.5 (2)
1308.3 (2)
1342.12 (14)
1431.6 (3)
1441.6 (3)
1450.5 (2)
1468.99 (12)
1488.6 (2}
1511.6 (4)
1518.7 (2)

0.8
28.8
10.6
1.1

100
0.59
0.47
0.62
1.g

19.0
2.9
0.94
6 ' 5
1.1
0.48
1.2
0.57
4.3
2.2
3.5
0.85
0.45
0.61
0.46
0.53
0.41
0.78
0.31
0.34
0.52
0.43
0.56
0.93
0.84
0.28
0.68
5.9
0.28
0.68
0.91
0.81
0.57
0.43
0.22
1.4
0.69
0.71
0.67
0.76
0.90
0.32
0.29
0.68
0.85
1.5
0.19
0.61

-0.04 (4)
0.02 (4)

0.12 (4)

0.40 (14)
0.13 (15)

-0.28 (3)
0.29 (2)

0.30 (9)
—0.24 (3)

0.33 (9)

0.24 (3)

0.09 (14)

—0.24 (14)
0.12 (12)

0.08 (9)

0.08 (22)
0.01 (8)

—0.18 (25)
—0.32 (12)

0.06 (7)
0.02 (8)

-0.01 (10)

0.10 (5)

0.18 (6)
-0.22 (6)

0.00 (7)

—0.29 (13)
-0.18 (12)

0 ~ 08 (9)

—0.13 (6)
0.01 (8)

-0.24 (7)

0.34 (12}
—0.23 (3)

1433 1230
622 328
923 —622

1817—1512
328 0

1797—1433
1784 1374
1230 811
1888 1433

811 328
1422 923
1961 1433
1374 811
1499 923
1512 923

923 328
1412 811
1230 622
1433 811

622 0
1267 622

1512 811
1433 622

1512—622
1817 923
1230 328
1547 622
1267 328
2215 1267
1622 622
1930 923
1671 622

1422 328
1433 328
1930 811

1479 328
1779 622

1797—622
1512 328
1817 622
1547 328
1622 328
1930—622
1671 328
2054 622
2064 622
1779 328
1797 328
1817—328
2134 622
2141 622
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TABLE I. (Continued).

Energya
(keV)

Relativeb
intensity

Transition

1568.8 (3)
1595.6 (2)
1601.8 (2)
1622.4 (3)
1675.27 (15)
1715.2 (2)
1735.2 (2)
1805.7 (2)
1829.4 (2)
1886.6 (2)
1924.0 (2)
1969.6 (3)
2043.5 (2)
2068.8 (5)

0.42
0.57
0.62
0.74
0.93
0.31
0.47
0.59
0.66
0.61
0.61
0.24
0.63
0.19

0.49 (6)
0.41 (9)

1924 328
1930—328
1622 0
2004 328
2044 328
2064 328
2134 328
2158 328
2215 328
1924 0
2298 328
2044 0
2397 328

Uncertainties in the least significant figures are
indicated in parentheses.

b Intensities are normalized to 100 for the 328.45-
keV y ray.

periment was verified by direct calculation of cas-
cade corrections and is also illustrated by the two
"stretched E2" transitions in Fig. 4. The 482.8-
keV transition from the lowest 4' level at 811.3

keV is fed by six transitions, amounting to 48% of
the total intensity. The 607.6-keV transition, a 4'
to 2' transition from the 1229.5 keV level, is fed
by only one rather weak line, amounting to about
15% of its intensity. Both transitions have the
same anisotropy, as is evident in Fig. 4. Even the
48% cascading of the 482.8-keV line has not ma-
terially altered its anisotropy.

C. Level scheme

The level structure of ' Pt has been previously
studied from the P decay of the "~Ir isomers, the
electron capture decay of '~Au, and a variety of
nuclear reactions, and the results have recently
been compiled. "3' Such studies have led to a
relatively complete characterization of the low-
lying states in" Pt, and it is perhaps the best de-
scribed of the platinum nuclei. In the interest of
brevity, we will discuss only significant new con-
tributions of this work to the understanding of the
level scheme, shown in Fig. 6. We have, of
course, confirmed most of the previous placements
and assignments, and our p-ray intensity values
provide accurate branching ratio data for many
of these levels.
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FIG. 6. The level scheme of Pt. The level and p-ray energies are in keV, while uncertain assignments are in

parentheses.
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1373.9-ke V level. This level decays only to the
4' level at 811.3 keV and had been assigned J'
= (5 ) in previous studies. "" It is strongly popu-
lated in in-beam p-ray measurements. ""The
excitation function of its 562.6-keV r ray is con-
sistent only with J ~ 4 (see Fig. 3). The anisot-
ropy shown in Fig. 4 is characteristic of that for
a dipole transition from a J=5 level. Moreover,
if J were less than five, the scattering intensity
would be greater than we observe. Our results
are entirely consistent with earlier suggestions
that J=5. Accepting also the previous parity as-
signment, the significance of this level within the
framework of the semi-decoupled model will be
discussed later.

1498.7-ke V level. This state decays only to the
3' state at 922.8 keV and has been proposed" as
the (5') member of the quasi-Z-vibrational band of
"'Pt. The excitation function of the 575.9-ke V de-
cay has positive curvature near threshold, indicat-
ing J&3, while its intensity is too strong for J&5.
The large anisotropy, a, =0.33, could only be ob-
tained for J~ 3 and is just that of a stretched E2
transition from a J= 5 level. Our data strongly
support a 5' assignment.

1817.0-ke V leve/. A possible level at this ener-
gy was reported' from the electron capture decay
of '"Au. There are four transitions, namely the
304.8-, 894.5-, 1194.8-, and 1488.6-keV p rays,
which depopulate this level to states with spins of
2' or 3'. The angular distribution data show pre-
dominantly dipole transitions to two 2' states, and
the transition to the 3' state is isotropic. The spin
must be 2 or 3, and we have made a tentative (3')
suggestion based weakly on the absence of transi-
tion to the ground state.

1888.3-ke V level. This new level decays by a
455.8-keV p ray to the 3 state at 1432.5 keV.
The angular distribution data (see Fig. 4) suggests
that the 455.8-keV Z ray is of dipole character,
while the nearly linear excitation function of this

state indicates a level of intermediate spin. We

give this level a J=4 assignment. Although a spin
of 3 is also possible and the parity is admittedly
undetermined, we tentatively suggest J'= (4 ) and
include this level with the known negative-parity
states in the discussion section. This spin would
seem more consistent with the observation of the
y ray from this state in the (o', 2ny) reaction. ""

It is noteworthy that a couple of previously re-
ported states below 2 MeV are not populated by
the (n, n'r) reaction, which is regarded as rea-
sonably nonselective. A state at 1592.8 keV re-
ported4' following in-beam p-ray studies is not
observed in our work. However, more recent
studies ' of "Pt do not support this placement
and, in conjunction with the present data, we must
conclude that the existence of this level is ques-
tionable. Another level not noted in our work was
proposed' at 1803.1 keV, and in this case its ab-
sence probably also indicates that the previous
placement is incorrect. It appears that all of the
remaining J~6 levels in" Pt are populated by the

(n, n'y) reaction. While some y-ray branches are
not observed, their absence can be ascribed to
spectral interferences with background or other
sample y rays.

IV. DISCUSSION

A. Positive-parity states

As outlined in the Introduction a number of nu-
clear models have been proposed to explain the
low-lying collective excitations in the platinum
nuclei. Several of these models have enjoyed
some success, and Table II gives a comparison of
calculated branching ratios from the quasi-p band
for various models with our results. On the basis
of this limited presentation it is difficult to argue
that one of these descriptions is clearly superior.
We will, however, direct our consideration pri-
marily toward an interpretation of '"Pt in terms

TABLE II. Relative E2 transition probabilities for states of the quasi-y band of +Pt.

22 Oi

22 ~ 2f
3i 2i
3f ~22

3i 4i
3i ~22

42 2i
42 -22

42 4i
42 —22

Experiment
BET~
IBM~
I rq'
ARM (y= 31.5')d
y-uns table'

0.003
&10-4
&10 4

0.002
0.012

0

0.004
&10 4

&10 4

0 ~ 003
0.015

0

0.70
0.35
0.40
0.40
0.54
1.05

0.010
0.007

0

0.037
0

0.94
0.80
0.91

0.56
0.91

~ Boson expansion theory —Ref. 31.
b Interacting boson model —Ref. 27.
~ Pairing-plus-quadrupole model —Ref. 10.

Asymmetric rotor model —Ref. 6.' y-unstable model —Refs. 8 and 54.
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of the IBM (Refs. 14-25) and BET (Refs. 28 and
29) because of the timeliness of detailed compari-
sons with these models and the recent success-
es""' ' obtained in this, and other, mass re-
gions with these models.

In the IBM, even-even nuclei are described as a
system of interacting bosons which can occupy I
= 0 and L =2 (s and d) states. These bosons gener-
ate an SU(6) symmetry in which three natural
limits arise for which analytical solutions are
possible. Two of the subgroups of SU(6), SU(5)
and SU(3), correspond approximately to the anhar-
monic vibrator and the axial rotor, respectively,
in geometrical terms and are displayed by transi-
tional nuclei in other mass regions" and by the
well-deformed rare earth nuclei. " The third sub-
group, O(6}, has been suggested"" as a useful de-
scription of nuclei at the end of major shells —e.g. ,
the Ba and Pt regions. It has been shown" that,
for an infinite number of bosons, the O(6) limit
corresponds to the y-unstable model of Wilets and
Jean. ' While the rtgid-triaxial-rotor model' (with
y= 30') satisfies the same decay selection rules,
it differs with respect to B(E2) values and level
energies.

The difficulty of deciding about the dynamical
character of these nuclei by looking at level ener-
gies and decays is illustrated by the results in
Table II. Both the IBM and the BET imply p-soft
or y-unstable character. But perhaps as good a
representation of the branching ratios is that of the
triaxial rigid rotor. ' Looking in a more complete
way at the decays and levels, Cizewski et al."
showed that '"Pt is an excellent example of the
O(6) limiting symmetry of the IBM. They demon-
strated remarkable agreement between the struc-
ture of the low-spin positive parity states below
the pairing gap and the IBM predictions. All of
the low-spin states of the O(6) limit were identi-
fied, and excellent agreement with theory was ob-
tained for the y-ray branching ratios. Two-neu-
tron transfer strengths in the Pt nuclei have also
been shown"" to be consistent with the predic-
tions of the IBM.

Casten and Cizewski26 "have found that pertur-
bations from the O(6} limit account for collective
properties throughout the even-A Os and Pt nuclei,
and have thus examined the O(6) to rotor transi-
tion. As part of this study, they evaluated the de-
cay properties of known levels in "~Pt and found
good agreement by assuming '"Pt to be slightly
more perturbed from the O(6) limit than ' Pt

An alternative description of collective motions
in transitional nuclei is afforded by the boson ex-
pansion theory (BET) of Kishimoto and Tamura.
The BET is microscopic in that it starts with
fermions occupying realistic single-particle orbits

TABLE III. Relative E2 transition probabilities for
0 states of f94Pt.

02~2f' 03 «2f 04 2f 05 2f 06~2f
02 ~ 22 03 22 04 22 05 22 06 22

Experiment~ 0.09
BETfi 0.03
IBMc 0

23
333
17

0.52
0.67
0.003

&10

33

0.03

Values from radioactive decay data (Ref. 33) were
used in cases where the present experimental intensi-
ties displayed large uncertainties.

~ Boson expansion theory —Ref. 31.' Interacting boson model —Ref. 27.

and then introduces a particle-hole quadrupole-
quadrupole interaction and a pairing interaction of
both monopole and quadrupole types. The strengths
of two residual interactions are the only free param-
eters of the model and are constrained to have values
which vary little from nucleus to nucleus and are
near unity. The Hamiltonian is written in a form
that is quadratic in fermion pair operators which
are then expanded in a series of products of boson
operators. The expansion is carried out to sixth
order. "BETcalculations have enjoyed impressive
success in the sm region" and have recently been
applied to other regions, ""also with good suc-
cess.

Weeks and Tamura" exaxnined collective states
in the Os and Pt nuclei in terms of the BET and
concluded that the BET describes the features of
these nuclei very well. While we will dismiss
model comparisons based on level energies, since
the IBM calculations 6 7 for Pt did not distin-
guish between neutron and proton bosons as has
recently become possible, "both theories provide
good agreement with observed branching ratios.
Moreover, the BET correctly fits the signs and
magnitudes of the static quadrupole moments of
the 2', states in this region, predicting the Pt nu-
clei to be oblate in accord with experimental find-
ings. ""In the O(6) limitof the IBM, Q(2;)=0
when the proton-neutron degree of freedom is not
included.

One of the earliest noted" advances of the IBM
lies in its explanation of the decay of 0' states and
the prediction of 0'-2'-2' triads of excited states.
As Table III illustrates, however, the 0~ state in
'~Pt is anomalous in the IBM. One possible an-
swer" could be that the 04 state is not a collective
state, but the (P, t) reaction data of Deason et af."
appears to confirm that this is indeed the collec-
tive state predicted by the IBM. The BET pre-
dictions" for 0' excited states are also given in
Table III for comparison.

In general the features predicted by both of these
models are similar, as seen in part from the
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limited comparisons given in Tables II and III.
Both models are remarkably successful in this
shape-transitional region. The BET does have the
special virtue of predicting the quadrupole mo-
ments of the 2,' states. "

2.0—

6+

6+
I

I

I

I

I

I

I

I

I
II

4+

2
(4l

I

(6 )

II sr
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B. Negative-parity states

Figure 7 illustrates the population of negative-
parity states in relation to states of the quasi-
ground and quasi-y bands at an incident neutron
energy of 2.5 MeV. Additional negative-parity
states of high spin have been reported from reac-
tion studies"'"'"'" and the decay"'" of the high-
spin isomer of '"Ir. Bands of low-lying odd-pari-
ty states in the even mass Os, Pt, and Hg nuclei
have been observed"'" ' to display a characteris-
tic sequence of levels differing by two units of
angular momentum with strong E2 transitions be-
tween successive levels. Clearly, these bands
cannot be interpreted as octupole bands within a
deformed strong-coupling framework. A summary
of the known negative-parity yrast states of '"Pt
is shown in Fig. 8(a).

On the suggestion" that these states are pre-
dominantly two-quasineutron configurations in-
volving a. low j(3p&-„3p&„or 2f&, ) single-parti-
cle state coupled to a high-j partner (i,&,) or simi-
lar two-quasiproton configuration, Neergard et
al. ,

"explored the Coriolis coupling between two-
quasiparticle states in an axially symmetric ob-
late nucleus. For this system of two-quasiparticle
states they demonstrated that the principal effect
of the Coriolis force is the decoupling of the high-
spin quasiparticle. This high-j particle is weakly
coupled to an effective rotor composed of the
core and the strongly core-coupled low-spin quasi-

particle. A band with M= 1 develops, where the
lowest-energy states have angular momenta ap-
proximately equal to the spin of the decoupled
particle. A short range residual interaction be-
tween the quasiparticle configurations separates
the odd- and even-spin members of the band, so
that the odd-spin states occur at lower energies
to form an apparent M= 2 band.

While accounting for the negative-parity states
of the Hg nuclei quite successfully, the semi-de-
coupled model of Neergard et al. ,

"did not re-
produce the properties of the Pt nuclei. The most
obvious shortcomings were that the 5 states were
predicted at energies which were too high and the
large 7 to 9 gap was not predicted. Within the
framework of the semi-decoupled model, Toki
et al. ,

"generalized the calculations to include
nonaxial deformations. Using a value of y= 30,
as suggested by the comparison of the spectra of
odd-mass nuclei with particle-core coupling cal-
culations, "~' good agreement was obtained for the
even-mass Pt nuclei. The introduced asymmetry
increased the 7 to 9 energy separation, while a
decrease in energy of the 5 state in the Pt nuclei
was partially due to smaller gap parameters and
partially accounted for by the increased role of
proton excitations in these nuclei as opposed to
the Hg isotopes. 'The predicted level energies,
forming even- and odd-spin yrast parabolas, and
preferred decay paths are indicated in Fig. 8(b).

In '"Pt the most complete set of low- and high-
spin odd parity states in this region has been iden-
tified, and the assignments are certain in most
cases. We have contributed the proposed 4 level
at 1883.3 keV. It should be noted, however, that
the angular distribution of the 4 —3 z ray shows
a much larger dipole component than the other
M= l (e.g. , the 6 —5 and 2 —3 ) transitions be-
tween odd-parity states. Considering the success
of the semi-decoupled band calculations for ' 'Pt
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O
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o.c—
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b. Semi - decoupled Modei

0 o+

194pt
FIG. 7. Population of the quasi-ground, quasi-y, and

negative-parity bands in Pt at an incident neutron
energy of 2.5 MeV. The arrow widths are proportional
to the y-ray intensity.

I.O—

FIG. 8. Negative-parity states in ~4Pt from (a) ex-
periment and (b) the semi-decoupled model (Ref. 65).
Transitions with the largest transition probabilities
are shown. Uncertain spin assignments are shown in
parentheses.
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and other Pt nuclei, "' ' '" the evidence for par-
tially decoupled bands based on triaxial core ex-
citations appears quite persuasive.

the calculations of Girod and Grammaticos, "that
these nuclei have nonzero dynamic mean values of
y, while remaining soft.

C. y softness of the ~Pt core

Considerable controversy still exists as to the
degree of y softness of the platinum nuclei.
Baktash et al. ,' have recently reviewed the evi-
dence for softness and rigidity of these nuclei and
have put forth arguments against rigid (or deep)
potential energy surfaces. Indeed, good micro-
scopic calculations (e.g. , Refs. 10 and 72} in this
region suggest that the potentials have no deep
minima, and underlying both the IBM and BET
calculations is a prediction of somewhat y-un-
stable behavior for the Pt nuclei.

A considerable amount of data, however, ap-
pears to contradict the idea of softness in the y
degree of freedom. The interpretation of the neg-
ative-parity states in '"Pt by the semi-decoupled
model'4 relies on the assumption of a triaxial
core." Analysis of the unique-parity states of the
odd-mass Pt and Au nuclei" ~' within the triaxial-
rotor-plus-particle model"~' gives values of y,
the asymmetry parameter, which are near 30'.
'The surprising constancy of y could suggest that
these nuclei have stable triaxial shapes. Strong
evidence for rigid shapes comes from the heavy-
ion Coulomb excitation measurements of Lee et
al. ,

' in x9aPt~ xe4pt~ and x98Pt. 'They compared
experimental yields with various collective model
calculations and concluded that a rigid-triaxial-
rotor model calculation gave the best fit. Recent
calculations by Baker" and Yadav et al. ,"have
employed the asymmetric rotor model to repre-
sent well the electromagnetic properties of heavy
transitional nuclei. It may be, as suggested by

V. CONCLUSIONS

Using detailed y-ray excitation functions and ang-
ular distribution measurements from the (n, n'y}
reaction, we have investigated the level structure
of '"Pt. 'The decays of positive-parity states
have been interpreted in terms of the IBM and
BE'T models and are shown to be explained fairly
satisfactorily by both approaches. An extensive
set of negative-parity yrast states is well inter-
preted in the context of the semi-decoupled model.

Finally, our first examination of a nucleus in
this region by low energy inelastic neutron scatter-
ing has demonstrated the power of these measure-
ments, with states to J= 6 being populated in an
apparently nonselective manner. Such measure-
ments and the development of systematics pro-
mise to add significantly to our knowledge of the
structures of still other nuclei in this region.
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