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Simple interpretation of shape evolution in Pt isotopes without intruder states
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The most commonly accepted interpretation of the light Pt isotopes invokes the coexistence and mixing with
proton intruder states from above the Z = 82 shell gap. Using an alternative description, interacting boson
model (IBA) calculations are performed for the Pt isotopes with a simple, single configuration, two-parameter
Hamiltonian. Excellent agreement is obtained for energies and electromagnetic transition strengths over the entire
isotopic chain, spanning a wide variety of structures, and suggesting that these nuclei can be described more
simply without the introduction of an intruder configuration. The Pt nuclei close to midshell are found to lie close

to a region of phase/shape coexistence.
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The phenomenon of coexisting shapes in nuclei has been
studied for decades and continues to be an active topic of
current research. Traditionally, shape coexistence in regions
near magic shells has been linked to particle-hole excitations
across a closed shell, referred to as intruder excitations [1,2]. In
the Pb region, the increased quadrupole collectivity of proton
p-h excitations results in the appearance of a deformed band
on top of the near-spherical ground state band. Moving down
from the N = 126 closed shell, the proton-neutron monopole
and quadrupole forces lower the excitation energy of these
intruder states [3,4]. This phenomenon is clearly seen in the
light Pb and Hg isotopes [1,2,5,6], where a more strongly
deformed configuration is observed to approach the spherical
ground state, with the 0T intruder state even coming below the
2] state near midshell.

An analogous interpretation with an intruding deformed
configuration has been extended to the light Pt isotopes [1].
Figure 1 illustrates a common description [1,7-9] of the
Pt isotopes in terms of weakly deformed (open symbols) and
strongly deformed (solid symbols) configurations. Here, the
picture differs from the Pb and Hg isotopes in that it has been
suggested that the 2p-6h intruder configuration crosses the nor-
mal configuration, becoming the ground state for the Pt nuclei
around midshell. This crossing is explicitly shown in Fig. 1.

Several different approaches have been employed to un-
derstand this behavior in the Pt isotopes. Deformed mean
field calculations [10] predict two coexisting minima (prolate
and near-spherical) lying close in energy near midshell. Yrast
states in this region have been studied in numerous band-
mixing calculations (see, for example, [11-13]), and recently,
more detailed three-band mixing [14] has been applied to
yrast and nonyrast states in the Pt nuclei below midshell.
Particle-hole excitations have been incorporated [15] into the
algebraic framework of the IBA model [16] by applying a
Hamiltonian made up of a regular configuration composed
of pure valence excitations (Np bosons), a deformed 2p-2h
excitation involving Ng + 2 bosons, and a mixing between
the two. This approach has been shown [7,8] to reproduce
the Pt energy systematics shown in Fig. 1. In addition, earlier
IBA-2 calculations for the heavier Pt isotopes (A > 186) have
also been reported [17].
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Both the band mixing and the IBA-mixing calculations,
however, generally require many parameters (as many as 6—13)
embodying a priori assumptions about the structure of the
observed bands. In particular, it is assumed that the excited
band in the Pt isotopes away from midshell (making the
analogy with the Pb and Hg isotopes) is more deformed than
the ground state structure. However, in these nuclei, only the
excited 0; state (and in some a tentatively associated 27 state)
is known, and therefore, experimentally, the structure of the
excited bands is uncertain.

The concept of cross shell-gap excitations is one way to
describe the emergence of different shapes within a nucleus.
An alternative interpretation of phase/shape coexistence, how-
ever, has been established in terms of phase transitions within
the IBA. In this approach, the ground state and low-lying
valence excitations are considered in a single configuration
Hamiltonian. With this simple Hamiltonian, some isotopic
chains are well described in terms of a transition from a
spherical phase to a more deformed phase, with some nuclei
lying in or close to a phase transitional region where the two
phases coexist. Detailed experimental and theoretical studies
have established this behavior in the N = 90 region for Nd,
Sm, and Gd [18,19], as well as the vibrational to y-soft region
of Ru and Pd [20,21]. An analysis of the different forms of
shape change is described in Ref. [22]. With two approaches
to describing shape changes and coexisting structures, the
question is which is most applicable to the Pt isotopes.

The purpose of this rapid communication is to present
an alternative description of the structural evolution of the
Pt isotopes using a single configuration IBA-1 Hamiltonian.
This simple approach will be shown to reproduce the evolution
of both energies and electromagnetic transition strengths
across the Pt isotopic chain at least as well as more complicated
approaches involving several times the number of parameters.
It offers a straightforward interpretation of the actual empirical
systematics which does not involve a priori assumptions
concerning the structure of different levels.

As our starting point, we plot the excitation energies of
low-lying states in the Pt isotopes in Fig. 2 (top) without
presumptions concerning structure. Figure 2 portrays a very
different picture than Fig. 1. While the way the levels are
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FIG. 1. Common interpretation [1,7-9] of the systematics of low-
lying states in the light Pt isotopes based on an intruder state ansatz,
in which solid (open) symbols label states interpreted as strongly
(weakly) deformed.

assumed to be connected across the Pt isotopes in Fig. 1
seems to suggest an interpretation in terms of intruder states,
the data themselves, given in Fig. 2 (top), show a smooth
evolution which presents no obvious need to invoke an intruder
configuration crossing a less deformed ground state. The
yrast band energies behave as expected, decreasing in energy
as midshell is approached. The 2;’ state evolves extremely
smoothly with a gradual decrease in energy with increasing
neutron number. The 0J state exhibits a decrease in energy
moving from !**Pt towards midshell and then remains rather
constant around midshell.

Given these data, the traditional reconstruction in Fig. 1,
inspired by interpretations of the Pb and Hg isotopes, would
seem unnecessary. Nevertheless, the data do present signif-
icant challenges for a single-space interpretation since the
level spacings (e.g., the respective R4/, ratios) can be quite
different in the ground and excited 0" -band sequences. The
picture presented in Fig. 2 (top) thus prompts the present
investigation into the Pt isotopes to test whether a successful
description can emerge without the introduction of an intruder
configuration.

To do this, we use the simple, single-space IBA Hamiltonian
discussed above. We apply the extended [23] consistent Q
formalism [24] (ECQF) of the IBA in which the Hamiltonian
can be written as [19,25]

H(:>=c[(1 — Oy — &QX : QX], M

where fig = d' - d, 0% = (std + d's) + x(d'd)®, and Ny is
the number of valence bosons.

The Hamiltonian of Eq. (1) involves only two parameters ¢
and yx, plus an overall scaling factor ¢, and can describe the en-
tire IBA symmetry triangle by variation of ¢ between 0 and 1,
and y from O to —1.32. The three dynamical symmetries
are given by limiting values of these parameters: ¢ = 0,
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FIG. 2. Systematics of low-lying states in the Pt isotopes: experi-
mental energies (top) and results of the IBA calculations in the present
work (bottom). Levels in different isotopes are connected according
to their ordered appearance in energy. Here the solid (open) symbols
label the yrast (nonyrast) states.

any x for U(5); ¢ = 1, x = —1.32 for SUQ3); and ¢ = 1,
x = 0 for O(6).

We performed IBA calculations for the Pt isotopes ranging
from 2Pt to '"*Pt. Parameters were obtained by placing
an equal emphasis on reproducing three structurally impor-
tant energy ratios: Ry = E(4])/E(2)), E(Z;“)/E(2T), and
E(0F)/E(2}). The results of the calculations for the low-lying
states are given in Fig. 2 (bottom). Comparison of the data
(Fig. 2, top) with the calculations (Fig. 2, bottom) shows that
the IBA can nicely reproduce the systematics of the low-lying
levels in Pt with a smooth evolution of the parameters (see
discussion below). Energies of the yrast band and excited 0;
states are described very well. The overall constant energy of
the 27 level is also given by the calculations.

A more challenging test of the quality of the fits is illustrated
in Fig. 3 for '8Pt, '86Pt, and '*Pt. The calculations for
both '8Pt and '86Pt show remarkable agreement with the
known experimental data (with a similar level of agreement
for 178:182.184py)  Note that the different Ry, values and
spacings within the yrast levels and the excited 02 sequence
result naturally from the calculations. Also well described
is the staggering within the y band. The calculations for
branching ratios from excited states in the K = 0 excited
sequence and the y band are in near perfect agreement with
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FIG. 3. Comparison of experimental (left) and IBA calculations (right) for energy levels and electromagnetic transition strengths in '8°Pt
(top), '*Pt (middle), and '**Pt (bottom). The thickness of the arrows indicates the relative and/or absolute B(E2) strengths, which are also
labeled by their values. In #%-136Pt_only relative branching ratios are known. In '°*Pt, relative (gray arrows) and absolute (white arrows) B(E2)
strengths are shown where the absolute B(E?2) strengths in the IBA calculations are normalized to the experimental B(E?2; 2?’ — Of') value.
Experimental data are taken from Refs. [14,26-28]. Only the ground, 05, and y band sequences are included for '**Pt since multiple states
with the same spins and similar energies make the identification of the corresponding states in the IBA difficult.
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the measured experimental values. Beyond the states assigned
to a particular band structure, there are other known states
in these nuclei which can be compared to the calculations.
Below 1200 keV, the only states not assigned to the ground,
02+ , or 2; sequence are a 03+ state in 8Pt and a 2t state in

186p¢ These states, whose incorporation would add additional
parameters into band-mixing calculations, appear naturally
in the IBA and are in good agreement with the data. In
addition, the calculations predict a second excited 0" state
in 186Pt, whose observation would serve as a test of these
calculations.

In "94Pt (with similar results for 8%:190:192Pt)  go0d agree-
ment is obtained for both absolute B(E2) strengths (white
arrows) and relative branching ratios (gray arrows) where
absolute B(E2) values are calculated by normalizing the
calculations to the experimental B(E?2; 2? — OT) value. For
the heavier Ptisotopes (A > 190), the one obvious discrepancy
between the data and calculations is in the description of the
energies of the y band. The simple Hamiltonian of Eq. (1)
is not suited to generate a Z;j energy below that of the 4T
state, and thus the IBA overpredicts the energy of the 2; state
for the heavier Pt nuclei. In terms of the spacings within the
y band, the IBA predicts an exaggerated staggering while the
data show a much more equal spacing with increasing spin.
These discrepancies relate to the fact that the potential energy
surfaces for these nuclei are not completely flat in y. Previous
studies [29,30] have found that by introducing a very weak
y dependence in the potential (by including a cubic term in
the Hamiltonian), the energy of the 2;' state can be predicted
below the 4T state, and the experimental y band spacings can
be better reproduced.

The parameters ¢ and x obtained for each nucleus are
plotted [31] in the IBA symmetry triangle in Fig. 4. We omit
the parameters for !7>!74Pt since, while ¢ can be fixed from
the known yrast states, the lack of knowledge of any nonyrast
states places no constraint on the parameter x. The overall
evolution is quite smooth, with a cluster of near-midshell
nuclei just beyond the phase transition region. The parameter
¢, which gives a measure of the deformation and is represented
in the triangle by the radial distance from the U(5) vertex,
is quite constant for almost all the nuclei, representative of
the small variation in yrast R4/, values (2.5-2.7) across most
of the isotopic chain. A small increase in ¢ is required to
describe the transition from a more spherical ground state
to a more deformed one in moving from 7Pt to "8Pt. The
parameter x is given by the angle of the radial vector of length
¢ from the U(5)-SU(3) axis to the y-soft U(5)-O(6) axis. The
absolute value of yx is large for the lighter Pt isotopes (~1.0)
and smoothly decreases with increasing neutron number as the
nuclei evolve towards a y -soft O(6) structure. The decrease in
x 1is dictated by the decreasing E (2;;) /E (2;’) energy ratio seen
in Fig. 2 (top). As shown above, with this smooth evolution
of the parameters, the IBA is able to reproduce the energy
systematics of the low-lying levels (including the increase in
0; energy which occurs around A = 188), as well as absolute
and relative branching ratios from low-lying states.

In order to further study the structural evolution, we
investigate the wave functions for a sample of nuclei across
the isotopic chain in Fig. 5, focusing on the 0] and 05 states.
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FIG. 4. Trajectory in the IBA symmetry triangle for the Pt isotopic
chain. The slanting lines enclose the region of phase coexistence in the
IBA model. The significance of the parameters ¢ and x is indicated.
x = —1.32 along the bottom axis of the triangle and goes to zero
along the U(5)-O(6) leg.

(Similar results apply for levels of higher angular momenta).
Those nuclei at either end of the trajectory exhibit OT
wave function distributions close to the expected dynamical
symmetry limits. The ground state of '7®Pt contains a large
amplitude for n; = 0, typical of the ground state of a spherical
[U(5)] wave function distribution. The wave function of
the ground state of '**Pt is typical of a y-soft [O(6)-like]
distribution [32] with finite n; components in ny; = 0, 2, 4.
In moving from Pt to !8OPt, the structure of the 07
states reverses. The ground state of '3'Pt shows a wide
distribution in the number of d bosons, typical of a deformed
[SU(3)] wave function distribution, in contrast with a large
amplitude for n; = 0 in the 0; state, suggesting a spherical
structure.
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FIG. 5. Distribution of squared wave function amplitudes for 07
and 0F states as a function of n, for '"¢180194pt. Amplitudes up to
ng = 6 are given.
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The wave functions of '8°Pt hint at the existence of
states with different deformations. Using the coherent state
formalism, it has been shown that the spherical to deformed
transition in the IBA undergoes a first order phase transition
[33] for x # 0, and that near the transition point, different
shapes can coexist in a soft potential. Inspection of Fig. 4
finds that the Pt nuclei near midshell lie quite close to
this phase/shape transition region of the IBA. Evidence
for states with different deformations is seen in both the
data and calculations for '8Pt and '86Pt. Figure 3 shows
that both the 0"-2" spacings and R values are quite
different [e.g., R4/p = 2.7(g.s.) and Rypp = 2.1 (0;r sequence)]
in the two sets of levels. Indeed, the calculations shown
in Figs. 2 and 3 predict quadrupole moments which also
indicate that different deformations emerge naturally from the
calculations. In the region '78-13Pt, the intrinsic quadrupole
moments for the 2] and 27 (K = 05) states have typical
values of ~3eb and ~1.5eb, respectively, showing that the
excited 05 -band sequence is somewhat less deformed than
the equilibrium structure. This feature would suggest that the
nuclei lie on the deformed side of the spherical-deformed
phase transition which is, in fact, consistent with their location
in Fig. 4.
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In conclusion, we have applied a single-configuration
simple IBA-1 Hamiltonian to the Pt isotopic chain. The
excellent agreement obtained for both energies and a large
number of electromagnetic transition strengths suggests that
these nuclei can be described without the need for intruder
configurations. Instead, with a smooth variation in parameters
within a single space Hamiltonian, the Pt nuclei are described
in terms of a transition from spherical nuclei with soft
energy surfaces to deformed nuclei with increasingly y-soft
surfaces as N increases. In contrast, the light Pb and Hg
isotopes (in particular their low-lying 0;’ energies) cannot be
fit with such an approach and seem to require a two-space
interpretation. Thus, while the concept of cross shell-gap
excitations descending into the low-lying spectrum of nuclei
due to the p-n interaction is well founded and closely
related to the development of collectivity in nuclei [3,34],
the application of this concept to particular nuclei needs to be
carefully confronted with, and validated by, the data for such
nuclei.

This work was supported by U.S. DOE Grant No. DE-
FG02-91ER-40609.
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