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The Po isotopes show the presence of coexisting structures having different deformations
with increasing neutron number within the macroscopic–microscopic Nilsson–Strutinsky
formalism. The model is based on the Lublin Strasbourg Drop (LSD) method for the
macroscopic energy calculation. We study the shape evolution in a long chain of polonium
isotopes, 178−200Po.
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1. Introduction

One of the remarkable properties of the nuclear quantum many-body system is the
ability to minimize energy by adopting different nuclear shapes with a relatively
small cost in energy compared to the total binding energy.1 It has been experi-
mentally shown that the closed-shell nuclei have a spherical shape. In the case of a
prolate shape, the lower half of nuclei shell is filled by nucleons while in an oblate
one, the upper half is filled.2 Now, the question is what happens if a shell is filled
up to its middle. It is evident that different shapes may coexist with approximately
similar energy values even at high spins.3

The shape coexistence phenomenon and understanding of its origin are an inter-
esting subject and a challenging problem in the nuclear structure physics.4 Iso-
tope shifts have played a very important role in the discovery of shape coexistence
through the appearance of sudden changes that herald the intrusion of strongly
deformed configurations to dominate ground state structures.5 However, coexisting
minima are understood well in the context of the nuclear shell model as arising from
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intruder excitations particularly in the near closed-shell regions.6 The shape coexi-
stence phenomenon in the A ∼ 190 mass region has attracted many researchers
over a number of years.7–11 There is some evidence on unusual features of some of
their isotopic chains with an abrupt variation of particular nuclear properties. The
shape coexistence has been observed, experimentally, in 180−190Hg,12 188−194Pb9

and in some heavier Tl13 and Au14 isotopes. In the vicinity of Z = 82, the inter-
play between microscopic and macroscopic effects gives rise to shape coexistence
at low energy.7–9 The extent of the mixing between the different shapes can be
determined by investigating the evolution of the shape of the nucleus in its ground
state through the study of the potential energy surfaces (PES).

In this work, we intend to study the shape evolution of even–even Po isotopic
chain, where the shape coexistence phenomena are not clear enough. We carry
out the calculations within the Nilsson–Strutinsky model, which is a macroscopic–
microscopic method.15–17 A similar study has been performed recently in the A ∼ 80
mass region.18

2. The Model

The total energy Etot of a nucleus with a given deformation is calculated in the
macroscopic–microscopic approach as

Etot = Emacro + Emicro, (1)

where each contribution depends on the deformation. The total energy is calculated
at each deformation parameter (ε2, γ and ε4).

The macroscopic part is calculated within the Lublin–Strasbourg drop (LSD)
model19, which is a liquid-drop-type parametrization of the nuclear energy including
a curvature term proportional to A1/3. The LSD prescription has shown to yield
a good description of both nuclear ground state masses and fission-barrier heights.
The microscopic part consists of the proton and neutron shell corrections as

Esh = Esh(protons) + Esh(neutrons). (2)

For each kind of particle, shell corrections are obtained by subtracting the average
energy from the sum of the single-particle energy of the occupied orbitals as

Esh =
∑

k

ek −
∑̃

k

ek. (3)

The smooth energy
∑̃

k ek is evaluated using the Strutinsky method.20 In the
present formalism, the single-particle Hamiltonian is the modified oscillator Nilsson
potential. The PES is calculated by minimizing the total energy with respect to the
hexadecapole parameters and plotting in the (ε2, γ) plane. The standard parameter
set15 is used for the Nilsson single-particle parameters κ and μ in the modified
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harmonic oscillator (MHO) Hamiltonian.21

HMHO =
P 2

2m
+

1
2
m(ω2

xx2 + ω2
yy2 + ω2

zz2)

− κ�ω0[2� · s + μ(�t − 〈�t〉)] + V4(ε4, γ), (4)

where V4(ε4, γ) represents the hexadecapole deformation potential.17

3. Results and Discussions

The total energy of Po isotopes is obtained theoretically in the three-dimensional
deformation space for about 1600 different nuclear shapes. The deformation energy
landscape was calculated, in this study, according to the approach outlined in the
previous section for 12 A-even polonium isotopes from 178Po to 200Po. Figure 1
illustrates the PES for the target isotopes for which the dark region represents the
lowest energy. The interval between the contour lines is about 0.25MeV and the
γ-plane is marked at 15◦ intervals. If the minimum is observed at γ = 0◦ or −120◦,
the nucleus possesses a prolate shape; if γ = 60◦ or −60◦, it will have an oblate
shape. However, a dark region between these angles shows that the shape is approx-
imated as a triaxial ellipsoid. Absolutely, the deformation parameter ε2 ∼ 0 repre-
sents a spherical shape. Moreover, semicircular dash lines determine the deformation
parameter ε2.

As the polonium nucleus has the atomic number Z = 84 near a closed shell of
Z = 82, it is expected that the protons create a near spherical shape. Consequently,
the neutron number will have an effect on the nuclear shape in the Po isotopes. As
seen in Fig. 1, the PES of 200Po, with a neutron number N = 116, shows a sharp
well with one minimum at a small deformation ε2 ∼ 0.12 with a small triaxiality.
With decreasing two neutrons, not only a flat-well at ε2 ∼ 0.12 which is the yrast
state in 198Po, but also one local minimum appears at ε2 ∼ 0.2 with a higher energy
about 750keV than the energy of the yrast state.

In 196,194Po isotopes, two separated local minima appear at ε2 ∼ 0.2. It is
observed that these local minima become the yrast state in 192Po isotope with two
less neutrons. In 192−188Po, the prolate and oblate shapes coexist at deformation
parameters (ε2, γ) ∼ (0.1,−120◦) and (0.25,−60◦), respectively. As a result, by
decreasing the neutron number, it appears more minima in the PES of 186−182Po
at various shapes including prolate, oblate, spherical and triaxial shapes. It even
demonstrates the prolate and oblate minima at larger deformations ε2 ∼ 0.3 and
0.4, respectively, in which the later one is more clear in 184Po. These various shapes
in the PES are also observed in some lead isotopes; for example, see Fig. 1 in
Refs. 22 and 23. If the neutron number still decreases, the minima will drop to one
minimum at the prolate shape with ε2 ∼ 0.16 leading to the disappearing of the
shape coexistence in 180,178Po.

Accordingly, to be N = 104 at the middle of the shell gaps N = 82 and 126, it
is concluded to observe the shape coexistence in 188Po and its neighboring isotopes.
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Fig. 1. Potential energy surfaces of the Po isotopes (Z = 84) from neutron number N = 94 to 116
in the (ε2, γ) plane and at the ground state, obtained from the Nilsson–Strutinsky calculations.
The contour line separation is 0.25MeV.

This observation is consistent with our results where the shape coexistence is seen in
Fig. 1 for 182−192Po isotopes which 188Po is the center of this region. The observed
rotational bands based on both oblate24 and prolate25 shapes in 186,188Pb confirm
the current evidence. We also expect to reach an oblate shape when the upper half
of the neutron shell is filling while a prolate shape appears when the lower half of
the neutron shell is filling. The PES diagrams of Fig. 1 are in good agreement with
these expectations. For heavier isotopes 194−200Po where the neutron orbitals p and
i13/2 are filling, the minimum inclines to appear at the oblate deformation with a
triaxiality degree so that the γ value increases at greater neutron numbers. While
a prolate shape for the lighter isotopes 178−180Po is observed where the neutron
orbitals hf start to be occupied.

More complicated PESs may be seen in the polonium isotopes compared with
the situation in the lead isotopes.26 Configuration-constrained PES calculations
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have been performed to investigate the shape coexistence phenomenon in neutron-
deficient polonium isotopes.26 As a consequence, the shape coexistence phenomenon
is observed in the isotopes 190−194Po, see Fig. 3 in Ref. 26, which matches well with
the present calculations. A comparatively flat prolate minima for 196,198Po are found
which is compatible with the Nilsson–Strutinsky method results. Our calculations
also display oblate minima at ε2 ∼ −0.25 and prolate minima at ε2 ∼ 0.15, which
is different with the results of Ref. 26 where the oblate and prolate minima are at
ε2 ∼ −0.19 and 0.24, respectively.

Therefore, one can conclude from the present calculations that the shape coex-
istence phenomenon is clearly observed in 182−192Po isotopes with various shapes
of the spherical, prolate, oblate and triaxial.

4. Summary

Investigation of shape coexisting ground state in polonium isotopes was carried
out by using the macroscopic–microscopic Nilsson–Strutinsky model. We presented
the results for shape phase transitions in the chain of Po isotopes from A = 178
to 200. It is found that the considered polonium isotopes present a clear example
of the coexistence of spherical, oblate and prolate equilibrium shapes such as in
its neighboring nuclei, Hg and Pb.2,9,12 The PES curves for Po isotopes (Fig. 1)
exhibit a complicated coexistence of several shallow minima specially for the iso-
topes 182−186Po. The calculations show a clear shape coexistence in the isotopes
182−192Po.

The shape coexistence and shape transition are associated with the occupation
of some specific single-particle structure. In Po isotopes, the occupation of the
neutron intruder state i13/2 gives rise to the prolate shape and shape coexistence.
The present findings are in general similar to the obtained results by Skyrme-HFB27

and also configuration-constrained PES calculations26 on the shape coexistence in
Po isotopes.
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