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Abstract. The structures of superdeformed (SD) states in 34S are investigated using the
antisymmetrized molecular dynamics and generator coordinate method (GCM). The GCM
basis wave functions are calculated via energy variation with a constraint on the quadrupole
deformation parameter β. By applying the GCM after parity and angular momentum
projections, the coexistence of two positive- and one negative-parity SD bands are predicted,
and low-lying states and other deformed bands are obtained. The SD bands have structures of
16O + 16O + two valence neutrons in molecular orbitals around the two 16O cores in a cluster
picture. The configurations of the two valence neutrons are δ2 and π2 for the positive-parity
SD bands and π1δ1 for the negative-parity SD band.

1. Introduction
Dynamic structural changes under excitation are significant properties of nuclei. Superdeforma-
tion and clustering are typical changes. Clustering is a typical structure in the light mass region.
To clarify the dynamic structural changes of nuclei, it is necessary to study the nuclear structure
in terms of both deformation and clustering. However, those studies have been insufficient.

S isotopes (Z = 16) are suitable nuclei for studying deformation and clustering caused by
excitation. S isotopes are expected to be favorable for the formation of superdeformed (SD)
bands because Z = 16 is considered a magic number of superdeformation. The existence of SD
bands in S isotopes has been discussed in the frameworks of a mean-field model[1], a cluster
model[2], and antisymmetrized molecular dynamics (AMD)[3]. In terms of clustering, S isotopes
are key nuclei in the sd shell. S isotopes are analogs of Be isotopes because those isotopes can
form systems consisting of two doubly closed shell nuclei (16O and α for S and Be isotopes,
respectively) and valence neutrons. In Be isotopes, structures consisting of α + α + valence
neutrons in molecular orbitals are thought to develop in low-lying states, with the valence
neutrons in molecular orbitals around two α cores[4–11]. The SD states in 32S are predicted
to contain a large amount of 16O + 16O cluster structure components[2, 3]. They suggest the
existence of SD states that have 16O + 16O + valence neutrons in the molecular orbital structure
in S isotopes.

By a γ spectroscopy experiment, the structures in 34S are investigated up to the Jπ = 10+ and
(9−) states for positive- and negative-parity states, respectively, mainly for the yrast states[12].
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In contrast to the yrast states, the structures of the non-yrast states with mp-mh configurations
have never been clarified.

This paper aims to clarify the structures of SD states in 34S using AMD and the generator
coordinate method (GCM). The coexistence of positive- and negative-parity SD bands and their
structures are discussed, focusing on 16O + 16O + valence neutrons in molecular orbitals around
the two 16O cores.

2. Framework
The wave functions in low-lying states are obtained using parity projection and angular
momentum projection (AMP) and the GCM with deformed-basis AMD wave functions. A
deformed-basis AMD wave function |Φ⟩ is a Slater determinant of Gaussian wave packets.

The basis wave functions of the GCM are obtained by energy variation with a constraint
potential Vcnst after projection onto eigenstates of parity. The Gogny D1S force is used as the
effective interaction.

To obtain the deformed wave functions, the constraint potential Vcnst for the matter
quadrupole deformation parameter β of the total system is used. The optimized wave functions
are superposed after parity projection and AMP by employing the quadrupole deformation
parameter β, ∣∣∣ΦJπ

M
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where P̂ Jπ

MK is the parity and total angular momentum projection operator, and |Φ(βi)⟩ are
optimized wave functions with a constraint for β = βi. The coefficients fi are determined by
the Hill–Wheeler equation,
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Then we obtain the energy spectra and the corresponding wave functions, which are expressed
by the superposition of the optimum wave functions, {|Φ(βi)⟩}.

3. Results
3.1. Energy curves
Figures 1 and 2 show the energy surfaces as functions of the quadrupole deformation parameter
β for the positive- and negative-parity states, respectively, obtained by energy variation with a
constraint on β after parity projection. The energies projected onto the Jπ = 0+, 3−, and 4−

states are also shown.
In the positive-parity energy surface (Fig. 1), three excited local minima or shoulders exist

around β = 0.4, 0.6, and 0.8 as well as the minimum at β = 0.25, which suggest the existence of
three excited deformed bands in the positive-parity states. After AMP onto the Jπ = 0+ states,
more deformed states gain more binding energy, and the β values of the local minima become
larger. In the negative-parity energy surface (Fig. 2), three local minima exist around β = 0.2,
0.5, and 0.7. In the slightly deformed region, β < 0.6, the Jπ = 3− components have the lowest
energies after AMP. Highly deformed wave functions, β > 0.6, have few Jπ = 3− components,
and the Jπ = 4− components have the lowest energies.

3.2. Level scheme and particle-hole configurations
Figure 3 shows the level scheme of the positive- and negative-parity states. Various rotational
bands, called Kπ = 0+ND, 0

+
SD1, and 0+SD2 for positive parity and Kπ = 2−ND, 4

−
SD, and 3−SD for

negative parity, are obtained, as well as low-lying 0h̄ω and 1h̄ω states. The energies of the 0h̄ω
and 1h̄ω states are consistent with experimental data.
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Figure 1. Energy surfaces as functions
of quadrupole deformation parameter β for
positive-parity states. Circles and squares
show energies projected onto positive-
parity and Jπ = 0+ states, respectively.
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Figure 2. Energy surfaces as functions
of quadrupole deformation parameter β for
negative-parity states. Circles, squares,
and triangles show energies projected onto
positive-parity, Jπ = 3−, and Jπ = 4−

states, respectively.
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Figure 3. Excitation energies as functions of J(J+1), where J is the total angular momentum.
States with closed and open squares have dominant 0h̄ω and 1h̄ω configurations, respectively.
Solid, dashed, dotted, and dot-dashed lines with closed circles show members of Kπ = 0+ND, 2

+
ND,

0+SD1, and 0+SD2 bands, respectively. Solid, dashed, and dot-dashed lines with open circles show
members of 2−ND, 3

−
ND, and 4−SD bands, respectively. Solid and dashed lines with no symbols

show experimental values.

The members of the Kπ = 0+SD1, 0
+
SD2, and 4−SD bands have mp-mh configurations for both

the proton and neutron components; (nπ, nν) = (2, 2), (2, 4), and (2, 3) for the Kπ = 0+SD1,
0+SD2, and 4−SD bands, respectively, where nπ and nν are the numbers of protons and neutrons,
respectively, excited from the sd-shell to the pf -shell. The values of the quadrupole deformation
parameter β of dominant components of the SD bands are greater than 0.6. Their energies are
within a few MeV, although the particle-hole configurations of the neutron components differ;
they are nν = 2, 3, and 4 for the Kπ = 0+SD1, 4

−
SD, and 0+SD2 bands, respectively. This shows the

coexistence of two positive- and one negative-parity SD bands. The energy of the Kπ = 4−SD
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Figure 4. Schematic pictures of molecular orbitals generated from 0d orbits around two 16O
cores for (a) δ, (b) π, and (c) σ orbitals. Left and right columns show phases of 0d orbits around
two 16O cores and molecular orbitals, respectively. Dotted circles show two 16O cores located
on the z axis. Inverse triangles show locations of nodes in molecular orbitals in the z direction.
Numbers in brackets show Nilsson quanta (see text).

band is intermediate between those of the Kπ = 0+SD1 and 0+SD2 bands.
The two highest single-particle orbits have [202]2, [321]2, and [202]1[321]1 configurations for

the Kπ = 0+SD1, 0
+
SD2, and 4−SD bands, respectively, in the Nilsson picture.

4. Discussions
4.1. Similarity of molecular orbitals around 16O + 16O cores and Nilsson orbits
Before discussing the structures of the SD states in 34S, the quanta of molecular orbitals around
the 16O + 16O cores are discussed in the Nilsson picture.

The lowest orbit around an 16O core is a 0d5/2 orbit. By linear combination of 0d5/2 orbits

around two 16O cores, molecular orbitals around the two 16O cores are formed. Figure 4 shows
schematic illustrations of the formation of molecular orbitals around two spherical 16O cores.
Here, the two 16O cores are located on the z axis (horizontal axis), and a cylindrical coordinate
system is used in this section because of axial symmetry around the z axis.

The 0d5/2 orbits around the 16O cores form δ, π, and σ orbitals, which are formed from two

(l, |lz|) = (2, 2), (2, 1), and (2, 0) orbits, respectively, around the left and right 16O cores. For the
δ orbital, the (l, |lz|) = (2, 2) orbits have no node in the z direction, as shown in the left column
of Fig. 4(a). Therefore, the δ orbital also has no node in the z direction, as shown in the right
column of Fig. 4(a). Similarly, the numbers of nodes of the π and σ orbitals are two and four in
the direction of the z axis, as shown in Figs. 4(b) and (c), respectively. In the radial direction,
they have no node because a 0d orbit has no node in the radial direction. This shows that the
quanta of the δ, π, and σ orbitals are [202], [321], and [440], respectively, in the Nilsson picture.
When a system has a two-16O core structure, the [202], [321], and [440] orbits correspond to the
δ, π, and σorbitals, respectively. The parities of the δ, π, and σ orbitals are positive, negative,
and positive, respectively.
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4.2. Configurations of valence neutrons in the SD bands
The GCM calculation yielded three SD bands, called the Kπ = 0+SD1, 0

+
SD2, and 4−SD bands, the

structures of which are interpreted as 16O + 16O + two valence neutrons that have δ2, π2, and
δ1π1 configurations, respectively, in a cluster picture.

Their proton components have 2h̄ω excited configurations and neck structures, and the
neutrons, except for the two highest-energy orbits, have the same configuration. This
configuration is the same as that of the SD band in 32S, which contains a large amount of
16O + 16O cluster structure components[3]. Therefore, the three SD bands have structures of
16O + 16O + valence neutrons in a cluster picture.

The configurations of the valence neutrons of the Kπ = 0+SD1, 0
+
SD2, and 4−SD bands are [202]2,

[321]2, and [202]1[321]1, respectively. As shown in the previous section, the [202] and [321] orbits
correspond to the δ and π molecular orbitals, respectively, around the two 16O cores. Therefore,
the configurations of the valence neutrons of the Kπ = 0+SD1, 0

+
SD2, and 4−SD bands are interpreted

as δ2, π2, and δ1π1, respectively.

5. Conclusions
The structure of the SD states in 34S were investigated using the AMD and GCM. By superposing
the AMD wave functions calculated via energy variation with a constraint on the quadrupole
deformation parameter β, the coexistence of two positive- and one negative-parity SD bands is
predicted. The SD states have mp-mh configurations, and they are interpreted as a structure
consisting of 16O + 16O + valence neutrons in molecular orbitals around 16O + 16O cores in a
cluster picture. Highly efficient γ spectroscopy experiments on high-spin states may reveal the
structures of those deformed states.
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