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Exotic nuclear shape due to cluster formation at high angular momentum
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It is shown, for the first time, how the exotic shapes due to cluster formation at high excitation energy
and angular momentum are manifested through giant dipole resonance (GDR) strength function under the
framework of the extended quantum molecular dynamics (EQMD) model. The results of EQMD calculation are
compared with the existing experimental data of 32 S and 28 Si formed in the reactions 20 Ne + 12 C and 16 O + 12 C,
respectively, at high angular momenta. It is found that the EQMD predicts the general trend of the experimental
GDR strength functions for 32 S and 28 Si by considering the ring or toroidal configuration, whereas the linear
chain configurations with α clusters can reproduce the higher-energy peak in 32 S and 28 Si. Thus, the direct
signature of the cluster formation at high temperature and angular momentum is the observation of a GDR peak
≈ 25 MeV which cannot be predicted within the mean-field calculations. The present result highlights the role
of α cluster states above the decay threshold, which is still an open field of investigation.
DOI: 10.1103/PhysRevC.102.031301

The basic building blocks of the atomic nucleus are protons
and neutrons, known as nucleons. In general, the nucleonic
matter behaves as a quantum fluid under the mean-field effect.
However, in some cases, the atomic nuclei also display a
moleculelike structure due to the mutual interaction of these
nucleons [1,2]. The α particle, formed from two protons
and two neutrons by antialigning the spins of same nucleons
to minimize the Pauli repulsion, has a much larger binding
energy per nucleon than that of the other light nuclei. The
second 0+ state in 12 C, the putative Hoyle state, which is
the doorway for the synthesis of 12 C in stellar nucleosynthesis, is predicted to exhibit a structure composed of three
α particles with a Bose-Einstein condensation picture [3–6].
Cluster radioactivity is another signature of clustering in the
atomic nuclei [7,8]. Thus, clusterization is an indispensable
feature of the nuclear many-body system which coexists with
the nuclear mean field. It is very perplexing that, even though
the formation of clusters of nucleons has been realized in
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the earliest days of the nuclear physics study [9], the mechanism of clustering is not yet fully understood. According to
the Ikeda diagram, cluster structures are predicted to appear
close to the associated decay thresholds [10]. However, the
influence of clustering in the structure of ground as well as
excited states has also been reported for several α-conjugate
nuclei [11–16]. The search for such exotic behavior has been
extended for light neutron-rich nuclei as well as for halo
nuclei, such as 11 Li [17] and 14 Be [18]. The understanding
of nuclear clustering is important to inculcate the intricate
details of nuclear correlation in the miniscule atomic nucleus
that could help us to probe even massive astronomical objects
especially the internal structure of neutron stars—the crust
made of nuclear “pasta.”
It is now well established [19–24] that clustering plays
a very important role in self-conjugate light nuclei and is
associated with strongly deformed shapes of nuclei. One
of the probes to study this deformation experimentally at
high temperature (T ) and angular momentum (J) is the γ
decay from the giant dipole resonance (GDR) built on excited
states [25,26]. The GDR line shape gets fragmented in deformed nuclei providing crucial information about the nuclear
deformation. As a matter of fact, it has been successfully
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FIG. 2. Neutron (nn ) and proton ( pp ) pairing gaps as functions
of temperature at different angular momenta obtained within the
FTBCS theory.
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FIG. 1. Filled circles represent the linearized GDR strength functions for 28 Si and 32 S nuclei obtained from the best-fitted GDR
parameters as reported in Refs. [27,31,32]. The lines represent the
TSFM calculations with and without shell corrections.

employed experimentally to study the Jacobi shape transition,
an abrupt change in shape from the noncollective oblate to
the collective triaxial or prolate shape above a critical spin in
several light nuclei, such as 31 P [27], 45 Sc [28], 46 Ti [29,30],
and 47 V [31]. However, when this shape transition is examined
in self-conjugate nuclei 28 Si [27] and 32 S [31,32] through the
reactions 16 O + 12 C and 20 Ne + 12 C, respectively, the GDR
line shape fragments into two prominent peaks at high J
(≈20h̄) providing direct evidence of the large deformation
but, intriguingly, the shapes found are completely different
from those seen in the Jacobi shape transition (signature of
which is a sharp peak at 10 MeV arises due to the Coriolis
splitting of the GDR frequencies). Therefore, these observations clearly highlight that the clustering is not only important
in the mass region A < 20, but also could play major role in
A ≈ 30, which has not been sufficiently studied enough. A
recent experimental investigation reveals resonances at high
excitation energy in the 7α disassembly of 28 Si with very high
angular momentum, which gives evidence for the population
of toroidal high-spin isomers. The α clusters play important
roles in this abnormal resonance and decay [33,34].
Microscopic effects, such as shell structure, pairing, and
isospin effects play important roles in deciding the nuclear
structures at low excitation energy. However, even after incorporating these effects, the experimental GDR line shapes
(T ≈ 2.0 MeV and J ≈ 20h̄) could not be explained for 28 Si
and 32 S nuclei. As can be seen from Fig. 1, the thermal
shape fluctuation model [27,35–42] calculations (including
and excluding shell effects), performed at similar T and J
values, completely fail to describe the corresponding experimental GDR strength functions. The finite-temperature BCS
(FTBCS) calculations [43,44] in Fig. 2 show that n-n and

p-p pairing gaps vanish already at T  0.6 MeV for J = 10h̄,
negating the interference of pairing effects for the 28 Si and 32 S
nuclei. It has also been observed that isospin is not conserved
in these reaction channels [32].
In this Rapid Communication, we have investigated, for
the first time, the GDR strength function of α-cluster nuclei
28
Si and 32 S at high T and J, using the extended quantum
molecular dynamics (EQMD) model. The EQMD calculations considering toroidal shape represent the general trend
of the experimental data especially the peak at 25 MeV, which
point towards the existence of exotic shapes of nuclei due to
clusterization even at extreme conditions.
Recently, the EQMD model [45–47] modification of the
idea of quantum molecular dynamics (QMD) [48–51] has
been successfully applied to investigate the GDR. In this
semiclassical framework, a phenomenological Pauli potential
has been added with the effective interaction to approximate
the nature of the fermionic many-body system and blocking
effects. The width of each wave packet has also been treated
within EQMD as an independent dynamical variable [52]. The
ground state of initialized α-cluster nuclei is insufficiently
stable in the standard QMD model, whereas the EQMD model
is able to consider the energy minimum states as initial ground
states due to two aspect improvements. The first improvement
is to include the Pauli potential into effective interactions. The
other one is to take into account the kinetic-energy term of
the momentum variance of wave packets in the Hamiltonian,
which is neglected as the spurious constant term in the standard QMD [48,49]. These modifications not only describe
the ground state better, but also make the model successful
in the study of exotic nuclei, such as cluster structures. This
improvement is necessary to describe the nuclear cluster
states. Recently, the EQMD model has been successfully
used in describing the GDR in light-cluster [45,46,53] and
deformed [54] nuclei.
In the EQMD model, the wave function of the system is
described as the direct product of the Gaussian wave packets
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of all nucleons [52],

=
ϕ(ri ),
i


ϕ(ri ) =

∗ 3/4

νi + νi
2π

(1)

νi
i
2
exp − (ri − Ri ) + Pi · ri ,
2
h̄
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where D (ω) is obtained from the Fourier transform of the
second derivative of DG (t ) with respect to time, i.e.,

The equation of motion of nucleonic centroids and the width
of the wave packet are determined by the time-dependent
variational principle.
The effective interaction includes the Skyrme and
Coulomb forces, the symmetry energy, and the Pauli potential,

where the Pauli potential is written as
cp 
HPauli =
( fi − f0 )μ θ ( fi − f0 ).
2 i

(4)

(5)

with f0 = 1.0, μ = 1.3, fi being the overlap of a nucleon i with the same spin and isospin of nucleons and
c p = 15 MeV denoting the strength of the potential. fi ≡
A
2
j=1 δ(Si , S j )δ(Ti , T j )|ϕi |ϕ j | , where A, Si , Ti , and ϕi are
the mass number of the system, spin, isospin, wave function
of the ith nucleon, respectively. θ ( fi − f0 ) is the unit step
function.
According to the macroscopic description of the GDR
given by the Goldhaber-Teller model, which assumes that
protons and neutrons collectively oscillate along opposite
directions [55], the dipole moments of the system in the
coordinate DG (t ) space can be written as [45,46,54,56–58]
NZ
[RZ (t ) − RN (t )],
(6)
A
where RZ (t ) and RN (t ) are the center of mass of the protons
and neutrons in the coordinate space, respectively. A is the
sum of mass numbers of the target and projectile nuclei. N
and Z are the neutron and the proton numbers of the compound system, respectively. The α-cluster nucleus is excited
by nuclear collision, and, in the excited nucleus, neutrons and
protons are not in the same position contributing to the dipole
strength. In this Rapid Communication, the phase space of
the compound nucleus in the fusion reaction is obtained by
using the EQMD model. The γ -emission probability of the
compound nuclear system at energy Eγ can be derived from
Eq. (6) [59] as
DG (t ) =

dP
2e2
=
|D (ω)|2 ,
dEγ
3π h̄c3 Eγ

(7)

DG  (t )eiωt dt,

(8)

t1

(2)

where Ri and Pi are the central positions of the ith wave packet
in the coordinate and momentum spaces, respectively. The
νi term is the width of the wave packet which is defined as
νi ≡ 1/λi + iδi . Both λi and δi are dynamic variables.
The Hamiltonian is written as
 h̄2
H = |
− ∇i2 − T̂c.m + Ĥint |
2m
i

 P2
3h̄2 1 + λ2i δi2
i
=
− Tc.m + Hint , (3)
+
2m
4mλi
i

Hint = HSkyrme + HCoulomb + Hsymmetry + HPauli ,

t2

D (ω) =



where t2 − t1 = 200 fm/c. This duration time is comparable
with the typical giant resonance period derived from the
∼7−8 MeV width in 32 S and 28 Si. Note that we just take
into account the GDR spectra of the compound nucleus in
the reaction plane for the events without the nucleon emission
under the condition that the compound nucleus rotates quickly
during the evolution.
It is known that the incident projectile and target structures
play an important role in forming the compound nuclei with
the exotic shapes. The slow dynamical process and moderate
excitation energy in the fusion reaction are very advantageous
to form typical cluster structures in α-conjugate projectile
and target. Recent experiments and theoretical calculations
show clustering effects playing an important role in the
collisions between α-conjugate nuclei [60]. Various microscopic models, such as time-dependent Hartree-Fock [61],
time-dependent density functional theory [62], and QMD,
etc., all reveal that, nucleon rearrangement occurs during
the dynamical process of projectile and target approaching.
Nucleon rearrangement helps the projectile/target with the
cluster component in their ground state to develop a typical
cluster configuration with exotic configuration in the lowlying excited state. In addition, the polarization can lead
clusters to align on the reaction plane defined by the projectile
and target. Aligning plays a crucial role to form the exotic
configurations in the α-conjugate nuclear collision, such as
the famous 02+ -02+ molecular state discovered in the 12 C + 12 C
collision [63]. The probability of forming exotic shapes is
larger in the aligned collisions than in the real collision events
consisting of various random incident orientations. However,
in real collisions, the cluster degree of freedom in α-conjugate
nuclei can easily be manifested due to the excitation before the
projectile and target touching. Therefore, in order to mimic
the nucleon rearrangement and aligning mechanism, we made
a reasonable hypothesis that the nucleon rearrangement and
cluster polarization mechanism occur before the projectile
and target touching each other. This hypothesis is well based
on the cluster resonances with exotic configurations found in
experiments and theoretical simulations of reactions between
α-conjugate projectiles and targets in the low-energy region.
It was observed that the ring (toroidal) and linear chain
emerge as the main configurations in the aligned collisions
within the EQMD calculations. The lifetime of the linear
chain and ring has been calculated by using EQMD and
found in agreement with the dynamical duration of heavyion collisions. These exotic configurations are driven by the
collisions dynamics especially by the high angular momentum at the peripheral and semiperipheral collisions with the
emergence of the α degree of freedom. The 20h̄ angular momentum for 20 Ne + 12 C collisions and 21h̄ angular momentum
for 16 O + 12 C collisions are set as input paramenters in the
EQMD calculations, respectively. The temperature measures
both the random thermal motions of the α cluster and how the
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FIG. 3. Density distribution obtained within the EQMD calculations for the linear and ring shapes before and after the 16 O + 12 C
reaction, considering 12 C as a triangle and 16 O as a square.

α cluster deviates from the ideal linear chain and toroidal configurations. It is found that the temperature of the toroidal and
linear chain configurations oscillates around 2 MeV during
the GDR evolution, which is very close to the experimental
temperature. The oscillation of the temperature is mainly from
the rotational energy variation due to the dynamical shape
fluctuation. It should be mentioned that there is a possibility
of having 16 O − 16 O cluster shapes in 32 S. However, this
possibility is much smaller than the configuration made of
α-cluster because the dynamical duration time of 16 O − 16 O
is much shorter than that of exotic shapes made of α-cluster
degrees of freedom.
In the case of the 16 O + 12 C reaction, the EQMD calculations have been performed by considering different clustering
structures of the 12 C target (chain and triangle) and the 16 O
incident projectile (square and tetrahedral). In the case of the
20
Ne + 12 C reaction, the projectile 20 Ne has been taken as
pentagonal and square pyramidal, whereas the target 12 C has
been considered as a triangle and chain. The alignment of
the projectile and target is taken on the XZ plane. The density distribution before the collision considering the triangle
shape for 12 C and the square shape for 16 O is displayed in
Fig. 3 whereas the density distribution before the collision
considering the triangle shape for 12 C and pentagonal shape
for 20 Ne is displayed in Fig. 4. The dynamical fluctuation
embedded in the QMD model is responsible for the different
evolution paths leading to chain and toroidal configurations,

FIG. 4. Density distribution obtained within the EQMD calculations for the linear and ring shapes before and after the 20 Ne + 12 C
reaction, considering 12 C as a triangle and 20 Ne as a pentagonal.

even though the initial density distributions are the same. The
density distributions of exotic toroidal and linear chain shapes
formed in the reaction due to the peripheral collision for 28 Si
and 32 S are also shown in Figs. 3 and 4, respectively. It was
observed that the GDR line shape was split for both the final
configurations (linear chain and toroidal) shown in Fig. 5.
The double-peak structure originates due to the symmetric
axial deformation of the nuclei, specifically, contributed by
the coherent motion along the long and the short axes of the
system. The toroidal and chain events both have peaks around
25 MeV, which are contributed by the coherence of transverse
motion along the short axis of the system, namely, from the
α cluster. However, the general trend of the experimental
data is represented well by the toroidal shape (ring) for both
nuclei (shown in Fig. 5). The low-energy peaks in Figs. 5(a)
and 5(c) are from the in-plane dipole oscillations, whereas the
high-energy peaks are from the oscillations perpendicular to
the circle plane. The high-energy peak manifests the α-cluster
degrees of freedom whereas the low-energy one embodies the
compound nuclear size or configurations. It is also checked
that the GDR line shapes obtained from the EQMD are nearly
similar for all the initial target-projectile configurations pointing towards the fact that the GDR line shape is not affected by
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FIG. 5. The EQMD calculations for both 28 Si and 32 S nuclei are
shown along with experimental data.

the initial clustering configuration of the projectile and target
and depends only on the exotic shapes of compound systems.
It needs to be mentioned, here, that the GDR line shape
should be the weighted sum of the various collision events
with different incident configurations. However, it is difficult
to weight the various collision events with different incident
configurations since the dynamical nucleon arrangement and
polarization mechanism occur to some larger content. Moreover, it is also not possible experimentally to disentangle the
contribution of mean-field and clustering effects to the GDR
line shape. Nevertheless, the peak around 25 MeV can only arrive due to cluster formation (as seen for both the linear chain
and the toroidal configurations) highlighting the existence of
the α-clustering structure at such high T and J since this
peak could not be predicted within the mean-field calculations
(Fig. 1). Interestingly, the rotation of these exotic shapes will
not lead to the Coriolis splitting of the GDR strength function
(due to larger moment of inertia leading to smaller angular
frequency), which could be the reason for the absence of the
Jacobi shape transition in 32 S and 28 Si [27,31,32], even if they
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