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Influences of «-clustering configurations on the giant dipole resonance in hot compound systems
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The influences of «-clustering configurations on the giant dipole resonance (GDR) in hot compound systems
are discussed under the framework of an extended quantum molecular dynamics (EQMD) model. The computed
GDR spectra in the hot nucleus 22Si are split into two peaks which are very consistent with the experimental
measurement and are remarkably sensitive to the configurations of projectile '°0, including the linear chain, kite,
square, and tetrahedron configurations. Meanwhile, the sensitivity of the GDR lineshapes to the configurations
of '°Q gradually increases with angular momentum. However, for the fusion system induced by 2°Ne, their GDR
lineshapes in #’V and 32§ are mostly independent of the a-clustering configurations compared with those in
the hot compound systems induced by the projectile '°0Q, which may be attributed to their much more similar
geometric structures between the square pyramid and trigonal bipyramid configurations in 2°Ne. Additionally,
we find that the GDR lineshapes in hot compound systems are sensitive to the geometric distributions of
the projectile in phase space when it is compared to those with Woods-Saxon distribution and polarization
in projectiles. These results demonstrate that the GDR can be taken as an experimental observable to extract
information about the configurations of reaction systems.
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I. INTRODUCTION

Clustering structures composed of « clusters, called «-
conjugate nuclei, have received widespread attention with the
recent rapid development in both theoretical and experimental
methods driven by important physics, e.g., exotic structures
with o degree of freedom and Bose-Einstein condensation
(BEC) in nuclei [1,2]. The larger binding energy per nucleon
of an o particle compared to their neighboring light nuclei,
along with a strong repulsive a-« interaction due to the Pauli
exclusion principle, as well as the symmetry, make the o-
clustering states relatively stable in the nuclear environment,
which allows for observation of clustering behavior in both
excited and ground states [3—5]. As one of the most fundamen-
tal physics aspects of light nuclei, «-clustering states play a
prominent role in nuclear structure and astrophysics [2,6-20].
Recently, the a-clustering effects were also recognized even
in ultrarelativistic heavy ion collisions due to the conversion
from initial state coordinate space to final state momentum
space [21-26].

Nowadays, several theoretical frameworks have been suc-
cessfully applied to describe a-clustering configurations in
light nuclei and have made some predictions of exotic «-
clustering structures. These frameworks include an extended
quantum molecular dynamics (EQMD) model [6-8,27-29],
covariant density function theory (CDFT) [30,31], time-
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dependent Hartree-Fock (TDHF) theory coupled with a
density constraint [10,32], fermionic molecular dynamics
(FMD) [14], antisymmetrized molecular dynamics (AMD)
[15,33,34], and so on. In such «-clustering nuclei, o con-
densates could be induced as proposed by the THSR
(Tohsaki-Horiuchi-Schuck-Ropke) wave function [35], which
is analogous to the Bardeen-Cooper-Schrieffer wave function,
replacing the Cooper pairs by « particles. Many developments
for a-clustering structure have been done within the frame-
work of the THSR wave function [36,37].

The nuclear giant dipole resonance (GDR), as a universal
characteristic in the excitation of nuclei throughout the nu-
clide chart, has been used as an effective probe for gaining
key insights into nuclear structure and collective dynamics
[38—43]. In heavy deformed nuclei, the GDR spectra are split
into two components, providing crucial information about
nuclear deformation [43—45]. In the hot compound systems
formed by fusion reactions [46,47], the GDR lineshapes at
high excitation energies and angular momenta can provide
vital information about cluster formation via the study of
Jacobi shape transition in rapidly rotating light nuclei, where
the shape changes abruptly from noncollective oblate to col-
lective triaxial and/or prolate shape [42,48—50]. In addition,
the relationship of the geometrical and dynamical symmetries
of a-clustering configurations with the number and centroid
energies of peaks in the GDR spectra has been described
under the framework of the EQMD model, and it indicates
that the GDR can be applied to diagnose different «-clustering
configurations in light nuclei [6-8].

©2023 American Physical Society
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The aim of this study is to explore the effects of «-
clustering configurations on the GDRs in hot compound
systems under the framework of the EQMD model. To make
comparisons with the experimental measurements, the «-like
systems '°0 + 2C and *°Ne + '2C as well as the non-a-like
system 2’Ne + 2’ Al have been chosen. The paper is organized
as follows: In Sec. II, a brief review of the EQMD model
and the formula for the GDR are provided. Results and dis-
cussion are presented in Sec. III, including the dependence
of a-clustering configurations and angular momenta on the
GDRs in compound systems induced by a-clustering nuclei,
as well as the influences of Woods-Saxon distribution and
polarization for projectile at the initial state on the GDRs.
Then a summary is given in Sec. IV.

II. MODEL AND FORMALISM

A. Brief review of the EQMD model

The EQMD model, which is developed from the stan-
dard quantum molecular dynamics (QMD) [51-54], has
some success in investigating giant dipole resonance (GDR)
[6-8,43,49,55-57], especially in «-clustering nuclei [6,7,49].
This model improves the description of initial ground states
by incorporating the so-called Pauli potential in the effective
interaction to approximate the nature of a fermionic many-
body system and by treating the width of each nucleon wave
packet as an independent dynamical variable [53]. The suffi-
cient stability of the initial ground state obtained within the
EQMD model is crucially important to investigate the GDRs
in hot compound systems induced by «-clustering nuclei.

In the EQMD model, the total wave function of the system
is treated as a direct product of Gaussian wave packets of all
nucleons [53],

v =[Tewm), e))
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where R; and P; are the centers of position and momentum
of the ith wave packet, respectively. The Gaussian width v; is
introduced using a complex as

1
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where A; and §; denote the real and the imaginary parts. They
are dynamical variables in the process of initialization.

The effective interaction includes Skyrme, Coulomb, and
symmetry potentials as well as the Pauli potential. The Pauli
potential is written as

Hpauti = %’” Z (fi — fo)0(f — fo). )

with ¢, = 15.0 MeV, fo = 1.0, and p = 1.3. The coefficient
¢p denotes the strength of the Pauli potential, and 6 is the unit
step function. f; is defined as the overlap of the ith nucleon
with the other nucleons owning the same spin S and isospin T
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FIG. 1. Time evolution of the dipole moment for 8Si (a) and 2§
(b) nuclei, respectively. Different styles of line represent the calcu-
lations with different a-clustering configurations of initial projectile
nuclei '°0 and Ne in the present EQMD model.

as follows:
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This Pauli potential gives the EQMD model the capability of
describing o clustering [6—8,49], which is necessary in our
present work.

B. Formula of giant dipole resonance

In 1948, Goldhaber and Teller gave a macroscopic descrip-
tion of giant dipole resonance called the GT mode [58]. They
recognized that protons and neutrons behave as two separate
rigid but interpenetrating density distributions, and that these
two rigid distributions undergo a harmonic displacement with
respect to each other at a fixed center of mass [59]. Based on
the GT mode, the dipole moment of the system in coordinate
space Dg(t) can be represented as [6-8,49,60]

NZ
Dg(1) = T[RZ(t) — Ry@®)], (6)

with Rz(t) [Ry(t)] the center of mass for protons (neutrons) in
coordinate space. The strength of the giant dipole resonance
in the system at excitation energy £, = liw can be determined
from the Fourier transformation of the second derivative of
D¢ (1) with respect to time, i.e.,

[max
D' (w) = f Dg" (1) dt, (7)
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where jTP is consistent with the y emission probability.

Itis Wyell known that the GDRs critically depend on fusion
dynamics (through the timescale for compound nucleus for-
mation) [60]. The initial time #; in Eq. (7) corresponds to the
moment when the distance between the center of mass of the
projectile and target nuclei is approximately the sum of their
radii. The final time #,,,x depends on the lifetime of the GDR
excitation. For example, Figs. 1(a) and 1(b) show the time
evolution of the dipole moment in coordinate space (Dg) for
288i from the central collision '°0 4 '2C at an incident energy
125 MeV and *28 from the central collision 2°Ne + 2C at an
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incident energy 145 MeV, respectively. It is seen that they are
damped oscillations which can be attributed to both mean-
field and two-body collision damping effects. The damped
oscillations begin at around 30 fm/c in both of these two col-
lision systems. However, the lifetime of the GDR excitation
is apparently different. The former system is exhausted within
around 330 fm/c while the lifetime of the latter system is up
to 600 fm/c. Therefore, the values of ¢y and 7.« in Eq. (7)
are variables for different collision systems. It can also be
observed that the oscillation frequency associated with the
GDR spectrum is sensitive to the a-clustering configurations
of the initial projectile nuclei.

III. RESULTS AND DISCUSSION

In the EQMD model, nuclei with ne nucleons at the
ground states have a-clustering configurations [6,7], which
are sufficiently stable configurations obtained with a cool-
ing procedure coupled with a constraint. '°Q, with four a’s,
could have four possible structures, including linear chain,
kite, square, and tetrahedron configurations. ?’Ne with five a’s
can have square pyramid and trigonal bipyramid configura-
tions, and shows possible evidence of the existence of the S«
condensate state above the S« threshold [61]. For '2C, there
are linear chain and regular triangle configurations. Since the
three-o regular triangle configuration of '>C at the ground
state has been predicted by antisymmetrized molecular dy-
namics (AMD) [15], fermionic molecular dynamics (FMD)
[14], and covariant density functional theory [9], as well as
a recent experimental measurement which presents evidence
for triangular D3, symmetry in the ground state of '>C [13],
we only select '2C with regular triangle configuration as the
target nucleus in the collisions of 0+ '2C and *°Ne + 2C
in our present work. It should be noted that the orientations of
projectile and target nuclei in phase space are random at initial
states in our calculations.

A. a-clustering configuration dependence

It is well known that the initial projectile and target
structures play an important role in forming compound nu-
clei, especially those with exotic geometric structure. Recent
experiments and theoretical calculations indicate that « clus-
tering has an effect on the GDRs in hot compound systems
induced by «-conjugate nuclei [42,48,49]. In this section, we
focus on the a-clustering configuration dependence of GDRs
in hot compound systems.

Figure 2 shows the GDR spectra computed within the
EQMD model for both the hot rotating nuclei 28Si and *7v
with a high angular momentum. Here the angular momentum
J is closely related to the impact parameter b, i.e.,

J

b= ©9)
1 TAp

where mg = 938.3 MeV ¢ 2, A, (A;) is the mass number of
projectile (target) nucleus, respectively, and Ej,, denotes the
incident energy per nucleon. Different style curves corre-
spond to the GDR spectra of hot rotating nuclei from fusion
reactions induced by «-conjugate projectiles with different
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FIG. 2. The GDR spectra computed within the EQMD model for
288i (a) and 'V (b) nuclei along with the experimental data (solid
symbols).

a-clustering configurations. Black solid lines refer to the GDR
spectra computed within the EQMD model based on the inclu-
sive collision events where projectile nuclei own all different
configurations initialized by the EQMD model. Solid sym-
bols denote experimentally measured GDR spectra performed
at the Variable Energy Cyclotron Centre (VECC), Kolkata
[48,62], and show that a two-component GDR spectrum for
28Si confirms its highly extended prolate shape, and the spec-
trum with a narrow peak around 10 MeV for 4’V is a signature
of the Jacobi shape transition.

In Fig. 2(a), the hot rotating nucleus 2%Si originates from
the fusion reaction '°Q 4 '>C with angular moment J = 21/
at incident energy 125 MeV. For projectile '°0, we take into
account the linear chain, kite, square, and tetrahedron con-
figurations as well as inclusive configurations. It can be seen
that the computed GDRs’ spectra in the hot rotating nucleus
28Si are similar to the experimental data, which have two
peak components located at about E,, = 15 and 25 MeV. The
cluster components in the initialized projectile and target can
be amplified in the fusion process, where the cluster degree
of freedom is well developed, though the clusters overlaps
with each other in initialization. However, the GDR lineshapes
from several systems are different and are sensitive to the -
clustering configurations of the projectile '°Q. This indicates
that the experimental data may have been extracted from a
reaction system induced by mixed «-clustering configurations
of the projectile.

In Fig. 2(b), the hot rotating nucleus 'V comes from the
20Ne + 2" Al systems with angular momenta J = 28/ at inci-
dent energy 160 MeV. All of the GDR calculations, including
those of the inclusive, square pyramid, and trigonal bipyramid
configurations in projectile *°Ne, display a narrow peak at
lower energy similarly to the experimentally extracted spec-
trum. However, when compared with the experimental data,
these narrow peak positions in our calculations are located at
a higher energy, 11.5 MeV, and there is apparently another
peak at E;, = 19.0 MeV. It may be due to the quantum fluctu-
ation that is not large enough in the EQMD model compared
with the realistic case. The phase space shape will be more
diverse if the fluctuation can be enhanced, which perhaps will
improve the GDR computed result. Additionally, one can ob-
serve that the GDR spectrum in #V is hardly sensitive to the
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FIG. 3. The GDR spectra computed within the EQMD model for
2Si (a)—(e) and 2§ (f)—(j) nuclei with angular momentum J from 0%
to 244.

a-clustering configurations of the projectile 2°Ne, probably
due to their similar geometric configurations.

B. Angular momentum dependence

A rapidly rotating light nucleus in general is oblate at low
angular momentum J, and its deformation increases with J.
Above a certain critical J, near the fission limit, the shape
changes abruptly from noncollective oblate to collective triax-
ial and/or prolate shape characterized by larger deformations.
This phase transition is similar to the one that occurs in gravi-
tating rotating stars where the Jacobi transitions are predicted
to occur beyond a certain critical angular momentum J,.. In
this section, we will discuss the angular momentum depen-
dence of the GDRs in hot rotating nuclei from the fusion
reactions between two «-conjugate nuclei.

Under the framework of the EQMD model, we calculate
the GDR spectra in the hot compound nuclei 2*Si and 32§
with angular momenta J from 074 to 24k, which are plot-
ted in Fig. 3. For the '°0 + '2C reaction at incident energy
125 MeV in Figs. 3(a)-3(e), we consider four «-clustering
configurations for the a-conjugate projectile '°0 labeled by
different style lines, including the linear chain, kite, square,
and tetrahedron configurations, and a regular triangle con-
figuration for the target '>C. It is noteworthy that all of the
GDR spectra shapes for the different «-clustering configu-
rations in '°0 are mostly similar at J < 15/, whereas with
increasing J the GDR spectra in the hot rotating nucleus 23Si
become more sensitive to the «-clustering configurations in
the projectile '°Q. Interestingly, as seen from Figs. 3(f)-3(j),
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FIG. 4. The GDR spectra obtained within the EQMD model for
47y (a) and *2S (b) nuclei. The calculations with inclusive projectile
nuclei are shown as solid lines, and dotted lines correspond to those
of projectile nuclei with the Woods-Saxon configuration.

the GDRs in the hot compound nucleus 32§ from the fusion
reaction 2’Ne 4 '2C at incident energy 145 MeV are mostly
independent of the «-clustering configurations in the projec-
tile *°Ne. This is because the two geometric structures for the
a-conjugate projectile 2’Ne, i.e., square pyramid and trigonal
bipyramid configurations, are much more similar than those
among the four different configurations in the projectile '°Q at
a given J. Furthermore, the GDR spectrum widths in the hot
compound nuclei 2Si and *?S show a gradually increasing
trend with increasing angular momentum J, which is con-
sistent with the experiments. It is found experimentally that
GDR width keeps almost constant for low spin values while
the width increases obviously in the high angular momentum
region [63,64]. Additionally, one can observe that the GDR
spectra in the hot rotating nucleus 28Si with J = 24/ display
a narrow peak at around E, = 13.5MeV for the kite and
tetrahedron structures in the projectile '°0 in Fig. 3(e), which
hints that they may undergo the Jacobi shape transition.

C. Woods-Saxon effects

The GDR spectrum shapes can reflect the initial geometric
configurations of the projectile. In this section, we focus on
studying the effects of the Woods-Saxon distribution on the
GDR spectra in hot rotating nuclei from fusion reactions.

Figure 4 shows the GDR spectra in hot rotating nuclei
47y and 32§ computed within the EQMD model. Solid lines
represent the results from the fusion reactions induced by
the projectile with the inclusive configurations, and dotted
lines correspond to those from the reactions induced by the
projectile with the Woods-Saxon configuration. For the 4"V
from the system 2°Ne + 2’Al at 160 MeV, these GDR spectra
have a sharp peak component at a lower E, [see Fig. 4(a)],
which is in conformity with the experimental measurement
[48], indicating that the compound nucleus *’V undergoes a
Jacobi phase transition. Meanwhile, it is found that the narrow
peak position at J = 31/ appears at a lower E,, than that at
J = 28%, which is attributed to the value of deformation in
a hot compound nucleus generally increasing with its angu-
lar momentum. The hot compound nucleus 2§ is generated
from the fusion reaction 2°Ne + 2C at 145 MeV with J =
20A. Comparing with the GDR spectrum with the inclusive
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FIG. 5. The GDR spectra obtained within the EQMD model for
28 nucleus from central '°0 + '2C collisions at 125 MeV. Solid
lines denote the calculations with polarization for the initial projectile
nuclei '°0, and dotted lines correspond to those without polarization.
The density distributions for '°0 and !2C at = 0 fm/c are shown in
the inset plots.

configurations in the projectile 2’Ne, the lower energy peak
component with the Woods-Saxon configuration is clearly
seen, which suggests that the hot compound nucleus has a
larger deformation. This also confirms that the GDR spectra
in the hot compound nuclei are sensitive to the geometric
configuration of the projectile.

D. Polarization effects

In this section, we will further investigate the effects of
a-clustering configurations on the GDRs in hot compound
systems from the fusion reactions induced by «-clustering
nuclei with polarization.

As an example, the GDR spectra in the hot compound
nucleus 2%Si from the fusion reactions of '°0Q + '?C at inci-
dent energy 125 MeV are plotted in Fig. 5. For the initial
a-conjugate projectile '°Q, there are four different geometric
structures including tetrahedron, kite, square, and chain con-
figurations. The solid lines correspond to the calculations with
polarization for the initial projectile '°Q, and the dotted lines
show the result without polarization. The density distributions
of the system at the initial states, i.e., t = 0 fm/c, where the
projectiles '°0 with different a-clustering configurations are
polarized so that their longest axes are located along the x axis
direction, are shown as inset plots. The different «-clustering
configurations can be clearly observed from these inset fig-
ures in Figs. 5(a)-5(d). The polarized collisions with special
incident direction will amplify the asymmetry of phase space
from incident channel configurations, while the nucleons’ dis-
tribution will be more symmetric for nonpolarized collisions.

A comparison with the GDR spectrum without polarization
in the projectile '°0 shows that the GDR peak position with
polarization moves to the right, i.e., it is located at a higher
E,,, especially for the kite, square, and chain configurations
in the projectile '°0Q. The reason is that these a-clustering
geometric structures are much more asymmetric in the phase
space than the tetrahedron configurations. Therefore, the GDR
spectrum in hot compound nuclei is not only sensitive to the
a-clustering configurations of the projectile, but also closely
related to the distribution of geometric structure in phase
space.

IV. SUMMARY

In summary, the present work focuses on the effects of
a-clustering configurations on the giant dipole resonance in
hot compound nuclei. Under the framework of an extended
quantum molecular dynamics model, the GDR spectra in 28Si,
47y, and ¥28, populated from the fusion reactions '°Q + '*C,
20Ne +27Al, as well as 2°Ne + 12C respectively, were cal-
culated. The results show that the computed GDR spectra
in the hot nucleus 28Si are composed of two peaks, which
are very consistent with the experimental measurement and
are remarkably sensitive to the configurations of projectile
16y, including the linear chain, kite, square, and tetrahedron
configurations. Additionally, the configuration sensitivity of
the GDRs shows a tendency to gradually increase with angu-
lar momentum. But for the fusion system induced by *°Ne,
the GDRs in #’V and *’S are mostly independent of the a-
clustering configurations of 2°Ne. which may be attributed
to their much more similar geometric structures between the
square pyramid and trignal bipyramid configurations at the
initial states. The GDRs in hot compound nuclei induced
by the projectiles with Woods-Saxon distribution and polar-
ization were also studied. Interestingly, we found that the
GDR lineshapes in hot compound systems are sensitive to
the geometric distributions of the projectile in phase space.
Therefore, the present work clarifies that the GDR can be
taken as an experimental observable to extract information on
the configurations of reaction systems.
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