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Effect of energy variation on the dissipative evolution of the system in heavy-ion fusion reactions
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In heavy-ion fusion reactions, the energy of the projectile couples with the intrinsic degrees of freedom of the
target during the collision process and this leads to a dissipative phenomenon. Consequently, the dissipation in
the system causes the angular momentum hindrance during the fusion process. In this work, we have focused on
the dissipative behavior of the fusing nuclei and its dependency on the incident energy. The dissipative evolution
of the system depends not only on the entrance channel mass asymmetry but also on the incident energy, which
was not mentioned in earlier studies. Moreover, the dissipative behavior of the fusing nuclei is also compared
with respect to the entrance channel parameters like mass asymmetry o and the Coulomb interaction term Zp Zr.
The dissipation phenomenon decreases when the mass asymmetry increases and it increases when the Coulomb

interaction term Z p Z increases.
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I. INTRODUCTION

Heavy-ion fusion reactions are used to produce the compos-
ite nuclei with high excitation energy and angular momentum.
The fusing nuclei disintegrate before the formation of a fully
equilibrated compound nucleus (CN) or pre-equilibrium emis-
sion occurs if the projectile energy is above 10 MeV/nucleon;
but at a low energy (E/A < 10MeV), the pre-equilibrium
contribution is only around 2-3% in the forward direction
[1,2] and formation of CN becomes the dominant process.
The hot and rotating CN decays through fission or emission
of light particles such as «, proton, neutron, and y, leaving
evaporation residue [3-6]. The higher angular momentum
states decay preferentially through «-particle emission or in the
case of heavy CN, fission takes place, while the lower angular
momentum states decay through proton or neutron emission.
These emitted light particles carry important signatures about
the underlying reaction mechanism of the fusion process. The
statistical model has been used to explain the light particle
evaporation spectra.

In earlier measurements, the charged-particle and neutron
evaporation spectra are measured for the mass asymmetric and
symmetric target-projectile systems. The charged-particle and
neutron spectra are in agreement with the predictions of the
statistical model in the case of asymmetric systems, but in the
case of the symmetric systems, charged-particle and neutron
spectra show deviations from the statistical model [7-12], as
shown in Figs. 1 and 2. The exclusive neutron evaporation
spectra measured for the asymmetric and symmetric systems
show similar behavior as inclusive neutron evaporation spectra
[13]. The charged-particle spectra are softer while the neutron
spectra are harder with respect to the statistical model predic-
tion for the symmetric systems.
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To explain the deviation of the charged-particle spectra
from the statistical model in the lower energy side, changes
were required in the moment of inertia corresponding to the
deformation [14], which indicates the dynamical effect in
the de-excitation process for the charged-particle emission.
The comparison of the decay time with the formation time
of CN indicates that due to the presence of dissipation in
the entrance channel, the formation time is comparable to
the decay time in the case of the symmetric systems, which
is not appropriate according to Bohr’s hypothesis. So, it
represents that the charged particles are emitted before the
full relaxation of the compound nucleus [15]. It was also
reported that there is a systematic change in the formation
time of the compound nucleus and it gradually increases as
we move from the asymmetric to the symmetric systems. The
charged-particle spectra are affected by the entrance channel
effect[16,17], where dissipation plays a pivotal role. Therefore,
the statistical model, which considers that the formation time
is much smaller than the decay time, over predicts the charged-
particle evaporation spectra for symmetric systems [18]. The
deviations of the charged-particle spectra from the statistical
model predictions in the higher energy side are explained
using the dynamical model calculation. The dynamical model
suggests that due to the presence of the dissipative phenomenon
in the entrance channel, the fusion of higher partial waves
for the symmetric reactions is strongly hindered. The angular
momentum value suggested by this model, which is less than
the classical I = I« explains the deviations for the a-particle
and proton spectra [8].

The anomalous deviation of the neutron evaporation spectra
is explained using the higher value of the radius parameter
ro and the smaller value of the level density parameter a.
The higher value of ry enhances the available phase space
and it increases the lower energy neutron yield, which affects
the lower energy spectra. The excitation energy is related
to the level density parameter by the relation E = aT?, the
smaller value of the level density parameter represents the
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FIG. 1. Comparison of experimental charged-particle spectra (dots) with the statistical model (solid line) for asymmetric and symmetric

reactions [7] (a) '°O + ®Cu at 109 MeV and (b) **S + **Sc at 140 MeV.

evaporation at the higher temperature from the compound
nucleus populated by the symmetric systems, which affects
the higher energy spectra. In symmetric systems, the formation
time of CN was higher than in the asymmetric systems, which
indicates that a temperature-equilibrated dinuclear complex
system was formed that may be responsible for the neutron
emission at a higher temperature [12]. But at the same time,
it was found that thermal equilibrium is very fast, whereas the
shape equilibrium is delayed [19].

Nuclear dissipation plays a crucial role in the low-energy
heavy-ion fusion reactions. The angular momentum hindrance
was present in the symmetric systems due to the dissipation in
the entrance channel. Here, we have used the dynamical model
to check whether the angular momentum hindrance is energy
dependent or not, since the earlier measurements were done
at fixed excitation energy for the symmetric and asymmetric
systems. Therefore, we have chosen three asymmetric systems,
160 + %47n, 12C + %4Zn, and '?C + *°Ti, and three symmetric
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systems, 2'P + 27 Al, ¥2S 4 Ti, and 2Si + 2’ Al to see the
effect of energy variation on the dissipation phenomenon.

II. DYNAMICAL MODEL

We have done the dynamical model calculation (HICOL),
developed by the Feldmeier et al. [20], which is used to
investigate the process of nuclear dissipation in the heavy-
ion collision. The colliding nuclei are treated as two Fermi
gases which may exchange particles, momentum, and entropy
through the window. The time evolution of the collision
trajectories is calculated by solving a Langevin equation with
a fluctuating dissipative force. The nature of fluctuating force
is determined from a microscopic picture of particle exchange
between two colliding nuclei.

In the dynamical model, it is assumed that two spheres are
connected by a conical neck and their dynamical evolution is
represented by a sequence of shapes; and during the collision,
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FIG. 2. Comparison of exclusive experimental neutron spectra (dots) with the statistical model (solid line) for asymmetric reaction and
symmetric reactions [13] (a) 2C 4 “°Ti at 80 MeV and (b) *'P 4+ Al at 131 MeV.
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FIG. 3. Calculated evolution of the separation (s) as a function of time for asymmetric systems (a)—(c) and symmetric systems (d)—(f).

the mass and charged density remain constant by conserving
the volume of shape. The axially symmetric configurations
with sharp surfaces represent the macroscopic shapes of the
nuclear system. The shapes of evolving nuclei are uniquely
determined by three macroscopic degrees of freedom: the
distance between the nuclei (s) elongation, the neck coordinate
(o), and the asymmetry coordinate (A), defined as

s = distance between two spheres,
o = Vo — (%)R? - (%”)RS __ neck volume
Vo total volume ’
R — R,
= ————— = asymmetry,
Ri+R,

where V,, is the total volume of the system and it is independent
of s, 0,and A. R; and R; are the radii of the two interacting
nuclei. In addition to the three shape degrees of freedom, there
are three rotational degrees of freedom for the intrinsic and
relative rotation of the dinuclear complex. Denoting the six
macroscopic coordinates and their momenta by [g(), p(¢)],
the Langevin dynamical equations of motion can be written
as

d dr dv

op =—-—— - — +X(),
dt dg dg

dq )

= = M"'p,

dt P
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FIG. 4. Variation of angular momentum /,,,x with respect to incident energy E},;, for asymmetric systems (a)—(c) and symmetric systems

(D)—(D).

where T denotes the collective kinetic energy and M denotes
the mass tensor, while V stands for the conservative potential
and X(t) is the fluctuating force caused by the coupling of
the collective degrees of freedom to the intrinsic degrees of
freedom. The collective kinetic energy can be written as

1S
T=5 > MijGig).
ij=1
The mass tensor is calculated from the profile function by
assuming incompressible and irrotational flow of mass during
the shape evolution in the collision. The expression of the mass
parameters related to profile functions is given by Feldmeier
et al. [20]. The potential energy V is calculated by associating
with each shape the nuclear and Coulomb energies. The nuclear
potential V, is obtained as a double volume integral of a
Yukawa plus exponential folding function,

—C; 1 2
872r2a’ Joape a |r—r'|

( |r_r/|>
x exp| — .
a

The parameters are from Krappe et al. [21], where

N —7Z\*
Cy = Ay 1— K N as = 21.7 MCV, Ks = 3’

r, =1.18fm a = 0.65 fm.

The Coulomb potential V, is calculated assuming a uniform
charge distribution p, with a sharp surface.

1
V, = —pff &Prd’r ———
2 shape |r

—r/|'

The total potential energy is the sum of the nuclear and
Coulomb parts,

V(s5 G, A) = ‘/H + VC'

The motion of the system is governed by strong a dissipative
force X(t), which is related to the friction and the diffusion
terms obtained from the particle exchange model [22]. The
one-body dissipation is considered to be predominant because
it has been found to be more relevant for this type of reaction
[23]. In this model, a realistic macroscopic description of the
nucleus-nucleus collision is considered, which is based on the
concept of one-body dissipation. This model consistently de-
scribes the dynamical evolution of various composite systems
formed in nucleus-nucleus collisions in a wide range of impact
parameters.

III. RESULTS AND DISCUSSIONS

We have carried out the HICOL calculations for the three
asymmetric systems 160 4 %47n, 12C 4 %7Zn, and 2C + *°Ti
and for the three symmetric systems >'P + 27 Al, 32S + “Ti,
and 28Si 4+ 2’ Al. The distance between the fusing nuclei s is
plotted as a function of time for the various values of / for both
symmetric and asymmetric systems, which is shown in Fig. 3.
In Fig. 3, going downward, the mass asymmetry decreases in
the left column, while in the right column mass asymmetry
increases. The dashed line corresponds to the closest distance
of approach, s = s, which is taken as equal to the radius of
the CN, R = r,A'/?; the plots show that for each system the
trajectories up to / > Ii,ax do not approach s = s and hence
only the partial waves up to / = [« fuse into the CN.

We have calculated the angular momentum by the dynami-
cal model and the statistical model by changing the projectile
energy for both the symmetric and asymmetric systems and
the results are plotted in Fig. 4. The angular momentum
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FIG. 5. Variation of angular momentum difference Al,,x with re-
spect to mass asymmetry « for various target-projectile combinations,
leading to the same compound nucleus %°Sr at different excitation
energies.

calculated by the statistical model calculation (CASCADE) [24]
is the CN angular momentum, while HICOL-predicted angular
momentum is that angular momentum which is contributing
to the fusion. It indicates that for the particular reaction, the
whole angular momentum as calculated by the statistical model
calculation (CASCADE) does not contribute to the fusion; what
causes the angular momentum hindrance is indicated by the
dynamical model calculation (HICOL) and it indicates that the
increase in the hindrance is directly proportional to the incident
energy of the projectile.

To understand how Alp.x (angular momentum hindrance)
depends on the entrance channel mass asymmetry [0 =
(Ar—Ap)/(Ar + Ap)], we have calculated Al for the
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FIG. 6. Variation of angular momentum difference Al with
respect to the charge product ZpZ; for various target-projectile
combinations, leading to the same compound nucleus ¥ Sr at different
excitation energies.
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FIG. 7. Threshold energy E, vs ¢ for several heavy-ion fusion
systems, where the Q values for the fusion are positive.

combination of some symmetric as well as asymmetric sys-
tems. The systems are like 28Si + >2Cr, >*Mg + Fe, 2°Ne +
%0Nj, and '°O + *Zn, leading to the same compound nucleus
80Sr at the different excitation energies. The variation of Aly.x
with respect to mass asymmetry « is shown in Fig. 5. It was
observed in Fig. 5 that the Al,x almost linearly decreases
with the increase in their mass asymmetry, while the value of
Alnax increases with increasing excitation energy as shown in
Fig. 4.

In another study, the Al.x was also compared in terms of
the charge product of the projectile and target Zp Z7, where
Zp and Zr are the atomic numbers of the projectile and
target nuclei, respectively. For this work, we have chosen the
four target-projectile combinations 28Si + 32Cr, 2*Mg + °Fe,
20Ne + ®Ni, and %0 + %Zn, leading to the same compound
nucleus 3Sr at different excitation energies and Al is
plotted as a function of Z p Z ata constant excitation energy in
Fig. 6. It can be seen from Fig 6 that Al,,,x has a linear growth
when the charge product Z p Z7 increases. But the overall Al ,«
increases with the excitation energy. Hence, it can be pointed
out that as the projectile approaches the target nucleus, the
Coulomb interaction increases, which results in the increase
of Alpax.

In Refs. [25,26], it was pointed out that in the light-medium
mass nuclei with positive Q values for fusion, the threshold
energy E; for the fusion hindrance is a function of the entrance
channel parameter ¢ = Z1Z5,/i, where = A1Az/(A +
A»). Here, we now apply this phenomenon to the systems with
the positive Q values: '2C 4 “°Ti, '2C + %Zn, 2Si + ?7Al,
and 3'P 4+ 27 Al, the E, follows the same trend as mentioned
in Refs. [25,26], which is shown in Fig. 7.

IV. CONCLUSION

In this work, we have observed that the angular momenta
calculated by the statistical model calculation (CASCADE) and
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the dynamical model calculation (HICOL) suggest different
values of the angular momentum contribution in the higher
energy region compared to the lower energy region for both
symmetric and asymmetric systems. The angular momentum
hindrance (Aln.x) increases with the incident energy of the
projectile for both symmetric and asymmetric systems, from
which we conclude that the dissipation in the entrance channel
increases with the projectile energy and causes the angular
momentum hindrance in both the symmetric and asymmet-
ric systems at the higher energy. Moreover, the dissipative
behavior of the fusing nuclei is also compared with respect
to the entrance channel parameters like mass asymmetry o
and the Coulomb interaction term Z p Z7 at constant excitation
energy and we observed that with increasing value of mass
asymmetry it decreases almost linearly and it increases almost

linearly when the Coulomb interaction term Zp Z7 increases.
The threshold energy E for the fusion hindrance was found to
be in good agreement with the phenomenological estimate of
Refs. [25,26]. So it is desirable to perform more experiments
of this kind to verify the above-mentioned results for both
symmetric and asymmetric systems.
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