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Shell effects on the drift and fluctuation in multinucleon transfer reactions
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This study employs the dinuclear system model (DNS-sysu) to investigate drift and fluctuation mechanisms
in 1%Xe 4+ 2”Bi collisions above the Coulomb barrier. The DNS-sysu model demonstrated its effectiveness in
providing reasonable descriptions of drift and fluctuation dynamics for the multinucleon transfer reaction at
low energies. We investigate temperature-induced changes in the shell effect, which impacts nucleon transfer.
At higher energies, the weakening constraint of the potential energy surface leads to a reversal in evolution
direction. Additionally, the consideration of shell corrections notably affects fragment distribution at low energies
but diminishes for high-energy conditions. This research provides valuable insights into understanding the
macroscopic manifestation of nucleon transfer in the multinucleon transfer reaction.
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I. INTRODUCTION

For quantum many-body systems, transport phenomena
can be observed in heavy-ion collisions. At low energy
collisions, the interplay between quantum effects and ther-
mal dynamics shaping the nuclear reaction process becomes
particularly significant [1]. Since the 1970s, people have dis-
covered the phenomenon of multinucleon transfer (MNT)
reactions with extensive products and strong energy dissipa-
tion [2]. In addition to being a very promising method for
synthesizing new nuclides [3,4], the MNT is also regarded as
an ideal method for studying transport phenomena in quantum
systems [5]. Some of the main underlying features of the
MNT reaction can be assessed by a discussion of the drift and
fluctuation mechanisms, but the interplay between the nucleon
transfer process and these mechanisms in quantum systems is
still not well understood.

The problem of determining the influence of fluctuations
around the macroscopic observables of MNT reaction has
received much attention in recent years and has given rise to
much literature [6—14]. Many researchers have made notable
progress in understanding MNT collisions through the use
of master equation-type descriptions [15-20]. By restricting
the expansion to second-order terms, Norenberg transformed
the master equations into equations of Fokker-Planck type
and applied it to analyze the transport phenomenon in the
reaction *°Ar + 2%2Th successfully [21]. Afterward, a consid-
erable amount of work on extracting transport coefficients
from microscopic theories was published thereafter [22,23].
The findings have encouraged that it is possible to directly
extract the distribution probability of fragments from the mas-
ter equations using statistical treatments [24]. This approach
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offers a promising avenue for gaining insights into the be-
havior of MNT reactions and understanding the role of
fluctuations in shaping the outcomes.

As shown in Ref. [25], the master equation can provide
a simple description of nonequilibrium systems, useful for
testing the validity of fluctuation relations, and has been
used to describe the diffusion processes in the collective
variables characterizing the heavy-ion collision in the low en-
ergy. Based on master equations, the dinuclear system (DNS)
model can provide the reasonable probability distribution of
collective variables including the mass and charge yield, and
can be applied to describe multiple reaction channels includ-
ing quasifission, fusion, and multinucleon transfer processes.
This makes it possible to provide a reasonable average or
variance value of the fragments in the MNT reactions. The
purpose of this paper is to provide some useful insight into
the interplay between the fluctuation of the fragment distri-
bution and the potential energy surface based on the DNS
model. The results can help in understanding how nucle-
ons move in response to both deterministic evolution path
(drift) and random distribution (fluctuation) for the MNT
reaction.

In this work, we investigate the drift and fluctuation mecha-
nism in the collision of the asymmetric '**Xe 4 2Bi system.
The abundant experimental data of **Xe +2%Bi includes
atomic numbers, energy, and angular distributions, as well
as the correlation between these observable values [26-28].
This creates a good opportunity for theoretical model testing
[29-32], and it is also an ideal reaction to understand the
correlation between drift, fluctuation, and energy dissipation
during the nucleon exchange process [33,34]. In Sec. II,
we present a formal description of the nucleon drift and
fluctuation in the DNS-sysu model (a version of DNS mod-
els). In Sec. III, we carry out calculations of variances of
fragment distributions and show the shell effect and energy
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dependence on the fragment distribution. Conclusions are
given in Sec. IV.

II. MODELS

The DNS-sysu model has been described in detail in
Ref. [20]. Here, we provide only its basics. The model has
three degrees of freedom describing the macroscopic observ-
ables of projectile-like fragments (PLF). Under the framework
of master equations, the joint probability of fragments P
evolving with different macroscopic degrees of freedom can
be solved numerically as follows:

dP(Z\,Ny, B2, J, 1)
dt

= Z Wz, Ny iz Ny (Oldz, 3y g, P(Z1, N, B2, 1)
Z;

—dz N, g, P(Z1, Ny, B2, J, 1))

+ Z WZ] N1.B2:Z1,N{, Ba ([)[dZI,M,ﬁzP(Zl , Nl/» ,32a J,t)
Ny

—dz, n;.p,P(Z1, N1, B2, J, 1)]

+ Z Wz, Ny poza g, (Oldz, Ny g, P(Z1, Ny, B, T 1)
B

—dz, n,.p,P(Z1, N1, B2, J, 1)]. (D

Here, Wz, n, p,:z; v,.p, denotes the mean transition probability
from the channel (Z;, Ny, B,) to (Z;, N1, 82), which is similar
to Ny and B. dz, n, g, is the microscopic dimension (the num-
ber of channels) corresponding to the macroscopic state (Z,
N 1 ﬁ 2)'

We restricted the consideration of only one dynamic defor-
mation parameter 8, instead of two independent deformation
B and B3. The dynamical deformation for each fragment can
be calculated by C1883 = C>865 and 881 + 883 = 28, [35].
The quadrupole deformation parameters of PLF and TLF are
given by B1 = BY + 8B1 and B3 = B} + 83, respectively. 85
and B} are static quadrupole deformation parameters of the
projectile and target, respectively. C; , are the LDM stiffness
parameters of the fragments [36]. The expression of transi-
tion probability can be seen in Ref. [37]. For the degree of
dynamical deformation S,, we take the range of —1 to 1.
The evolution step length is 0.02. The interaction time in the
dissipative process of two colliding nuclei is determined by
using the deflection function method [38].

Under collision conditions with the arbitrary angular mo-
mentum J, the evolution of the mean (expectation) values of
the proton number Z; and neutron number N; of the PLF over
time can be evaluated as

ZZZZl x P(Zy, Ny, B2, 1),

Zi(t) = (Zi(1)) =

Zr Nt B
M@ = N@) =Y > Y Ni xPZi,Ni, o, 1).  (2)
Zi Ni B

Furthermore, the variances of neutron and proton distri-
bution with the arbitrary angular momentum J are defined

as

2 — N 2
N. ’ ’ ’ ’
oyn(t) = E E E (N1 — N1(t))” X P(Z1, Ny, B2, 1)

Zi N B

07, (1) =YY" (Z1 = Zi(1))* x P(Zy, Ny, Ba. 1),

ZL N B

o)=Y Y Y (Nt = Ni())(Zi — Zi (1))

Zr Nt B

X P(Zi, Ny, B2, 1). 3)

The probability distribution depends on the potential energy
surface (PES) which is defined as

U(Z, Ny, B2, J, Reon) = A(Z1, Ny) + A(Z,, N,)
+ Vconl(Zla le ,32’ J, Rcont)
2 2
+1C(88)) + 1 (887)°.

Here, A(Z;, N;)(i = 1, 2) is the mass excess of the frag-
ment, which can be written as [39]

A(Zi, N)) =ZACH) 4+ NiA(n) — a, (1 — kI*)A,

+ag(1 — kAT + a, 724,77 — e, 2247
Epair(Ziy 1\7,) + Esh(Zi, ]vl)7 (5)
where the liquid drop parameters are a, = 15.677 MeV,

as = 18.56 MeV, a. =0.717 MeV, k=179, and ¢4 =
1.211 MeV. I = (N — Z)/A is the neutron-proton asymme-
try of the nucleus. For the shell and pairing correction
terms in the Eq. (5), we have taken into account the
temperature dependence. The pairing energy Ep.ir(Z;, N;) =
EC. (Zi, N))e E'/9° g = (Z; + N;)/12MeV~". The shell cor-

pair

rection energy term Eg(Z;, N;) = EO(Zi, Ny)e E'/Ea, Eq =
548417 /(14 1.3A7'°) MeV. E’ = Egis X (Zi + Ni) /At
Aot 1s the total mass number of the system. E% (Z:, N;) and

pair
ES(L (Z;, N;) are the paring energy [39] and shell correction
energy [40] of the ground state, respectively. We ignore the
temperature dependence of other liquid drop terms.

For the reactions with no potential pockets, Rcon: 1S the
position where the nucleon transfer process takes place. Reon
is calculated as Ry[1 + B3 Y20(01)] + Ra[1 + B3Y20(62)] + 0.7
fm. Here, R|» = 1.16A}€’, 012 = 0. Veone denotes the effec-
tive nucleus-nucleus interaction potential, which contains the
Coulomb potential and nuclear potential. The last two terms
of the PES are dynamical deformation energies of the PLF and
TLF. The detailed description of the effective nucleus-nucleus
interaction potential V.o and dynamical deformation energies
1Ci(8B2)*(i = 1, 2) can be seen in the previous works [37].

Assuming the position where the nucleon transfer process
takes place is fixed at R.on, the total kinetic energy loss
(TKEL) of the primary fragments can be written as

TKEL = Egigs + Vcom(Zp’ Np» ,32 =0,J, Rcont)
- cont(Zl, le ,827 ], Rcont)» (6)

where the superscript “p” denotes the projectile-target con-
figuration. Eg is the energy dissipated into the composite
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system from the incident energy and can be written as
Egiss(J, 1) =Ecm. — cont(va va ,32 =0,J =0, Reont)
' ()n)?
2é‘rel

where J'(t)[= Jy + (J — Jy)e™"/"] is the relative angular mo-
mentum at time ¢. The angular momentum J'(¢) manifests
as a relaxation process. J is the initial entrance angular
momentum. Jy = %J . &1 and ¢ are the relative and
total moments of inertia, respectively. E.q(J,t) = [Ecm. —
Veont (Z2, NP, By = 0, = 0, Reont) — %]e*f/fk is the radial
kinetic energy during the collision. 7j (= 12 x 1072% s) and g
(= 2 x 10722 5) are, respectively, the characteristic relaxation
time of angular momentum and radial energy [41].

To get the production cross sections of the final products,
the code GEMINI4-+ [42] is employed for the de-excitation
process. Subsequent de-excitation cascades of the excited
fragments via emission of light particles (neutron, proton, and
a, etc.) and y rays competing with the fission process lead to
the final product distribution.

- rad(-Lt)v (7)

III. RESULTS AND DISCUSSIONS

We carry out DNS-sysu calculations for '*Xe +2%Bi at
three above-barriers energies E., = 569, 684, and 861 MeV.
Note that the experimental conditions for detecting products
are imposed [27,28]: the coverage range of 40° < 6., <
100° and 23 MeV < TKEL < 309 MeV for E., = 569
MeV, 25° < O.m. < 75° and 34 MeV < TKEL < 384 MeV
for E., = 684 MeV, and 18° < 6., < 128° and 51 MeV
< TKEL < 601 MeV for E.,, = 861 MeV. The conditions
are taken into account in the following calculations as well.

We proceed with the charge distribution comparison of the
experimental data with the model calculations in Fig. 1(a).
The charge distributions of the primary fragment are shown by
dash histograms, and the final distributions are shown by thick
histograms including the sequential fission products. The
DNS-sysu model calculations coupled with the GEMINI4-+
code can provide a reasonable description of charge distri-
bution. For light fragments with Z < 50, compared to the
primary fragments distributions it can be seen that there is
a significant enhancement in final yields due to the fission
of excited heavy fragments. However, the contribution from
the proton de-excitation process is very weak. As the reaction
energy increases, both experimental and theoretical results
show that the peak of the charge distribution does not change
much, only the variance of the distribution increases. The
yellow arrow and dashed line in the figure indicate Z & 55.
This suggests that the charge drift velocity should be small
for the low TKEL region, in part, owing to the shell effects
[cf. the PES of Fig. 4(a)] strongly inhabiting the proton flow.
It shows that the shell structure, dissipation, and fluctuation
form a complex of interrelated relationship. In Fig. 1(b), we
show the comparison of the experimental angular distributions
and the calculations based on the method of calculating the
scattering angle proposed in the current model [43]. The peak
positions of the calculations are in good agreement with the
experimental values. As the incident energy increases, a very
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FIG. 1. (a) Charge, (b) angular, and (c)—(e) kinetic energy loss
distributions for the **Xe + 2% Bi reaction at three collision energies
E... = 569, 684, and 861 MeV. The thick histograms are the calcu-
lated distributions of final fragments including the sequential fission
events. The black dashed line and the yellow arrow denote the proton
number Z = 55. The experimental data points (symbols) are taken
from Refs. [27,28].

noticeable shift of the angular distribution towards the front
angle side is shown clearly.

In Figs. 1(c), 1(d), and 1(e), the comparison of the TKEL
distribution is depicted. The TKEL distribution widens as
the incident energy increases. For the low TKEL region,
the calculations describe the experimental results reasonably.
Howeyver, it can be seen that the calculations underestimate
the experimental data in the region of large TKEL [44]. In
the DNS-sysu model, the harmonic form of the deformation
energies is considered, which is valid only for small deviations
from the position of the minimum potential energy. However,
it is inaccurate for large dynamical deformations and could
lead to an underestimation of the TKEL of the reaction prod-
ucts.

A. Shell effects on the nucleon drift

In the MNT transport process, the nucleon motion could be
influenced by the mass or isospin asymmetry of the reaction
system [1,5,45], and even by shell effect [35,41]. In Fig. 2, we
show the correlation between the TKEL and the average pro-
ton number Z of fragments at E,, = 569 MeV (blue curve),
684 MeV (green curve), and 861 MeV (red curve). Overall,
the trend in theoretical calculations aligns with the experi-
mental results. As indicated by the dashed line, the transfer
of protons from target Bi to projectile Xe is allowed, favoring
the evolution of the dinuclear system toward the symmetric
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FIG. 2. Theoretical (histograms) and measured (symbols) corre-
lation between TKEL and the averages proton number Z of final
fragments for the **Xe +2%Bi collision with the E,, = 569, 684,
and 861 MeV. The solid line and dashed line denote the final and
primary fragments, respectively.

direction due to the positive Q value. When considering the
de-excitation process, the drift evolution of fragments is illus-
trated by the solid line. It can be observed that for low-energy
collision at E.,, = 569 MeV, the discrepancy between the
mean value evolution of the initial and secondary fragments is
negligible, which can also be cross-referenced with the above
figure [cf. Fig. 1(a)]. However, a notable shift in the evolution
direction emerges for higher-energy collision E.,, = 861
MeV. This is primarily attributed to the contribution of fission
products [cf. Fig. 1(a)], and with more intense reactions, the
increased fission products further promote the charge evolu-
tion of fragment products towards lower charge directions.

The calculated PES [cf. Eq. (4)] of the nuclear system
136Xe 4-29Bi is shown in Fig. 3 as a function of proton num-
ber and the energy dissipated into the system [cf. Eq. (7)]. We
can see that as the system heats up, the shell correction of the
PES gradually disappears, which to some extent affects the
degree of mass and charge drift. For trajectories with different
incident energies, the drift trajectory of nucleons on PES will
change due to the different energy dissipation rates.

To clarify the influence of the PES on the nucleon drift, the
one-dimensional proton PES with (without) shell correction
is shown by the solid (dashed) line in Fig. 4(a). The total
kinetic energy loss (TKEL) [cf. Eq. (6)] in the 136X e +299Bj
reaction, are also shown in Fig. 4(a), as a function of the
average proton number Z of the primary PLF [cf. Eq. (2)].
From the figure, we can see a sharp increase of the Z of the
primary PLF as the TKEL increases for all incident energies.
Then, the system evolves toward the TKEL saturation. The
high incident energy enhances the saturation value of TKEL.
However, the average proton number Z of primary PLF is not
positively correlated with the incident energy of the reaction.
We can see that with the incident energy increases from 500
MeV to 684 MeV, the maximal value of Z increases from 57.3
to 59.9. However, interestingly, for a high incident energy of
861 MeV, the maximal value of Z is surprisingly lower than
the value in the incident energy of 648 MeV, and a behavior

=== 500 MeV
569 MeV
684 MeV
861 MeV

Uy,
Mbey. 60 0

FIG. 3. Potential energy surface for the **Xe 4+ 2Bi nuclear
system. Different drift evolution paths of the proton number of PLF
at the different collision energies are shown schematically by the
arrows.

of negative correlation with the incident energy is shown. This
reflects that the nucleon drift mechanism in the MNT reaction
is not a simple classical thermodynamic phenomenon.

In Fig. 4(b), the proton values Z of the primary PLF with
the initial angular momentum J = 50/ as a function of the
incident energy is shown by the squares. For the left blue-
shaded area, it can be seen that as energy increases, more
protons are transferred from the target Bi to the projectile
Xe. Conversely, as the energy further increases for the right
red-shaded area, the trend of net nucleon transfer will reverse.
For the case of the reaction in the red-shaded region, the
incident energy is already very high, which may weaken the
constraint of PES on the system evolution path. Under an
extremely high reaction energy limit assumption, nucleons
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FIG. 4. Proton drift evolution of primary fragments for the
136X e + 2Bj reaction at different collision energies E.,. In (a),
the average proton numbers Z of the primary PLF as a function of
the TKEL. The solid (open) lines denote the result on the potential
energy surface with (without) shell correction. In (b), the comparison
of the average proton numbers Z of the primary PLF with the initial
angular momentum J = 507 as a function of the incident energy.
The results of with shell corrections and without-shell corrections
are shown with solid and hollow black squares, respectively.
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FIG. 5. The neutron, proton, and mixed fluctuation as a function
of time in the 1**Xe 4-2®Bi collisions at the initial orbital angular
momentum J = 507. (a), (b), and (c) denote the calculation with the
collision E.,,, = 569, 684, and 861 MeV, respectively.

can disregard the PES and transfer in any direction, exhibiting
macroscopic statistical behavior where the average number of
protons Z remains unchanged. By comparing the results of
whether PES contains shell correction, only significant differ-
ences are observed in the low-energy region. As the energy
increases, the influence of the shell effect gradually decreases
[blue shaded area in Fig. 4(b)]. With the continuous increase
of energy, the constraint on the evolution path imposed by
the PES gradually diminishes [red shaded area in Fig. 4(b)].
The combination of these observation results indicates that
the quantum shell effect and classical thermal motion jointly
influence the proton drift path.

B. Shell effects on the fluctuation

In the MINT reactions, a significant production of nuclides
near the target nucleus has been experimentally observed
[4,46], which is strongly associated with the fluctuation
mechanism. Theoretically, there are many significant efforts
in describing the large fluctuation behavior of the MNT
reactions [5,6,47,48]. As a direct example, Fig. 5 shows
neutron, proton, and mixed fluctuation oxx as a function
of time for the '**Xe 4 2Bi collisions at the initial orbital
angular momentum J = 50/. The results corresponding
to incident energies 569 MeV, 684 MeV, and 861MeV
are shown in the Figs. 5(a), 5(b), and 5(c), respectively.
The temporal evolutions of the variances are obtained by
integrating the time-dependent probability distribution
P(Z\, Ny, B2,J =50h,1), [cf. Egs. (3)]. From the figures,

600
—l—
5007 - = 569 MeV
= 684 MeV
400 = 861 MeV
Q
2
E 300 -
=200
=
100
% 10 20
% 50 100 150
U%z

FIG. 6. Comparison of calculated (histograms) and measured
(symbols) correlation between TKEL and the variance o2, of the
fragment charge distribution for the *Xe 4+ 2*Bi collision with the
E... =569, 684, and 861 MeV. The insert shows the same data on a

larger scale. The experiment data are taken from [27].

it is obvious that the relative magnitude orders relationship
of various dispersions is similar under different incident
energies. In the initial stage of the reaction (f <1 zs), we
can see the magnitude orders as oyz < 0zz < ony. As the
reaction continues, we can see that the relationship has
changed as o7z < oyz < oyy. A similar theoretical result
has been reported by Sekizawa and Ayik in the reaction
38.64Nj +298ph within the framework of the microscopic
stochastic mean-field approach [49-51].

From the perspective of classical fluctuation-dissipation
theory, for reactions with higher incident energy, as the energy
dissipated into the system increases, the fluctuation of the
system will also increase. For Figs. 5(a) to 5(c), it is obvious
that the dispersion value gradually increases with the increase
of incident energy.

The relationship between the variance 02, and the energy
loss TKEL is plotted in Fig. 6 for the three bombarding ener-
gies. The experiment data points are taken from Ref. [27]. The
blue, green, and red lines denote the calculation [cf. Egs. (3),
(6) with the collision at E.,, = 569, 684, and 861 MeV, re-
spectively. For the initial stage in the collision, we find that
the model result shows a similar correlation trend between the
variance 07, and TKEL compared to the experimental data.
Compared with experimental data at any incident energy, the
model works well as one can see from the larger scale diagram
(02, < 20).

As an intuitive representation, we present the probabil-
ity distributions of the proton number, neutron number, and
mass number of PLF with the evolution of incident energy
in Figs. 7(a), 7(b), and 7(c), respectively. The green patterns
represent the results on the PES with shell correction, and the
red patterns represent the results on the PES without shell
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PES with shell correction PES without shell correction
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_—
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FIG. 7. Probability distribution evolution with the initial angular
momentum J = 507 as a function of the incident energy. (a), (b),
and (c) represent the probability distribution evolution for the proton,
neutron, and mass number of the primary PLF, respectively. The PES
of the corresponding dimension with (without shell correction) is
represented by a solid (dashed) line.

correction. Note that each pattern corresponds to the result
with the initial orbital angular momentum J = 507%. From the
figures, in addition to the characteristics of the wide distri-
bution formed by the fluctuation mechanism, we can also
see the characteristics of mean drift from the peaks of each
distribution. These peak positions can also be compared to
Fig. 4.

For the collision with the low incident E.,,, = 500 MeV,
it is very obvious that PES with shell correction shows a
significant impact on the probability distribution of the reac-
tion, both in terms of its width (fluctuation) and peak value
(drift). A solid black line represents the one-dimensional po-
tential energies with shell correction, while a dashed black
line represents those without shell correction. Due to the shell
attraction, from the neutron, proton, and mass distributions,
it can be seen that the primary PLF significantly aggregates
at the bottom of the potential energy shown by the green
patterns. For the PES without shell corrections, more nucle-
ons tend to flow toward the system’s symmetric direction, as
indicated by the red pattern.

As the incident energy increases, this aggregation effect
for the proton, neutron, and mass number of the primary PLF
gradually weakens. The discrepancy between the green and
blue patterns for the collision energy E..,, = 569 MeV is
rather small compared with the discrepancy for the collision
energy E.,, = 500 MeV. With the incident energy continues
to rise, the two distributions almost overlap each other, which
means that the shell effect almost disappears. This seems to
also align with the physical picture of the drift mechanism
depicted in Fig. 4.

We also present the evolution of the proton, neutron, and
mass probability distributions of the primary PLF for different
initial orbital angular momentum at E. ,,,, = 500 MeV and 569
MeV. For the low incident collision energy E., = 500 MeV
shown in Figs. 8(a)-8(c), the aggregation effect of protons,
neutrons, and mass numbers in primary PLF will not show a
significant decrease as the angular momentum decreases. The
green probability distribution is predominantly concentrated
near the bottom of the PES well, while the red probability

PES with shell correction PES without shell correction

100 h ‘

50 h

I_AI‘_J L e —
40 50 60 70 80 70 80 90 100 110 120 130 140 150 160
Proton number Neutron number Mass number

200 A ‘ .‘ | | | | @ | |
100 A .

50

| T S
40 50 60 70 80 70 80 90 100 110 120 130 140 150 160
Proton number Neutron number Mass number

el e —

FIG. 8. The same as the Fig. 7 but for the evolution as a function
of the angular momentum.

distribution gradually evolves towards the symmetric region
of the PES, with its width expanding gradually. For the case
of higher collision energy E.,, = 569 MeV, the green and red
probability distributions overlap and are almost indistinguish-
able, even under peripheral collisions (J = 300%4). Compared
with the result at E., = 500 MeV, the influence of the shell
effect on the nucleon drift and fluctuation would be weak for
the high incident energies.

IV. CONCLUSIONS

In this study, we investigated the drift and fluctuation
mechanisms in the collision of '**Xe +2*Bi at energies above
the Coulomb barrier using the DNS-sysu model. Through a
comprehensive comparison between model calculations and
experimental data, the DNS-sysu model demonstrated its ef-
fectiveness in providing reasonable descriptions of drift and
fluctuation dynamics at low energies.

Analyzing the fragment probability distribution, we calcu-
lated the drift evolution path of primary fragments at energies
above the barrier. Notably, with increasing system tempera-
ture, the shell effect gradually diminishes, leading to increased
nucleon transfer as the shell attraction fades. However, at
high incident energies, the constraining effect of the potential
energy surface (PES) on system evolution weakens, caus-
ing a reversal in the evolution direction. In the context of
fluctuation, the temporal evolution of neutron, proton, and
mass variances of primary fragments at different incident
energies was presented. The relative magnitudes of variances
underwent a transition during time evolution, and consistent
results were obtained using the SMF approach.
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Furthermore, the consideration of shell corrections in the
PES significantly influenced fragment distribution at low
energies, impacting both average values and variances of
fragments. However, this influence diminished in high-energy
conditions. This comprehensive investigation sheds light on
the complex behavior of drift and fluctuation mechanisms in
heavy-ion collisions, providing valuable insights into the dy-
namics of nuclear reactions at various energy regimes. Finally,
the anticipated method for reaching the superheavy stable
island lies in inverse quasifission reactions. In the process,
which involves exchanging dozens of nucleons to form a

highly excited system, it becomes an intriguing question to
explore whether shell effects continue to play a role.
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