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Abstract: Using relativistic mean field theory, the neutron and the proton density distribution of *Ni nuclei could

be obtained in the ground state and the excited state. Based on the framework of the quantum molecular dynamics

model, the 55Ni nuclei have been simulated in ground state and in the neutron or proton excited state. We then used
the three different states of 5°Ni to collide with the **Ni in the ground state. To discuss the evolution of the nuclear

stopping in different reactions, two kinds of different excited nuclear reactions were studied at different reaction

energies and at different impact parameters. Studies have shown that the nuclear stopping of an excited nuclear

reaction is sensitive to the isospin-dependent in-medium nucleon-nucleon cross section, compared with the response

value of the ground state nuclear reaction. So, it is better for the excited nuclei to extract the isospin dependence of

nucleon-nucleon cross section information.
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1 Introduction

The quantum molecular dynamics model (QMD) is a
nuclear transport theory that has been extensively used
to simulate intermediate energy heavy-ion collisions [1].
V. Zanganeh used the improved QMD to study the dy-
namical nucleus-nucleus potentials for some fusion reac-
tions. They also investigated the influence of the range
of nucleon-nucleon interaction and the nuclear matter in-
compressibility on the nucleus-nucleus dynamic potential
[2]. Ying-Xun Zhang studied the in-medium N-N cross
section, symmetry potential and impact parameters in-
fluencing the isospin sensitivity by the improved QMD
in heavy-ion collisions. They found that the density of
symmetric potential played a more important role in the
double neutron-to-proton ratio and isospin transport ra-
tio than the in-medium N-N cross section when the in-
cidence velocity was higher than the Fermi velocity [3].
Feng-Shou Zhang made a contribution to the kinematic
property of collision fragments by the isospin-dependent
QMD and the statistical decay model. Based on classical
theory, they extracted the single fragment temperature
in the central heavy-ion collisions by using two models,
and discussed the difference between the slope tempera-
ture and the quadrupole temperature. They also derived
that the quantum temperature depends on the limited
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nuclear system of Fermi-Dirac nature [4].

The density dependence of nuclear symmetry energy
plays an important role in understanding some astro-
physical problems and in understanding the properties
of exotic nuclei near drip lines. Bao-An Li analyzed the
density, momentum and isospin-dependent nucleon effec-
tive masses of neutron-rich matter by a scaling model to
study the N-N cross section. Compared with the free-
space N-N cross section, it has been found that the in-
medium N-N cross section was reduced and had different
isospin dependence [5]. Based on isospin dependent and
momentum dependent transport model, Lie-Wen Chen
found that the isospin diffusion was influenced by the
nuclear symmetry energy and the momentum dependent
nucleon potential in heavy-ion collisions at intermediate
energies [6]. Based on the framework of an isospin and
momentum-dependent hadronic transport model, Yuan
Gao concluded that the double charged pion ratio from
the mirror systems might be a useful probe for the high-
density behavior of nuclear symmetry energy [7].

Nuclear stopping has been widely used to research in-
medium N-N cross section information. It can be used as
a good parameter for making sure of the product in the
reaction [8-10]. Jian-Ye Liu used the isospin-dependent
QMD to study the isospin effects on the fragments
and the dissipation in intermediate-energy heavy-ion
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collisions. He found that the momentum dependence
enhanced the sensitivity to the isospin effect of the in-
medium N-N cross section to high beam energies [11]. In
this paper, we study the isospin effect of the in-medium
N-N cross section in excited nuclear reactions.

2 The model

It is well known that relativistic mean field (RMF)
theory is a very successful and widely used application
microscopic theoretical model [12] that can be used to
study the properties and structure of N=Z nuclei [13].
It can also provide a good description of the nature of
stable nuclei or the nuclides that are far away from the
B-stablility line [14]. For example, it can describe the
neutron and proton density distribution for a nucleus,
and it can also give the spin orbit coupling. The starting
point of RMF is the local Lagrangian density including
nucleons, o, w, and p mesons and photons [15]:

L = Tl g0 B~ 5e(1-70) A=gar— Mo
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where the nucleus is regarded as the kinetic Dirac par-
ticle in the o, w, p meson field and photon field. This
can be solved based on the Klein-Gordon equation to
self-consistent iteration, and the wave function and en-
ergy of the single nucleon can be obtained. Based on the
RMF, the density distributions of proton and neutron are
given in the neutron excited nucleus and proton excited
nucleus. The spin orbit coupling causes the energy level
splitting in the nucleus. Then, one of the valence nucle-
ons (neutron or proton) jumps to the outermost energy
level. In this condition, the distributions for the neutron
and proton excited nucleus are obtained. In this paper,
the parameter TM1 is used in RMF.

Based on the classical molecular dynamics method
that can handle the debris problem, the QMD [16, 17] is
a very important model that is developed by consider-
ing the uncertainty principle and Pauli blocking prin-
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ciple [18]. Tt is a good model for studying low and
intermediate-energy heavy-ion collisions. The collision
reaction is simulated in the QMD, and the reaction con-
siders the correlation between nucleus and the physical
fluctuation of mean field. It can well show the informa-
tion of nuclear structure and reaction, for example: the
fragment formation, the dynamical fluctuations in heavy-
ion collision, the multiple fracture and so on. In the
QMD, based on the semi-classical theory the response
single nucleon has wave-particle duality, so it is regarded
as a Gaussian wave packet whose coordinate space and
momentum space have a certain limit, and the density
distribution function is:

(T—Ti(t))z . (p—Pi(t))2'2L
2L h? '
(2)

In this function r and p stand for the coordinates of nu-
clear space and the center position in momentum space,
respectively. In the reaction, the evolution of this pro-
cess changes over time; the corresponding time interval
is 0.5 fm/c. In the evolution process, the spatial co-
ordinates and the momentum coordinates of the single
particle spread according to the canonical equations of
motion. In the process of initialization, the nucleus den-
sity distribution is given by considering the binding en-
ergy and the nuclear root mean square radius based on
experimental values. In the calculation, the following
interaction potentials will be used [19]:

U(p):USky+UCoul+UYuk+UPauli+UMDI+USym' (3)
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In this formula, US< stands for the density-dependent
Skyrme potential, U is the Coulomb potential, UY¥
is the Yukawa potential, UFa! is the Pauli potential,
UMP! is the momentum-dependent interaction, USY™ is
the symmetric potential, and is defined as U™ = 0.0,
Usm = 39 PnPp

Po P
density and its normal value. p, and p, represent the

neutron and proton densities. 7, =1 for neutron and
7,=—1 for proton.

In the QMD, the free-space N-N cross section is given
by [20]:

7., where p and p, are the nuclear

— o +6.0466(mb),  E<40(MeV);
Oy’ = %Jg?jouzlw(mb), 40< E<A400(MeV); (4)
34.5(mb), 400< E<800(MeV).
—%—F%—%.Blﬂ?(mb), E<40(MeV);
ofee ooy = %F—Lgélg—i—m.zl%(mb), 40< E<310(MeV); (5)
887.37

— 5 +0.05331 E+3.5475(mb),

310< E<800(MeV)
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where E represents the incident energy. The in-medium
N-N cross section is defined as:

(1—0.2%) (6)

In this formula, ogse is the free-space N-N cross section.
If the N-N cross section is calculated without isospin ef-
fect, it will be defined as 0, =0, =0pp.

free
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3 Results

The density distribution for three different states of
®Ni is analyzed based on relativistic mean field the-
ory. These three kinds of nuclei are used as pro-
jectiles to collide with the target by QMD and ex-
tract the nuclear stopping information in the reac-
tion. The nuclear stopping is the ratio of vertical
component and parallel component of the momentum

(ncaim om0 (om0

The root-mean-square radius (r.,,), binding energy
(Ey), proton excitation energy (E,.) and neutron exci-
tation energy (E,.) of the incident nuclear calculated
by RMF are shown in Table 1. It is shown that the
7.ms Of excited nuclei are bigger than the 7., of ground-
state nucleus, and the excited nuclear binding energies
are smaller than the ground-state binding energies. The
proton (neutron) excitation energy of a proton (neutron)
excited nucleus is smaller than the excitation energy of
the ground-state nuclei. Because the structure of the ex-
cited nuclei is diffuse, we forecast that the nuclear stop-
ping of the excited nuclear reaction is larger than the
ground-state reaction.

Figure 1 shows the neutron (left) and proton (right)

density distribution for the three states of **Ni gotten by
the RMF. It can be obviously seen that the three states
of °*Ni have different neutron and proton radial distribu-
tion because their states are different (ground state, and
neutron excited state, and proton excited state). The
radial distribution of the neutron excited nuclei is very
diffuse in the left figure. Consequently, it has a larger
root-mean-square radius. But in the right figure, the
range of the proton density distribution is wide for the
proton excited nuclei. The proton excited nuclei have a
big root-mean-square radius. So, there is a skin struc-
ture for density distribution in the excited nuclei. We
forecast that the excited nuclear reaction is more violent
and sensitive to isospin-dependent N-N cross section.

Table 1. The rims, Fb, e and Eye of the incident
nuclear calculated by RMF.
nuclear Trms/fm Ey/MeV Ee/MeV Ene/MeV
Ni 3.637 —8.570 —6.95 —16.36
Ni(n) 3.655 —8.433 —6.67 —8.76
Ni(z) 3.657 —8.461 ~1.33 ~16.01

Figure 2 shows that the ground state, neutron and
proton excited state of *Ni collides with the ground **Ni
at an energy of 100 MeV/u. The curves stand for the
nuclear stopping evolution over time. In the figure, the
solid line and dashed line are the results that are cal-
culated with isospin-dependent N-N cross section. The
solid line and dotted line represent the results calculated
with U™, We can obviously see that the results of the
above two lines consider the isospin-dependent N-N cross
section from the figure. The distance between these two
groups of lines is very big because of the influence of the
isospin effects. Every group’s lines have little difference
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Fig. 1.
and proton excited state of *°Ni.

The neutron (left) and proton (right) density distributions for the ground state,

and neutron excited state,
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Fig. 2.
(c) excited nuclear reaction and time.

because of the influence of the symmetry potential, which
means that the nuclear stopping strongly depends on the
isospin effects of the in-medium N-N cross section. The
neutron or proton radial distribution of the excited nu-
clei is very big, which makes the reaction ratio greater,
so the nuclear stopping of the excited nuclear reaction
is larger than the ground-state reaction. It can be seen
that the dashed lines are close to the solid lines for the
excited nuclear reaction. We think that the excited nu-
clear reactions have good sensitivity for the isospin ef-
fects of the in-medium N-N cross section and serve as
a good probe to extract isospin-dependent N-N collision
reaction information.

Figure 3 presents the ratio of considered and un-
considered isospin-dependent N-N cross section chang-
ing with the incident energy. The lower part of Fig. 3
illustrates the calculations with isospin-dependent N-N
cross section. In Fig. 3, the straight line is a standard
line (R(UP™ /U™ )=1), and the three curves stand for
the results of **Ni+°°Ni with different states nuclei as
projectile. It is obviously shown that the fluctuation of
the ratio in the ground state is big while the fluctuation
of the ratio is small in neutron excited state, which hap-
pens because the reaction with neutron or proton excited
state is violent in these systems. In other words, the sym-
metric potential has little effect on nuclear stopping in
the neutron excited reaction. Consequently, it indirectly
explains that neutron excited reactions can well extract

The relationship between the nuclear stopping in ground-state nuclear reaction (a), neutron (b) or proton

isospin-dependent N-N cross section information.

This figure shows the reaction at an energy of
100 MeV /u with different impact parameters (b=0, 2, 4,
8) in the left with U;¥™. In this figure the ordinate stands
for the ratio of nuclear stopping (R(c'°)/R(c™*°)).
It is noticed that the ratio has greater difference at
the small impact parameter b (04 fm), while as the
impact parameter increases the difference becomes
smaller. This happens because in the condition of small
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Fig. 3. The ratio of considered and unconsidered

isospin-dependent N-N cross section changes with
the incident energy.
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Fig. 4. The ratio (R(¢'°)/R(c™°'°)) changes with the impact parameter and the incident energy.

impact parameters the N-N collision reaction is very in-
tense, leading to a relatively larger collision number.
Thus, it is sensitive for reaction with small impact pa-
rameters. In the right hand figure, the results of three
curves are greater than one, which shows that the excited
nuclear reactions are sensitive to isospin-dependent N-N
cross section. At low incident energy, there are fewer col-
lisions, so the difference is small in the results, both with
and without isospin effect. At high energy, the excited
energy of the nuclei is not obvious in the reaction, so the
results of the excited nuclear reactions are close to the
ground-state line. Consequently, the nuclear stopping of
the excited nuclear reactions is sensitive to the isospin-
dependent N-N cross section at energies from 80 MeV to
130 MeV.

4 Conclusions

%6Ni is a doubly magic nucleus, which is the isospin-
symmetric nucleus. The symmetry potential of 56Ni is
small. Based on the above conditions, we use the 56Ni
nuclei with different states to study the collision reaction.
With nuclei in different states as projectiles, the collid-
ing systems of **Ni+?Ni have been researched with the
QMD at different energies with different impact parame-
ters. We conclude that the excited nuclear reactions can
extract the information of isospin-dependent in-medium
N-N cross section. Consequently, we think that the nu-
clear stopping in the neutron-deficient system with the
reaction energy from 80 MeV to 130 MeV is better for
extracting cross section information.
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