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Abstract: Within the framework of the isospin-dependent quantum molecular dynamics model, along with the

GEMINI model, the 86Kr+181Ta reaction at 80, 120 and 160 MeV/nucleon and the 78Kr+181Ta reaction at 160

MeV/nucleon are studied, and the production cross sections of the generated fragments are calculated. More inter-

mediate and large mass fragments can be produced in the reactions with a large range of impact parameter. The

production cross sections of nuclei such as the isotopes of Si and P generally decrease with increasing incident energy.

Isotopes near the neutron drip line are produced more in the neutron-rich system 86Kr+181Ta.
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1 Introduction

Research into new nuclides is an important subject
in the field of nuclear physics [1]. With the emergence
of more powerful detectors, the general characteristics
of multifragmentation have been studied [2–6]. Further
development in the future will be related to the study
of many observations and the correlation of multifrag-
mentation events. As an effective way to produce rare
isotopes, nuclear multifragmentation plays an important
role in the study of nuclear physics [7].

The stable nuclides are located in a narrow region
of the nuclide map, and the line that runs through the
center of the region is called the β stability line. The the-
oretical models of structures, such as the shell model, the
liquid drop model, and the collective model [8], are based
on the study of the nuclei located in the stability line and
nearby. With the development of nuclear physics and the
progress of accelerator and nuclear detection technology,
many new nuclides have been synthesized by nuclear re-
actions [9, 10]. The nuclei on the nuclide map have been
expanded in the direction of both proton number and
neutron number.

In recent years, more and more attention has been
paid to experimental and theoretical research on the ex-
otic nuclei far away from the β stability line [11, 12]. The
area of the nuclide map near the drip line has been of
particular interest [13, 14], as it is very important for ex-

plaining the change of nuclear structure with the increase
of neutron-proton ratio and the study of the mechanism
of nucleosynthesis [15–18]. Therefore, it is of great signif-
icance to study the production of isotopes near the drip
line.

This article is based on the isospin-dependent quan-
tum molecular dynamics (IQMD) model along with the
statistical decay model GEMINI to study the produc-
tion cross sections of nuclides in heavy ion collisions. By
investigating the reactions of different collision systems,
the multiplicity, charge distribution and production cross
sections of the nuclide near the drip line are calculated,
and the production cross sections of the isotopes of Si
and P are obtained. The results show that the produc-
tion cross sections of isotopes in the reaction are related
to the incident energy and the isospin of the collision sys-
tem. The production cross sections of the isotopes of Si
and P decrease with increasing energy, and the isotopes
near the neutron drip line are more productive in the
86Kr+181Ta reaction than in the 78Kr+181Ta reaction.

2 Theoretical framework

Since the fragments are produced in kinetic reac-
tions, it is necessary to develop micro-kinetic models
to study the formation of fragments [19–21]. Some of
the existing models are based on statistical descriptions
of multi-body phase space calculations [22–26] and oth-
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ers are molecular dynamics models [27–29] or stochastic
mean field models [30, 31] that describe the dynamical
evolution of the system in nuclear collisions. The first
method uses the equilibrium state statistical mechan-
ics method to study the thermodynamic description of
finite nuclear systems. The second method is a com-
plete description of the temporal evolution of the col-
lision system and is therefore useful for studying nu-
clear species, finite-size effects, kinetics of phase tran-
sitions and so on. The empirical parameterization of
fragment cross sections can help to predict the mass and
charge distribution of heavy ion reactions. Statistical
models can reproduce the experimental results of heavy
ion collisions. Molecular dynamics models include infor-
mation about the transport mechanism. Examples are
the micro-antisymmetric molecular dynamics model [32]
and the fermionic molecular dynamics model [33]. The
isospin-dependent Boltzmann-Langevin equation (IBLE)
model [34] can also be used to calculate the cross section
of fragments. The quantum molecular dynamics (QMD)
model and statistical decay model GEMINI are used to
describe heavy ion reactions.

The IQMD model [35] considers isospin freedom on
the basis of QMD, which contains the isospin degree of
freedom of the nucleons. The IQMD model can be ap-
plied to the study of many heavy ion collisions at in-
termediate energy. A multi-body theory for simulating
heavy ion reactions with incident energies between 30
MeV/nucleon and 1 GeV/nucleon, the IQMD model uses
Gauss wave packets to describe every nucleon

φi(r,t)=
1

(2πL)3/4
e−

[r−ri(t)]2

4L ei
r·pi(t)

~ , (1)

where ri and pi represent the center of the coordinate
space and the momentum space of the ith nucleon, and
L represents the corresponding wave packet width. The
N body wave function can be represented by the direct
product of the coherent states:

Φ(r,r1,··· ,rN ,p1,··· ,pN ,t)=
∏

i

φi(r,ri,pi,t). (2)

Antisymmetry is not considered here. The values
adopted for the initial parameters can give all the nuclei
of the projectile and target the correct density distribu-
tion and momentum distribution. The evolution of the
system is derived from the generalized variational prin-
ciple [36]:

S=

∫ t2

t1

L[Φ,Φ∗]dt, (3)

where L is the Lagrange function:

L=〈Φ|i~
d

dt
−H|Φ〉. (4)

The derivation of time here includes the derivation of the
parameters ri and pi. By taking the variation on the ac-

tion S, the evolution of the parameters ri and pi over
time can be described by the Euler-Lagrange equation:

d

dt

∂L

∂ṗi

−
∂L

∂pi

=0 → ṙi=
∂〈H〉

∂pi

,

d

dt

∂L

∂ṙi

−
∂L

∂ri

=0 → ṗi=
∂〈H〉

∂ri

.

(5)

Based on aWigner transform on the wave function, the N
body phase space distribution function can be expressed
as:

f(r,p,t)=

n∑
i=1

1

(π~)3
e−

[r−ri(t)]2

2L e−
[p−pi(t)]2·2L

~2 . (6)

The evolution of the nuclei in the mean field over time in
the system can be described by the Hamiltonian equation
of motion:

ṙi=∇pi
H,ṗi=−∇ri

H. (7)

The statistical model GEMINI [37] can describe the
decay series thermonuclear systems well. All decay
chains adopt the Monte-Carlo method until the resulting
products cannot decay further. The decay width can be
calculated from the light-particle evaporation formula of
Hauser-Feshbach [38] and the symmetric splitting tran-
sition formula of Moretto.

3 Results and discussion

The production cross section of Fe in the 86Kr+181Ta
reaction at 64 MeV/nucleon is depicted in Fig. 1. For
comparison, the experimental data and EPAX calcula-
tions are also shown. The simulation results are in good
agreement with the experimental data, but the EPAX
calculations underestimate the experimental data. The
cross sections of fragments are mainly affected by the
potential parameters in the model and the selection of
collision events.

As the reaction conditions of the stimulated system,
the impact parameters have an important effect on the
reaction mechanism. Figure 2 shows the charge distri-
bution of the 86Kr+181Ta reaction at 160 MeV/nucleon
under different impact parameters. Given the same min-
imum value of impact parameter, more intermediate and
large mass fragments are produced in the reactions with
larger range of impact parameter, while the production
cross sections of light mass fragments depend weakly on
the impact parameter. The large difference between the
fragments with large Z are due to the isospin effects
in projectile fragmentations. This has been well under-
stood in theory [40–44]. The isospin difference between
the core and skirt of the projectile nucleus influences
the difference between the neutron and proton density
distribution in these areas, and induces the difference of
fragments in large impact parameter ranges. The impact
parameter used in this work is b=0−10fm.
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Fig. 1. The cross sections of the Fe isotopes pre-
dicted in this work (open circles), with the
experimental measurements [39] (solid squares)
and EPAX calculations (solid curves), in the
86Kr+181Ta reaction at 64 MeV/nucleon.

Fig. 2. (color online) The relationship between
charge distribution and impact parameter in the
86Kr+181Ta reaction at 160 MeV/nucleon.

In order to investigate the energy and isospin depen-
dence of the charge distributions, the isotopes of Si and P
in each reaction system at different incident energies are
calculated using the IQMD and GEMINI models. Fig-
ure 3 shows the cross section of the S isotopes produced
by the 86Kr+181Ta reaction at incident energies of 80, 120
and 160 MeV/nucleon. Among them, 42Si is a new nu-
cleus that has not been synthesized experimentally. The
results in the figure show that the peaks of the produc-
tion cross sections of Si are located at 28−30Si at different
incident energies. In the process of increasing the inci-
dent energy from 80 MeV/nucleon to 160 MeV/nucleon,
the production cross section of 22−42Si decreases, and

the difference in the production cross section of 24Si be-
tween the incident energies of 80 MeV/nucleon and 160
MeV/nucleon is obvious.

Fig. 3. (color online) The production cross sections
of the Si isotopes for the 86Kr+181Ta reactions
at 80 MeV/nucleon, 120 MeV/nucleon and 160
MeV/nucleon.

The production cross sections of the Si isotopes
in the 86Kr+181Ta and 78Kr+181Ta reactions at 160
MeV/nucleon are plotted in Fig. 4. 41Si is not produced
in the 78Kr+181Ta reaction. The production cross sec-
tions of the isotopes near the proton drip line, such as
22−26Si in the 78Kr+181Ta reaction, are larger than those
in 86Kr+181Ta, while the production cross sections of the
isotopes near the neutron drip line, such as 35−40Si and
42Si in the 86Kr+181Ta reaction, are larger than those in
78Kr+181Ta. The peak values at 28−30Si are roughly the
same in both reactions.

Fig. 4. (color online) The production cross sec-
tions of the Si isotopes in the 86Kr+181Ta and
78Kr+181Ta reactions at 160 MeV/nucleon.
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Figure 5 shows the production cross sections of
the P isotopes in the 86Kr+181Ta reactions at 80-160
MeV/nucleon. Among them, 46P is an unknown nucleus
that has not been synthesized experimentally. The re-
sults in the figure show that the peak positions of the
production cross section of P are located at 31−33P at dif-
ferent incident energies. The production cross section of
24−46P decreases as the incident energy increases from 80
MeV/nucleon to 160 MeV/nucleon, while the gap in the
production cross section of 27P and 45P between the inci-
dent energies of 80 MeV/nucleon and 160 MeV/nucleon
is obvious.

Fig. 5. (color online) The production cross sections
of the P isotopes for the 86Kr+181Ta reactions
at 80 MeV/nucleon, 120 MeV/nucleon and 160
MeV/nucleon.

Fig. 6. (color online) The production cross sec-
tions of the P isotopes in the 86Kr+181Ta and
78Kr+181Ta reactions at 160 MeV/nucleon.

The production cross sections of the P isotopes
in the 86Kr+181Ta and 78Kr+181Ta reactions at 160
MeV/nucleon are depicted in Fig. 6. It can be noted that

the products of 44−46P are not found in the 78Kr+181Ta
reaction, the production cross sections of the isotopes
near the proton drip line, such as 24−28P, are larger than
those in 86Kr+181Ta, while the isotopes near the neu-
tron drip line, such as 38−43P, are produced more in the
86Kr+181Ta reaction. The peak values are located at
31−33P and are approximately the same in both reactions.

As can be seen from the above figures, more interme-
diate and large mass fragments are generated in the re-
actions with same minimum value but larger maximum
value of impact parameter, while light mass fragments
are less affected by the range of impact parameter. This
is mainly due to the different reaction mechanisms of
the system for different impact parameters. The system
mainly undergoes fusion reactions when the impact pa-
rameters are small. As the impact parameters increase,
the ratios of fast fission and deep inelastic collisions in-
crease, resulting in more heavy fragments. The produc-
tion cross sections of the isotopes of Si and P in the
86Kr+181Ta reaction generally decrease with increasing
energy at 80 MeV/nucleon to 160 MeV/nucleon. For
the same incident energy, the production cross sections of
the isotopes near the proton drip line in the 78Kr+181Ta
reaction are larger than those in the 86Kr+181Ta reac-
tions, while the production cross sections of the isotopes
near the neutron drip line in the 86Kr+181Ta reaction
are larger than those in the other reactions. This phe-
nomenon is mainly caused by the isospin effect in the
nuclear multifragmentation, because the reaction condi-
tions are exactly the same except for the neutron-proton
ratio. For stable nuclides, the production cross sections
in the two reactions are very close.

4 Conclusion

The fragment distribution in the reactions of
86Kr+181Ta and 78Kr+181Ta at 80-160 MeV/nucleon are
studied via the IQMD model with the GEMINI model.
It is found that intermediate and large mass fragments
can be produced more in reactions with same minimum
value but larger maximum value of impact parameter,
while the impact parameter has less effect on the light
mass fragments. This is mainly due to the different reac-
tion mechanisms of the system for different impact pa-
rameters. The reaction proceeds via fusion when the
impact parameters are small. As the impact parameters
increase, the ratio of fast fission and deep inelastic colli-
sions also increases. The production cross sections of the
isotopes of Si and P produced in the 86Kr+181Ta reac-
tion generally decrease with increasing energy. For the
same incident energy, the production cross sections of
the isotopes near the proton drip line in the 78Kr+181Ta
reaction are larger than those in the 86Kr+181Ta reac-
tion, while the production cross sections of the isotopes
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near the neutron drip line in the neutron-rich system of
86Kr+181Ta are larger than those in the other systems.
This phenomenon is mainly caused by the isospin effect
of heavy ion reactions. For stable nuclides, the difference
in the production cross section between the two reactions

is very slight. These results may provide some guidance
on how to select the reaction system and incident energy
to produce an unknown nuclide and to conduct further
relevant investigations.
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