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Determination of the nucleon-nucleon interaction in the ImQMD
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Abstract:

The nucleon-nucleon interaction is investigated by using the improved quantum molecular dynamic

(ImQMD) model with three sets of parameters IQ1, IQ2 and IQ3, in which the corresponding incompressibility
coefficients of nuclear matter are different. The charge distributions of fragments are calculated for various reaction

systems at different incident energies.

The parameters strongly affect the charge distributions and the fragment

multiplicity spectrum below the threshold energy of nuclear multifragmentation. The fragment multiplicity spectrum
for 2*8U4'9"Au at 15 A MeV and the charge distributions for '?°Xe-+'?Sn at 32 and 45 A MeV, and "7 Au+'*"Au
at 35 A MeV are reproduced by the ImQMD model with the set of parameter IQ3. It is found that: 1) The charge
distribution of the fragments and the fragment multiplicity spectrum are good observables for testing the model and

the parameters. 2) The Fermi energy region is a sensitive energy region for studying nucleon-nucleon interaction.
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1 Introduction

The nucleon-nucleon (N-N) interaction is the most
fundamental problem in nuclear physics. It is related
to many nuclear properties and nuclear reaction mecha-
nisms, for example, the binding energies [1-3], incom-
pressibility coefficient [4-9], nuclear structure [10-12],
fusion-fission reactions [13-15] and so on. Therefore,
the knowledge of the N-N interaction is of great sig-
nificance for the community to explain the nature of
the nucleus and study nuclear reaction mechanism. The
Skyrme force is an effective parameterization N-N inter-
action that has been proposed based on the G-matrix for
nuclear Hartree-Fock calculations reproducing the basic
nuclear structure (masses, radii and other physical quan-
tities). Since Vautherin and Brink [16] performed fully
microscopic self-consistent mean-field Hartree-Fock cal-
culations with the Skyrme type effective nucleon-nucleon
interaction [17-19], many different parameters of the
Skyrme interaction have been proposed, such as SkP,
SkM*, Sly1-7 [7-9]. The improved quantum molecular
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dynamic (ImQMD) model adopts the Skyrme type effec-
tive interaction and is successfully used in intermediate-
energy heavy-ion collisions and fusion reactions at en-
ergies near the Coulomb barrier [20-23]. By combining
the known Skyrme forces and the experimental data for
fusion reactions and heavy-ion collisions at intermediate
energies, three sets of different parameters, IQ1, IQ2 and
IQ3, are proposed [21, 24, 25]. The different ImQMD
parameters correspond to the different N-N interactions
and different nuclear equations of state (EOS).

In low energy heavy-ion collision, the reaction sys-
tem has a low excitation energy, and one observes the
emission of light particles plus an evaporation residue
for light systems or fission caused by Coulomb repulsion
for heavy systems. As the incident energy increases to
a threshold energy, the excitation energy of the reaction
system will reach the maximum limit. It implies that
the nuclear reaction will enter the multifragmentation
process. In order to investigate N-N interaction, we will
study the charge distributions of fragments for various
reaction systems at different incident energies and the
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fragment multiplicity spectrum for 2%¥U+7Au at
15 A MeV with the ImQMD model by adopting differ-
ent parameters. The structure of this paper is as follows:
In Section 2, relation of EOS and wave-packet width is
briefly introduced. In Section 3, three sets of ImQMD
parameters IQ1, IQ2 and IQ3 will be employed to cal-
culate charge distribution for *°Ca+%°Ca with incident
energy from 10 to 45 A MeV, 2°Xe+'?°Sn at 32 and
45 A MeV, T Au+'"Au at 35 and 50 A MeV, and frag-
ment multiplicity spectrum at 15 A MeV for 28U~+197 Au.
Finally, a summary is given in Section 4.

2 EOS and wave-packet width

The EOS of nuclear matter plays an important role
in the study of nuclear properties, heavy-ion collisions,
neutron stars and supernovae. The EOS depends on the
interactions of the particles in the matter, which de-
scribes how the state of the matter changes under dif-
ferent conditions. For cold nuclear matter, the EOS is
usually defined as the binding energy per nucleon as a
function E/A=¢e(p,T,9) of the density p, temperature T'
and isospin asymmetry = (p,—p,)/p. For the symmetric
nuclear matter §=0 [6], there are empirical values of the
nuclear matter EOS such as energy per nucleon q~—16
MeV, incompressibility K., ~ 230 MeV and saturation
density of symmetric nuclear matter p, =~ 0.16 fm~* at
T=0 MeV. However, the uncertainty of EOS still causes
some difficulties for an unambiguous determination of
the model parameters. In the ImnQMD model, the equa-
tion of state of the symmetric nuclear matter can be
expressed as [24, 26]
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The coefficient ¢, can be determined by the kinetic en-
ergies of nuclei at their ground state [26]. The density
distribution function p of a system can be read
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Figure 1 shows the energy per nucleon of symmet-
ric nuclear matter as a function of p/py. It is seen that
the EOS with the IQ3 is clearly harder than that with
the IQ1 and IQ2 in region p/py > 1 with the increase

Table 1.

of the density, which is due to the larger incompress-
ibility coefficient of 226 MeV for 1Q3 compared to 1Q2
(195 MeV) and IQ1 (165 MeV). In the heavy-ion collision
process, the projectile and target first contacted, then
compressed and then expanded. The soft nuclear mat-
ter have a higher compression density and more violent
expansion process. While for the finite nuclear system,
the expansion process will be influenced by the nuclear
surface energy, Coulomb energy and wave-packet width,
etc.

In the ImQMD model, each nucleon is described by
a coherent state of Gaussian wave packet. The system-
size-dependent wave-packet width in coordinate space is
given by the formula [27]:

U::UO+0'1AI11/35 D:{p,t}. (3)

Here, o® (0!) denotes the wave-packet width for the nu-
cleons which belong to the projectile (target). A, and A
denote the mass number of the projectile and target, re-
spectively. For symmetric reaction systems, o, =cP=c".
The parameters oy and o, have been listed in Table 1.
The wave-packet width is useful for exploring the influ-
ence of the interaction range of nucleons and the finite-
size effect of nuclei. In Fig. 2, we show the wave-packet
width of nucleon as a function of system-size with the
three sets of parameters. One can see from the figure
that there is a large difference with the different sys-
tem. The wave-packet width given by the IQ1 and 1Q2
obviously is higher than the IQ3 with increasing mass
number. The three sets of parameters are also listed in
Table 1.
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Fig. 1. Energy per nucleon of symmetric nuclear
matter for different parameters.

The ImQMD parameters.

a/MeV B/MeV vy go/(MeV-fm?) gt/MeV n Cs/MeV ks /fm? po/fm =3 oo /fm o1/fm
1Q1 =310 258 7/6 19.8 9.5 2/3 32.0 0.08 0.165 0.49 0.16
1Q2 —356 303 7/6 7.0 12.5 2/3 32.0 0.08 0.165 0.88 0.09
1Q3  —207 138 7/6 18.0 14.0 5/3 32.0 0.08 0.165 0.94 0.018
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Fig. 2. Wave-packet width as a function of system-
size with the three sets of parameters.
3 Results

Based on the ImQMD model, the charge distribution
of fragments for different reaction systems will be em-
ployed to explore the N-N interaction. We present the
charge distribution of fragments for *°Ca+°Ca at inci-
dent energy of 35 A MeV in Fig. 3. The solid triangles,
solid squares and solid stars denote the simulation results
with the IQ1, IQ2 and IQ3, respectively. The open cir-
cles denote the experimental data [28]. Here we create
500 events for central collisions and for each event we
simulate the whole collision process until t=3000 fm/c
without combining statistical models. From Fig. 3(a—c),
one sees that the experimental data can be reproduced
very well with the ImQMD calculations with three sets
of parameters. However, their EOS and the wave-packet
width are different. Why do they have a similar charge
distribution?
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Fig. 3. Charge distribution of fragments from three

sets of parameters for *°Ca+°Ca at incident en-
ergy of 35 A MeV.

For further investigating the effect of N-N interaction
on the heavy-ion collisions, we studied the charge distri-
bution of fragments for different reaction systems at dif-
ferent incident energies. In Fig. 4 we show the charge dis-
tribution of fragments calculated by the ImQMD model

with three sets of parameters for “°Ca-+*°Ca at inci-
dent energies from 10 to 45 A MeV. One sees that the
charge distribution of fragments are closed to each other
at the energy region 35-45 A MeV, but there exist signif-
icant differences at the energy region 10-30 A MeV for
three sets of parameters, IQ1, IQ2 and IQ3. The peaks
for the IQ1, IQ2 and IQ3 are all becoming gradually
lower with increasing incident energies from 10 A MeV to
30 A MeV. It implies that 10-30 A MeV is the transition
region of the fusion reaction to the multifragmentation
for °Ca+*9Ca reaction system. The fusion evaporation
of the reaction system is strongly affected by the ImQMD
parameters. Above 30 A MeV, the nuclear reaction turns
to the multifragmentation, the distribution of fragments
is not sensitive to the ImQMD parameters.

Figure 5 shows the charge distribution of fragments
for *2°Xe+'2°Sn at 32 and 45 A MeV [29], YT Au+'°"Au
at 35 [30, 31] and 50 A MeV, which are calculated
by the ImQMD model using three sets of parameters.
One can see that the charge distribution of fragments
at 45 A MeV for '*Xe+'*°Sn and 50 A MeV for
197 Au+197 Au are also relatively close to each other cal-
culated by three sets of parameters, while there are
still significant differences at the lower incident energy
of 32 A MeV for 1?Xe+12°Sn reaction and 35 A MeV
for 197 Au+'97 Au reaction. Comparing ?Xe+'2°Sn and
197 Au+197 Au reaction system with “°Ca+*°Ca, we find
that the sensitive energy region for the ImQMD param-
eters depends on the reaction systems. This is due to
the Coulomb repulsion of heavier systems being observ-
ably larger than that of the lighter system, such as, the
Bass barrier is 661.8 MeV for 7 Au+'°7Au and 53.5 MeV
for *°Ca+*°Ca. By comparing with the experimental
results, we find that the experimental data can be re-
produced well with IQ3. It seems that IQ3 is a set of
suitable parameters in the ImQMD model for heavy-ion
collisions.

In order to further test the above conclusion, we
study the fragment multiplicity spectrum of 2*¥U+'97 Au
reaction by using three sets of parameters. In Fig. 6,
we show the comparison of calculated results with the
experimental data for fragment multiplicity spectrum of
28U +197 Au reaction at 15 A MeV. The open squares,
open triangles, solid stars and open circles denote the re-
sults with IQ1, 1Q2, IQ3 and the experimental data [32],
respectively. We created 4000 events from central to pe-
ripheral collisions and counted the number of fragments
in each reaction except in the case where the charge Z <8
as that did in the experiment. The experimental data
shows that two-body events exhaust only about 5% and
the three- and four-body events exhaust approximately
83% of the total reaction events. From Fig. 6, one can
see that the experimental data can be reasonably well
reproduced by using the ImQMD model with 1Q3.
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Fig. 4. Charge distribution of fragments from three sets of parameters for “°Ca+*°Ca at incident energies from 10
to 45 A MeV. The solid circles, open circles and open triangles denote the results with the IQ1, IQ2 and 1Q3,

respectively.
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Fig. 5. Charge distribution of fragments for 12°Xe+'2°Sn at 32 and 45 A MeV, 97 Au+1°"Au at 35 and 50 A MeV.
The solid triangles, solid squares, open stars and open circles denote the results with the 1Q1, 1Q2, IQ3 and the
experimental data, respectively. The 7 Au+'"Au at 50 A MeV does not give the experimental data.
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Fig. 6. Fragment multiplicity spectrum of 2*3U+

197 Au reaction at 15 A MeV.

4 Summary

The N-N interaction has been investigated by using
the ImQMD model with three sets of parameters IQ1,
1Q2 and IQ3. The charge distribution of fragments at
different incident energies were calculated based on the
three sets of parameters. The calculation results demon-
strate that the charge distribution and the fragment
multiplicity spectrum are good observables for testing

the model and the Fermi energy region is a sensitive en-
ergy region for probing the N-N interaction. The charge
distribution of fragments below the threshold energy
of nuclear multifragmentation are very sensitive to the
ImQMD parameters. It is well known that the mean
field significantly affects the whole nuclear reaction pro-
cess in low energy heavy-ion collisions. The mean field
for the three sets of parameters is different due to the
different Skyrme type effective nucleon-nucleon inter-
actions. With the increasing of incident energies, the
two-body collisions and the non-equilibrium emission
become more and more important, and the mean field
effects on the charge distribution of fragments weakens
gradually. The incompressibility coefficient for the IQ3
is 226 MeV which is in good agreement with the experi-
mental data (230+10 MeV), and the wave-packet width
adopted in 1Q3 is suitable for describing both the nuclear
stability and central density of nuclei. By comparing the
charge distribution of fragments and fragment multiplic-
ity spectrum with the experimental data, we find that
the IQ3 can not only be successfully applied for fusion
reactions at low energy but also for heavy-ion collisions
at the Fermi energy region.

One of the authors (TIAN Jun-Long) is grateful to
Prof. ZHANG Ying-Xun for fruitful discussions.
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