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Investigation of equation of state and in-medium N N cross sections through nuclear stopping
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By using an antisymmetrized molecular dynamics model (AMD), the data of kinematically complete events are
compared with the experimental INDRA data through nuclear stopping in Xe + Sn collisions at 10 to 100A MeV.
The sensitivity of the nuclear stopping is studied through interactions with different equations of state (EOSs)
(soft and stiff) and in-medium NN cross sections in different energy domains. Above 25A MeV, both EOSs and
different NN cross sections can affect the nuclear stopping, but none of these parameters used in the AMD model
can reproduce the experimental data at 20 to 30A MeV. On the other hand, below 25A MeV, nuclear stopping is
not sensitive to both of the EOSs and the NN cross sections because of complete nuclear stopping. This indicates
that some important mechanisms may be missing in AMD or that the selection of central collision events may
be significantly different between the experiments and the simulations at this energy range.
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Introduction. To understand the properties of nuclear
matter, the study of the transport mechanism of nucleons
in nuclear reactions is very important. Transport properties
are vital to illustrate the mechanism of supernova collapse
and the formation of a neutron star [1–3]. As one of the
observables, such as multiplicity distributions and collective
flows, in heavy-ion collisions (HICs) at intermediate energies
[4], nuclear stopping governs the quantity of dissipation energy
and the amplitude of collective motions and controls the
reaction mechanisms, such as deep inelastic reactions, neck
formation, and fusion reactions [2]. Nuclear stopping can also
provide information on the equation of state (EOS) of nuclear
matter, the in-medium NN cross section, and the level of
equilibration reached in nuclear reactions [2,5–8].

By comparing the predictions of microscopic transport
models, such as the antisymmetrized molecular dynamics
model (AMD) [9,10], with experimental data of HICs at
intermediate energies, one can improve the knowledge of basic
ingredients of such models, such as EOSs and the in-medium
NN cross section. For example, a broad systematic study in
system size and incident energy for nuclear stopping has been
performed by the INDRA and ALADIN Collaborations [2],
which can be used to determine these parameters in the AMD
model [11].

In this paper, we analyze nuclear stopping in the Xe + Sn
system at 10 to 100A MeV using the INDRA data and make
comprehensive comparisons with AMD simulations. Since the
stiffness of the EOS and the in-medium NN cross section
are both important ingredients for the degree of nuclear
stopping power in the calculations [11], we mainly explore
their sensitivity to nuclear stopping.

Analysis method. To quantify the nuclear-stopping power,
the energy-based isotropy ratio RE , which is the ratio of the
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transverse energy to the parallel energy, is defined as

RE =
∑

E⊥
2
∑

E‖
, (1)

where E⊥ (E‖) is the transverse (parallel) energy in the center-
of-mass (c.m.) system and the sum runs over all products
under the condition described below. Equation (1) is used in
the INDRA experiment [2] to measure nuclear stopping; so
it does in our AMD analysis. The AMD model has many
applications in nuclear physics research [9–17]. In this paper,
we adopt the AMD version of Ref. [15].

In our work, AMD calculations with different EOSs are
performed, a soft EOS with the nuclear compressibility κ =
228 MeV and a stiff EOS with κ = 380 MeV. The nuclear
compressibility is the second derivative of the energy with
respect to the density, expressed as

κ = 9ρ2 ∂2

∂ρ2

(
E

A

)
. (2)

Even though recent works set a limitation of the κ value,
such as κ = 240 ± 40 MeV [18], we use κ = 380 MeV as an
extreme case to study the sensitivity of nuclear stopping to the
κ value.

In the study below, in order to explore the sensitivity of the
in-medium NN cross section on the nuclear stopping, different
NN cross sections are also used, the free NN cross sections,
the Li–Machleidt (LM) cross sections [19], which are used in
the standard AMD calculation, and the modified version of the
LM ones with a free multiplication factor.

In the actual simulations, the calculation of AMD is
performed up to 300 fm/c and fragments are formed using a
coalescence technique in phase space. The excited fragments
further cool down to the ground state, using an afterburner,
GEMINI [20], in order to make direct comparisons with the
experimental values.

In the following analysis, the same conditions as the
INDRA experiment (experimental filters) are applied in the
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FIG. 1. (Color online) Experimental data for the 129Xe + 120Sn
collisions at 50A MeV. (a) Distribution of total charged-particle
multiplicity Nch. The filled area corresponds to the central events
used for the analysis of nuclear stopping. (b) Bidimensional plot of
the isotropy ratio RE vs Nch. (c) Distribution of RE for the central
collisions. (d) Same as panel (b), but after renormalizing the number
of events in each multiplicity bin of Nch, see Ref. [2].

simulations, which consist of the detectors’ angles and energy
thresholds. The parameters of these conditions are taken from
Ref. [21]. The completeness of the quasiprojectile charged
products emitted in the forward velocity space in the center of
mass of the reaction is required for the experimentally filtered
events; that is, events are taken if the total detected charge
Ztot in the forward hemisphere in the center of mass is larger
than 80% of the projectile charge. Furthermore, to select the
central collision events as done in Ref. [2], the top 50 mb of
the high charged-particle multiplicity events are selected for
the simulations.

Results. Now we compare our results with the INDRA
experimental data of 129Xe + 120Sn system.

In Figs. 1 and 2, comparisons between experimental data
and the simulated results are made under the same conditions
to get the value of Rcentral

E [Eq. (1)] of the central collisions.
As one can see in Figs. 1 and 2, the overall trend and the
distribution of the experimental data are well reproduced
by the simulated results. However there are some discrep-
ancies. For the multiplicity distributions, the experimental
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FIG. 2. (Color online) Same plots as Fig. 1, but for the AMD with
hard-EOS calculation.
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FIG. 3. (Color online) Comparisons between experimental
nuclear-stopping values [2] and the predictions of AMD calculations
for the central 129Xe + 120Sn collisions. In panel (a), the black
filled circles are the INDRA values, while the red circles and green
diamonds are from the AMD calculations of hard and soft EOSs,
respectively. In panel (b), black filled circles and red circles are the
same as in panel (a), while the purple up triangles are the results of
AMD calculations of soft EOSs with free NN cross sections, and
the down triangles are those with the Li–Machleidt cross section
multiplied by a factor of two.

charged-particle multiplicity in Fig. 1(a) is smaller than that of
the simulation in Fig. 2(a) by about 10 units. The experimental
RE distribution in Figs. 1(b) and 1(d) is slightly wider than
that of the simulations in Figs. 2(b) and 2(d).

In Fig. 3 the mean value of RE versus beam energy is
plotted for the experimental data of Ref. [2] and those of the
simulations. In Fig. 3(a) the simulated results of soft and stiff
EOSs are compared with the experimental values. Nuclear
stopping becomes larger for the stiff EOS at E > 30A MeV
because the stiff-EOS nuclear matter needs more energy to
compress than does the soft-EOS nuclear matter. This is
consistent with the results of Refs. [11,22]. In Fig. 3(b)
the simulated results with the soft EOS, but with different
NN cross sections, are compared. For the free NN cross
sections, the nuclear stopping becomes roughly independent
of the incident energy and shows around 1, the value of
complete stopping. For the LM cross sections, the calculated
nuclear stopping values are significantly underestimated at
E > 50A MeV. When the LM cross sections are multiplied by
a factor of two, the stopping values become consistent with
those of the INDRA experiment at E = 75 and 100A MeV.
These comparisons indicate that the nuclear-stopping power
is sensitive both to EOSs, shown in Fig. 3(a), and to the NN
cross sections, shown in Fig. 3(b). Overall, nuclear stopping
for different EOSs in Fig. 3(a) shows the same trend as
those of the experiments; that is, the stopping power drops
as the incident energy increases, then it stays almost constant.
Below the Fermi energy, the mean field with Pauli blocking
governs the reaction mechanism, while two-body collisions
play the decisive role in the reaction at higher energy. Around
the Fermi energy, nuclear stopping achieves a minimum in the
experimental data, where a mixed effect of the mean field and
the NN collisions governs the nuclear reaction mechanism.
However, the experimental nuclear stopping below the Fermi
energy is not reproduced by any choices of the κ value and the
NN cross sections used.

The disagreements of the stopping power RE between the
experimental results and the simulated results at lower energy
and at higher energy originate from different reasons. In the
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FIG. 4. (Color online) The top four figures are Nch distributions of AMD calculations with the soft EOS and the Li–Machleidt cross
sections. The red fill areas correspond to the central collision events. From left to right, the incident energies are 10A MeV, 20A MeV, 30A MeV,
100A MeV. The bottom row corresponds to RE vs Nch after renormalizing the number of events in each multiplicity bin.

lower-energy region, say below 25A MeV, the calculated
nuclear stopping predicts complete nuclear stopping and
therefore the stopping does not depend on the stiffness of
the EOS and the NN cross sections, whereas the experimental
values do not reach complete stopping until the incident energy
goes down to E = 10A MeV. The experimental result shows
that nuclear stopping decreases from 20A MeV to 40A MeV,
then shows a broad minimum at 30 to 40A MeV, a little
raising from 40A MeV to 50A MeV, and stays almost constant
from 50A MeV to 100A MeV [2]. In the AMD calculations,
from 20A MeV to 50A MeV, nuclear stopping decreases more
rapidly than those of the experiments for the soft EOS, and the
values of nuclear stopping stay nearly constant from 50A MeV
to 100A MeV. Here we do not see a minimum of nuclear
stopping. For the stiff EOS, the decreases from 20A MeV
to 50A MeV becomes similar to that of the experiment.
These results at the AMD calculations may be explained
as follows. Because increasing the incident energy nuclear
stopping caused by the mean field becomes weakened, and at
the same time the number of Pauli-allowed collisions is small,
so that total nuclear stopping decreases sharply between 20 to
40A MeV. In the energy region above the Fermi energy, the
NN collisions become significant because of the weakened
Pauli blocking. Therefore, nuclear stopping is largely governed
by the in-medium NN cross section, as seen in Fig. 3(b).

Here we would like to mention the effect of the centrality
selection of the events. As pointed out before, the AMD
simulation predicts a larger multiplicity value than that of
the experiment at 50A MeV. As seen in Figs. 1(b), 1(d)
and Figs. 2(b), 2(d), the mean value of RE increases with
increasing multiplicity. Therefore the lower charged-particle
multiplicity value in the experimental data may results in lower
nuclear stopping or vice versa. In order to study the effect
of the disagreement of the charged-particle multiplicity on
nuclear stopping, the relation between nuclear stopping and
charged-particle multiplicity is studied.

In Fig. 4 the selection of the central events at 10, 20, 30,
and 100A MeV and the corresponding figures of RE vs the
charged-particle multiplicity Nch are shown. As one can see,

at 10A MeV the AMD-calculated result of nuclear stopping
vs Nch is very different from that of the higher energies.
Nuclear stopping stays more or less independent of the Nch

values, indicating that the Nch value is mainly determined by
the fluctuation of the detected-particle multiplicity, but not by
the centrality of the reaction. In the higher-energy reactions,
on the other hand, the correlation between the RE and Nch

becomes more linear and the RE distribution at a given Nch

becomes narrower as Nch increases. At energies of 20 and
30A MeV, the linear increase of nuclear stopping stops at a
certain Nch value and the stopping starts to saturate above.
Even at 100A MeV, the maximum value of nuclear stopping is
almost obtained at the Nch values corresponding to 50 mb of the
central collision selection. Therefore these studies indicate that
the different Nch values in the experiment and the simulations
cause only minor effects on nuclear stopping and do not explain
the discrepancy between the experiment and the simulations
seen in Fig. 3.

Summary and conclusions. From the AMD calculations,
we found that nuclear stopping is sensitive to both the EOS
and the in-medium NN cross section, and therefore nuclear
stopping can be a good probe to study both of them. Both
AMD calculations and the experiment of INDRA show that
nuclear stopping becomes maximum at the lowest-energy
region, E = 10A MeV in the experiment and E < 25A MeV
in the simulations, and starts to decrease as the incident
energy increases up to 40A MeV (Fermi energy). In the
20 to 40A MeV, the energy dissipation derived from mean
field remains dominant and the NN collision contribution
remains small, resulting in the decreasing trend of nuclear
stopping. Above 50A MeV, the NN collisions govern nuclear
stopping and provide the nuclear stopping measurement as
a good probe to study the in-medium NN collision cross
section.

However, significant discrepancies in nuclear stopping
between the experiments and the AMD simulations are
observed below the Fermi energy region, which makes it
difficult to set limitation on the κ value and the in-medium
NN cross section in this study. This discrepancy originates
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neither from the stiffness of the EOS nor the values of the
in-medium NN cross section. The difference in the centrality
selection of the events seems not to be the cause neither. The
experimental results somehow show much larger transparency
of the nucleons at this energy range. Further investigations are
needed to solve this discrepancy.
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