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The non-equilibrium in momentum space of fragmenting sources in central heavy-ion collisions at Fermi energy
is reproduced by partly compensating for the fermionic feature in the isospin-dependent quantum molecular
dynamics model. A memory loss ratio is defined to investigate the degree of entrance channel memory loss.
The incomplete memory loss and the linear correlation between the memory loss ratio and the normalized
radial flow energy are found both from experimental data and calculations. The residual memory indicates that
the global equilibrium is not achieved in central collisions. The local equilibrium is achieved only in a very
small central region of the fragmenting source. Both the asymmetry distribution of the expansive flow and the
deformation of the fragmenting source are the consequences of the residual memory. A method to extract the
transversal-to-longitudinal axis ratio of the expanding fragmenting source is suggested.
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During the last 20 years, the studies of heavy-ion collisions
(HICs) were motivated by purposes to obtain information
on multifragmentation and its relationship to the liquid-gas-
type phase transition [1,2]. Experimental signals of phase
transitions have been observed by several experimental groups
[3–7]. Many theoretical efforts to find the signatures of
phase transitions in HICs started a few years ago [8–12].
Based on different statistical ensembles, statistical approaches
have been adopted to describe the general features of
the multifragmentation [13–18]. However, in understanding
the phase transitions in HICs, it is still a challenge to
develop the statistical description of the open transient finite
systems [19].

Indeed, the equilibrium hypothesis, used in the construction
of statistical ensembles, is not guaranteed a priori in HICs.
Some evidence of non-equilibrium with respect to isospin
degree of freedom has been found [20–24]. In 1988, Bauer
predicted that the degree of stopping could be the sensitive
observable to check the nuclear equilibration [25]. Recently,
systematic experimental measurements in the wide energy
range from Fermi energy to GeV/nucleon have supported
the prediction of incomplete stopping and indicated that the
global equilibrium was not achieved even for the most central
collisions and for the most massive systems [26–28]. Based
on different dynamical theories, analyses of the stopping data
have been presented [29–31]. The non-equilibrium statistical
mechanics [32] seems to be required to investigate the evolving
nuclear systems in HICs. Therefore, investigations of the
residual memory could be important.

The effects of the transparency and entrance channel mem-
ory could influence the spherical symmetry of the expanding
system [33]. The radial flow and the side flow, reflecting the
character of the early stage of the collisions, have been found
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to be correlated to the global stopping in central collisions
at energies above 150 MeV/nucleon [27,34]. However, data
measured at energies below 150 MeV/nucleon do not continue
the same linear correlation [35]. The prolate deformation
of the emitting source has been indicated from the angular
anisotropy of the fragment sizes and the kinetic energies in
central HICs at intermediate energies [36,37]. Since the radial
flow can transform the spatial correlations into correlations in
momentum space [37], the spherical symmetry of the radial
flow has to be studied in detail. Detailed information on the
expansion dynamics is required to find the dynamical origin
of the source deformation.

In this Brief Report, the global stopping and the radial flow
energy in central HICs at Fermi energy are investigated by
the isospin-dependent quantum molecular dynamics (IQMD)
model in combination with the statistical decay code GEMINI.
A memory loss ratio is defined to quantify the residual memory
and the deviation from the equilibrium. The residual memory
is probed both from experimental data and calculations.

In the IQMD model [38], both soft (S) and hard (H )
equations of state (EOS) [39] are applied. The nucleon-nucleon
(NN) cross sections are modified by the in-medium factor of
1 − 0.2ρ/ρ0 [40]. To compensate for the fermionic feature the
method of the phase-space density constraint in the constrained
molecular dynamics model [41] is applied. For the comparison
of the calculations with the experimental data, it is necessary to
include the decays of the prefragments by the statistical code
GEMINI [42].

Actually, the NN cross section is reduced to an effective
cross section by including the Pauli blocking. Whenever a
collision occurs, the phase space around the final states of the
scattering partners must satisfy the Pauli principle. In the usual
Pauli-blocking method (named PAULI1 in the following), the
phase-space density f ′

i at the final states is measured and
interpreted as a blocking probability. Thus, the collision is
only allowed with a probability of (1 − f ′

1)(1 − f ′
2). The Pauli-

017602-10556-2813/2013/87(1)/017602(4) ©2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevC.87.017602


BRIEF REPORTS PHYSICAL REVIEW C 87, 017602 (2013)

FIG. 1. Nuclear stopping quantified both by RE in central
Xe + Sn collisions and vartl in central Au + Au collisions. The
isotropy ratio Rentr

E in the entrance channels is shown by dotted lines.
Experimental data are taken from Refs. [27,28,35].

blocking method related to the phase-space density constraint
is used in this work (named PAULI2 in the following). In fact
the phase-space occupation f i is calculated by performing the
integration on a hypercube of volume h3 in the phase space
centered around the final states (see Eq. (16) in Ref. [41]).
The collision is accepted if the phase-space occupations f i at
the final state are both less than 1.

To quantify the degree of stopping, one adopts the ratio of
transverse to parallel quantities, such as vartl [27] and RE

[28]. The excitation functions of RE for central Xe + Sn col-
lisions (b < 1.6 fm) and vartl for central Au + Au collisions
(b < 2.0 fm) at the beam energy from 10 to 150 MeV/nucleon
are shown in Fig. 1. The isotropy ratios Rentr

E in the entrance
channels are also shown in the figure (dotted lines). The
experimental data of RE (circles in top panel) are characterized
by the minimum near the Fermi energy with raises above and
below. The obtained data of vartl (circles in bottom panel)
also follow the same general trend. However the exact position
of the minimum is not shown due to the lack of data near
the Fermi energy. Two Pauli-blocking methods are compared.
The results by PAULI1 (solid lines) show a monotonic decrease
with increasing incident energy. The results by PAULI2 are
shown by the gray area with the upper edge for H EOS and
the lower edge for S EOS. They reproduce the general trend of
the data, though the positions of the minimums are both lager
than the Fermi energy. A comparison of the upper and lower
edges of the gray area shows that the global stopping depends
on the EOS, especially at low energies. The S EOS is more
effective than the H EOS. In the following calculations, we
adopt the S EOS and the PAULI2 method.

The incomplete stopping indicates that the fireballs from the
central collisions do not lose all memories from the entrance
channels. The values of vartl and RE are compared to the
isotropy ratio Rentr

E in the entrance channels (shown by dotted
lines in Fig. 1). Below the Fermi energy the experimental

FIG. 2. (Color online) Correlation between the normalized flow
energy Eflow/Eavail and the memory loss ratio Rml. The solid line is
for guiding the eyes. The calculated flow energies are extracted from
the mass-dependent kinetic energy of Li fragments. The experimental
data of flow energies are taken form Refs. [7,36]. The lack of error
bars for experimental data means that the errors cannot be identified
from the published experimental data.

points are close to the dotted lines, indicating that the memories
are almost kept due to the lack of NN collisions. For the
incident energies higher than the Fermi energy, the experi-
mental points are far from the dotted lines. This reflects the
fact of the memories’ loss in the momentum space during the
collisions. The memory loss ratio Rml is defined to quantify
the memory loss

Rml = RE − Rentr
E

1 − Rentr
E

. (1)

If the fireballs from the central collisions lost all of the entrance
channel memories, the value of Rml is expected to be 1. On
the contrary, the value 0 reflects that the fireballs keep all the
entrance channel memories.

Figure 2 presents the radial flow energy normalized to the
total available kinetic energy in the center of mass Eflow/Eavail

as a function of the memory loss ratio Rml. The radial flow
energies of the experimental data are extracted from statistical
model fitting to the experimental observables, such as the
fragment transversal energies [7,36]. The method adopted
here to extract the flow energies is the linear fit of the
relationships between the calculated kinetic energy and mass
of the Li fragments. It is shown that both the experimental
data and the calculations show a positive correlation between
the normalized flow energy and the memory loss ratio. The
line in the figure guides this correlation. For collisions at
incident energy larger than 150 MeV/nucleon, the isotropy
ratio Rentr

E in the entrance channels is very small. The memory
loss ratio Rml approximately equals the isotropy ratio RE ,
which is used to quantify the global stopping. Therefore, the
normalized flow energy is correlated to the stopping in central
collisions at energies above 150 MeV/nucleon, just as reported
in Ref. [34].

To analyze the dynamical origin of the correlation between
the flow energy and the memory loss, we investigate the time
evolution of several observables. Figure 3(a) shows the time
evolutions of the potential energy, the transversal flow energy,
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FIG. 3. (a) Time evolutions of the potential energy, the transversal
flow energy, and the number of NN collisions in central Au + Au
collisions at 60 MeV/nucleon. (b) Time evolutions of the memory
loss ratio Rml for the same reaction system. The solid line represents
the global one. The dashed line and dotted line represent the local
ones for the central region including 50% and 10% of the nucleons,
respectively.

and the number of NN collisions in central Au + Au collisions
at 60 MeV/nucleon. The evolution of the potential energy can
describe the global compression and expansion. It is shown
that the strongest compression occurs at 45 fm/c, when the
potential energy reaches the minimum value. Since the nuclear
system is compressed in the longitudinal direction, it is NN
collisions that may make the longitudinal compression and
expansion transfer to the radial direction. The transversal flow
energy increases visibly at the time from period 30 to 70 fm/c,
when the number of NN collisions is large. Meanwhile, the
NN collisions are responsible for the memory loss.

Figure 3(b) shows the time evolution of the memory loss
ratio Rml. The solid line represents the global one. The dashed
line and the dotted line represent the local ones for the central
region including 50% and 10% of the nucleons, respectively.
It is shown that the memory loss depends strongly on the
considered location of the colliding system. The nucleons from
the peripheral region keep more memories than the central
ones. Since the global Rml does not reach the value of 1, the
global equilibrium is not achieved. The residual memory of the
half nucleons in the central region opposes the hypothesis that
an equilibrated fragmenting source is formed in HICs. Only a
small central region, about 10% of the central nucleons, lose
all memories.

The motion of the fragments in central collisions is a
combination of the thermal motion, the Fermi motion, the
radial flow, and the Coulomb repulsive motion, where the first
two are isotropic. Thus the residual memory of the entrance
channels is manifested as the asymmetry distribution of the
radial flow and the Coulomb repulsive motion. Adopting a
prolate shape in coordinate space and a proportional relation
p(r) = rαp0

r
r

[13,36], it can be derived by integration that the
shape of the collective expansion is also prolate. One obtains
flow energy as a function of the polar angle

Eflow(θ ) ∝
(

1

R2
sin2θ + cos2θ

)−α

, (2)

FIG. 4. Calculated flow energy as a function of the polar angle in
central Xe + Sn collisions at 50 MeV/nucleon.

where R is the transversal-to-longitudinal axis ratio of the
fragmenting source in coordinate space. The value of α
depends on the expansion dynamics. For the self-similar
expansion, the value of α is equal to 1. However, as shown
in Fig. 3(a), the radial expansion velocity increases during the
expansion. The value of α for the fragmenting source will be
larger than 1. The value 2 for α is adopted in this work, the
same as in Ref. [36].

To demonstrate, the polar-angle-dependent flow energies
for Xe + Sn collisions at 50 MeV/nucleon are shown in
Fig. 4. The values of the flow energy at the polar angle θ
and π − θ are extracted simultaneously using the symmetry
of the distribution. The contribution to the error bars of the
calculations comes from the fits of the kinetic energies. One
can see that the longitudinal flow energy is larger than the
transversal flow energy. When fitting the discrete points by
the function (2) with α = 2 and R = 0.68, a good agreement
is obtained. The transversal-to-longitudinal axis ratio of the
fragmenting source can be extracted from the flow energies
at forward and sideward angles. The results for Xe + Sn and
Au + Au at different energies are shown in Table I. The values
extracted by other methods are shown as well. A similar
deformation is found.

In conclusion, for central collisions in the Fermi energy
range, the entrance channel memory in momentum space is not
completely lost. For the memory loss, the global equilibrium
is not achieved. When reproducing this non-equilibrium in the
dynamical models such as IQMD, it is significant to describe
accurately the Pauli exclusion principal. The memory loss ratio
shows a strong correlation to the radial flow energy normalized
to the total available kinetic energy in the center of mass.
Some analyses of the dynamical origin of this correlation
are presented. Based on our calculations, we cannot draw a
conclusion that an equilibrated fragmenting source is formed
in HICs. The local equilibrium is achieved only in a very small
central region of the fragmenting source. The residual memory
of the entrance channel is manifested as the asymmetry
distribution of the radial flow. The asymmetry expansion is the
dynamical origin of the source deformation. It is suggested that
the transversal-to-longitudinal axis ratio of the fragmenting
source could be extracted from the flow energies at forward
and sideward angles.
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TABLE I. Transversal-to-longitudinal axis ratio R of the expanding fragmenting source at freeze-out.

System Xe + Sn Au + Au Au + Au Au + Au
Ebeam 50 60 80 100
(MeV/nucleon)

This work 0.68 ± 0.20 0.72 ± 0.14 0.67 ± 0.23 0.69 ± 0.07
Ref. [36] 0.70 0.70 0.70 0.76
Ref. [37] 0.7 – – –
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