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Isospin Dependence of Collective Flow in Heavy-Ion Collisions at Intermediate Energie
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Within the framework of an isospin-dependent Boltzmann-Uehling-Uhlenbeck model using initial
proton and neutron densities calculated from the nonlinear relativistic mean-field theory, we compare
the strength of transverse collective flow in reactions48Ca 1 58Fe and48Cr 1 58Ni, which have the
same mass number but different neutronyproton ratios. The neutron-rich system (48Ca 1 58Fe) is
found to show significantly stronger negative deflection and consequently has a higher balance energy,
especially in peripheral collisions. [S0031-9007(96)00431-0]
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Nuclear collective flow in heavy-ion collisions at inte
mediate energies has been a subject of intensive the
ical and experimental studies during the last decade;
a general introduction and overview see [1]. The stu
of the dependence of collective flow on entrance chan
parameters, such as the beam energy, mass number
impact parameter, have revealed much interesting phy
about the properties and origin of collective flow. In pa
ticular, by studying the beam energy dependence it
been found that the transverse collective flow chan
from negative to positive at an energyEbal (defined as the
balance energy) due to the competition between the att
tive nuclear mean field at low densities and the repuls
nucleon-nucleon collisions [2–10]. The balance ene
was found to depend sensitively on the mass number,
pact parameter, and properties of the colliding nuclei, s
as the thickness of their surfaces [11]. Furthermore,
tailed theoretical studies mainly using transport mod
(for a review see, e.g., [12–14]) have shown that both
strength of transverse flow and the balance energy ca
used to extract information about the nuclear equation
state and in-medium nucleon-nucleon cross sections (
[15–26]). With high intensity neutron-rich or radioactiv
beams newly available at many facilities, effects of t
isospin degree of freedom in nuclear reactions can n
be studied in more detail for a broad range of beam
ergies and projectile-target combinations (e.g., [27,2
These studies will put stringent constraints on the isosp
dependent part of nuclear equation of state. The latte
vital for determining, for example, the maximum mas
moment of inertia, and chemical composition of neutr
stars [29], where in the crust neutron-rich nuclei coex
with a gas of free neutrons and in the core the isos
dependence of the nucleon-nucleon interaction determ
the stiffness of the equation of state [30,31]. In this L
ter we report results of the first theoretical study on
isospin dependence of transverse flow in heavy-ion c
lisions at intermediate energies. A strong isospin dep
dence of the transverse flow was found at energies aro
2 0031-9007y96y76(24)y4492(4)$10.00
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and below the balance energy, especially in peripheral
lisions. An experimental study of the isospin depende
of transverse collective flow will soon be carried out
NSCL, MSU [28]. Detailed comparisons between exp
imental data and model predictions in the future will sh
light on the form and strength of the isospin-depend
part of the nuclear equation of state, the isospin-depen
in-medium nucleon-nucleon cross sections, and the p
erties of neutron-rich nuclei.

In this study we use a Boltzmann-Uehling-Uhlenbe
(BUU) transport model which includes explicitly isosp
degrees of freedom. The model has been used rece
to explain successfully several phenomena in heavy
collisions at intermediate energies which depend on
isospin of the reaction system [32,33]. The isospin dep
dence comes into the model through both the elemen
nucleon-nucleon cross sectionss12 and the nuclear mea
field U. Here we use the experimental nucleon-nucle
cross sections with explicit isospin dependence [34].
keep in mind, however, that in-medium cross sections
their isospin dependence might be strongly density
pendent [35,36]. The nuclear mean fieldU including the
Coulomb and isospin symmetry terms is parametrized

Usr, tzd  asryr0d 1 bsryr0ds

1 s1 2 tzdVc 1 C
rn 2 rp

r0
tz . (1)

In the above,r0 is the normal nuclear matter densit
r, rn, and rp are the nucleon, neutron, and proto
densities, respectively;tz equals1 or 21 for neutrons or
protons, respectively; andVC is the Coulomb potential
We use the so-called soft equation of state with a nuc
compressibility ofK  200 MeV and a value of 32 MeV
for the strengthC of the symmetry potential.

For our first exploratory study on the isospin depende
of the collective flow we select two reaction system
48Cr 1 58Ni and 48Ca 1 58Fe, which have the same ma
number of 48 1 58 but different neutronyproton ratios
© 1996 The American Physical Society
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of 1.04 and 1.30, respectively. The neutron and pro
distributions for these nuclei are determined from the w
known relativistic mean-field theory (e.g., [37]). Mor
specifically, we use a version of the theory with the N
SH force parameters [38]. The theory describes very w
the ground state properties of nuclei near and far aw
from the stability line. In particular, it provides a ver
good description of the neutron-skin thickness of nuc
with large neutron excesses [38–40]. The neutron, pro
and matter densities calculated for the four nuclei stud
here are shown in Figs. 1 and 2. It is seen that there
clear neutron skins for the two neutron-rich nuclei48Ca
and 58Fe. While the matter densities (n 1 p) in 48Ca and
48Cr are almost identical, the matter density in58Fe is more
extended than in58Ni. The calculated charge densitie
of these nuclei are actually very close to those measu
from electron scattering experiments [41]. In the BU
model, we then initialize the spatial coordinates of neutr
and protons in the four nuclei according to the calcula
densities. The momentum distributions of nucleons
generated using the local Thomas-Fermi approximat
It is worth mentioning that one can also initialize th
neutron and proton distributions by running the Vlas
mode of the BUU model for each nucleus. Indeed, cert
neutron skins can be produced for heavy nuclei by us
a strong symmetry potentials within the Vlasov mod
[32,33,42,43]. Nevertheless, the approach used in
present study is much more reliable in terms of reproduc
the ground state properties of neutron-rich nuclei.

The standard transverse momentum analysis [
(see also [1]) was performed for the two reacti
systems. Typical results for central collisions at
impact parameter of 2 fm and beam energies of
60, and 70 MeVynucleon are shown in Fig. 3. At
beam energy of 50 MeVynucleon, the transverse flow
in the reaction of48Ca 1 58Fe is still negative while
that in the reaction of 48Cr 1 58Ni is already posi-
tive. The difference disappears at beam energies ab
70 MeVynucleon. To be more quantitative we ha
extracted the flow parameterF defined as the slope o
en-
y-

ity
nd
FIG. 1. Proton (dot), neutron (dash), and matter (solid) d
sity distributions in48Ca and58Fe calculated using the densit
dependent relativistic mean-field theory.
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the transverse momentum distribution at the center
mass rapidityycm. The beam energy dependence of t
flow parameter for the two reaction systems at imp
parameters of 2 and 5 fm are shown in Fig. 4. T
lines are the least-square fits with the calculations us
linear functions FsCa 1 Fe  232.2 1 0.55EyA and
FsCr 1 Nid  223.9 1 0.48EyA at b  2 fm, and
FsCa 1 Fed  235.9 1 0.22EyA and FsCr 1 Nid 
223.2 1 0.18EyA at b  5 fm. It is seen that in
both central and peripheral collisions the neutron-ri
system 48Ca 1 58Fe shows systematically smaller flow
parameters indicating a stronger attractive interact
during the reaction. The effect is more appreciable
peripheral collisions as one expects. Consequently,
balance energy in the48Ca 1 58Fe reaction is higher than
that in the reaction of48Cr 1 58Ni by about 10 to 30
MeVynucleon. The difference between flow paramet
in the two systems decreases as the beam energy incre
and finally disappears as the beam energy becomes
above the balance energy.

The observed isospin dependence of the collective fl
is a result of the competition among several mech
nisms in the reaction dynamics. First, it is well know
that nucleon-nucleon collisions cause repulsive collect
flow, and this effect is proportional to the number of co
lisions in the overlapping volume. While the number
particles in this volume in the two reaction systems
roughly the same, the number of collisions in the react
of two neutron-rich nuclei is smaller since the neutro
neutron cross section is about a factor of 3 smaller th
the neutron-proton cross section in the energy region s
ied here. This effect is stronger in peripheral collisio
where two thick neutron skins are overlapping during t
reaction of two neutron-rich nuclei. Second, the Coulom
potential also causes repulsive scatterings. This effec
obviously weaker in a neutron-rich system. Third, t
isospin-independent part of the nuclear equation of s
is attractive at low densities. Since this effect is pr
portional to the total surface area of the system, it
creases rapidly with increasing thickness of the collidi
nuclei [11]. For neutron-rich nuclei, the nucleon dens
distribution is more extended as shown in Figs. 1 a
FIG. 2. Same as Fig. 1 but for48Cr and 58Ni.
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FIG. 3. Transverse momentum distributions in the reac
plane as a function of rapidity for reactions48Ca 1 58Fe and
48Ca 1 58Fe at an impact parameter of 2 fm and beam ener
of 50, 60, and 70 MeVynucleon.

2. Therefore, the isospin-independent attractive inte
tion is stronger in the neutron-rich system. Finally, t
symmetry potential is generally repulsive. One expec
stronger effect of the symmetry potential in neutron-r
systems in which larger differences between neutron
proton densities exist. Although a more quantitative stu
on the relative importance of these mechanisms rem
to be worked out, it is clear that the isospin-independ
mean field plays a dominating role in causing the stron
negative deflection in neutron-rich systems. Moreov
the relative effects of these mechanisms depend stro
on the beam energy. As the beam energy increases th
pulsive nucleon-nucleon collisions become dominant
effects of the neutron skin become less important. A
the isospin dependence of the nucleon-nucleon cross
tions becomes weaker at high energies [34]. It is there
understandable that the isospin dependence of the co
tive flow disappears at high energies.

It is well known that the momentum-dependent
teraction also affects significantly the transverse fl
[18,26,44–46]. Most importantly, the momentum
dependent interaction gives more weight in terms
determining the collective flow to the mean field relati
to the collision term. The observed stronger negative
flection in the neutron-rich system using the momentu
independent equation of state in Eq. (1) would theref
be further enhanced by the momentum-dependent in
action. Consequently, the balance energies in the
systems studied here would be even more separated
this makes the isospin dependence of the collective fl
more easily observable. To quantitatively compare w
4494
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FIG. 4. The flow parameter as a function of beam energy
reactions48Ca 1 58Fe and48Cr 1 58Ni at impact parameters
of 2 and 5 fm. The lines are the least-square fits with
calculations using linear functions.

forthcoming experimental data one thus needs to inclu
carefully both the momentum and isospin dependence
the equation of state in transport models.

In summary, within the framework of an isospin
dependent BUU model using as inputs the neutron a
proton density distributions calculated from the relativis
mean-field theory, we have demonstrated that there
strong isospin dependence of the transverse collec
flow. The reaction involving neutron-rich nuclei i
found to have a significantly stronger attractive flo
and consequently a higher balance energy compare
reaction systems having the same mass number but lo
neutronyproton ratios. This isospin dependence is m
easily observed in peripheral collisions at beam energ
around and below the balance energy. Our study indica
that the isospin dependence of collective flow may prov
a new approach to extract the isospin-dependent equa
of state and to investigate properties of neutron-r
nuclei.
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