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Analysis of isospin dependence of nuclear collective flow in an isospin-dependent
quantum molecular dynamics model
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Within the framework of an isospin-dependent quantum molecular dynamics model in which the initial
neutron and proton densities are sampled according to the densities calculated from the Skyrme-Hartree-Fock
method and the initial Fermi momenta of neutrons and protons are calculated from the Fermi gas model, we
study systematically the transverse collective flow of different fragment types at an energy of 55 MeV/nucleon
and the balance energy in the reactions58Fe158Fe and58Ni158Ni. The results from the present calculations
indicate that the neutron-rich system (58Fe158Fe) displays stronger negative deflection and has a higher
balance energy, which are qualitatively in agreement with the experimental data. Furthermore, the effects of
the isospin-dependent symmetry energy and nucleon-nucleon cross sections on collective flow are studied.
@S0556-2813~98!07010-1#

PACS number~s!: 25.70.Pq, 02.70.Ns, 24.10.Lx
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I. INTRODUCTION

In recent years, with the establishment of secondary be
facilities at many laboratories around the world, radioact
beams of nuclei with large neutron or proton excess h
been used, and heavy-ion physics has opened up a new
radioactive nuclear beam~RNB! physics. Consequently, on
can investigate the properties of nuclei very far from theb
stability line and the isospin degree of freedom in nucl
reactions at wide energy ranges for different project
target combinations. Extensive reviews can be found
Refs.@1–4#.

The isospin effects on preequilibrium nucleon emiss
@5–7# and isospin equilibrium and non-equilibrium in heav
ion collisions~HIC! at intermediate energies@8,9# have been
studied experimentally and theoretically. In particular, t
isospin dependence of collective flow has become a v
interesting subject of theoretical and experimental stud
@10–12#. One knows that nuclear collective flow is a kind
collective phenomenon found in intermediate and high
ergy HIC, and the study of the dependence of collective fl
on beam energy, mass number, and impact parameter
revealed much interesting physics about the properties
origin of collective flow. Especially, from studying the bea
energy dependence it has been found that the transverse
lective flow in the reaction plane disappears at an incid
energy which is called the balance energyEbal @13–21#. Fur-
thermore, detailed theoretical studies using microsco
transport models have shown that both the strength of tr
verse collective flow and the balance energy can be use
extract information about the nuclear equation of state~EOS!
and in-medium nucleon-nucleon (N-N) cross sections@22–
35#. Hence, studying collective flow in reactions induced
radioactive nuclei is very meaningful to explore the isosp
dependent part of the nuclear EOS and isospin-depen
N-N cross sections.

The isospin dependence of collective flow has been s
PRC 580556-2813/98/58~4!/2283~9!/$15.00
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ied by Li et al. @10# in terms of an isospin-dependen
Boltzmann-Uehling-Uhlenbeck~BUU! model in which the
initial proton and neutron densities were calculated from
nonlinear relativistic mean-field~RMF! theory while the
isospin dependence enters the model by using the exp
mentalN-N cross sections and the isospin dependent nuc
mean field. The neutron-rich system was found to sh
stronger negative deflection at beam energies lower thanEbal

and has a higher balance energy. Some predictions of
BUU model have been confirmed by experiments@11,12#.
Although in Ref.@10# the isospin dependence of collectiv
flow has been explained as competition among sev
mechanisms, such asN-N cross sections, symmetry energ
Coulomb energy, the surface properties of the colliding n
clei, and so on, the relative importance among these me
nisms is not yet clear. In particular, the BUU model cann
describe physically fragment flow since it is a one-bo
transport model and does not contain many-body correlat

In order to investigate the isospin effects on collecti
flow and explain the recent experimental results, we h
improved the original version of the QMD model@36–38# to
include explicitly isospin degrees of freedom and get
isospin-dependent QMD~called IQMD hereafter! model,
which includes isospin-dependent Coulomb potential, sy
metry potential,N-N cross sections, and Pauli blockin
Moreover, in initialization of projectile and target nuclei, w
sample separately neutrons and protons in phase space
ing the IQMD model, we study the fragment flow and i
isospin effects in reactions58Fe158Fe and 58Ni158Ni,
which have the same mass number but different neut
proton ratios. The calculated results indicate that the neut
rich system (58Fe158Fe) displays stronger negative tran
verse collective flow at energy of 55 MeV/nucleon and ha
higher balance energy, which could be qualitatively in agr
ment with the experimental data. Meanwhile, the influen
of the symmetry energy andN-N cross sections on the trans
verse collective flow has been also studied.
2283 © 1998 The American Physical Society
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II. DESCRIPTION OF THE IQMD MODEL

The QMD model is classical in essence because the
evolution of the system is determined by classical canon
equation of motion, however, many important quantum f
tures are included in this prescription. A comprehensive
view can be found in Ref.@38#. In this paper, the main idea
in the IQMD model are introduced.

It is well known that the dynamics in HIC at intermedia
energies is mainly governed by three components, nam
the mean field, two-body collisions, and Pauli blockin
Therefore, for an isospin-dependent reaction dynam
model it is essential that all three components should rea
ably include isospin degrees of freedom. In addition, it
also important that, in initialization of projectile and targ
nuclei, the samples of neutrons and protons in phase s
should be treated separately since there exists a large d
ence between neutron and proton density distributions
nuclei far from theb stability line. Particularly, for neutron
rich nucleus one should sample a stable initialized nucl
with neutron-skin structure and therefore one can dire
explore the nuclear structure effects through a microsco
transport model. The IQMD model has been improved ba
on the above ideas. The following describes briefly IQM
model from four aspects, i.e., the mean field, two-body c
lisions, Pauli blocking, and initialization.

A. Mean field

In the IQMD model, the total interaction potential of th
system is given by

U tot5Udd1UYuk1UCoul1Usym1UMDI ~1!

with Udd the density-dependent~Skyrme! potential,UYuk the
Yukawa~surface! potential,UCoul the Coulomb energy,Usym

the symmetry energy term, andUMDI the momentum depen
dent interaction. TheUdd can be written as

Udd5aS r

r0
D1bS r

r0
D g

, ~2!

with r050.16 fm23.
For the momentum dependent interactionUMDI , we make

use of the real part of the optical potential parametrized
Ref. @39# as follows:

UMDI5d ln2@«~p12p2!
211#

r

r0
. ~3!

The parameters of Eqs.~2! and~3! are given in Table I from
which one can see two kinds of equations of state are c
monly used. One is the so-called hard EOS~H, HM! with an
incompressibility ofK5380 MeV, and the other is the so
EOS ~S, SM! with an incompressibility ofK5200 MeV
@38#. The M refers to the inclusion of the momentum depe
dent interaction. TheUYuk, UCoul, andUsym have the follow-
ing forms @9#:
e
al
-
-

ly,
.
s
n-
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UYuk5
1

2
VY (

i 5” j

1

r i j
exp~Lm2!

3@exp~2mri j !erfc~ALm2r i j /A4L !

2exp~mri j !erfc~ALm1r i j /A4L#, ~4!

UCoul5
e2

4 (
i 5” j

1

r i j
~11t iz!~11t jz!erf~r i j /A4L !, ~5!

Usym5
C

2r0
(
i 5” j

t izt jz

1

~4pL !3/2expF2
~r i2r j !

2

4L G , ~6!

with VY520.0024 GeV,m50.83, and theL is the so-called
Gaussian wave-packet width~hereL52.0 fm2). The relative
distancer i j 5ur i2r j u. The t iz is the zth component of the
isospin degree of freedom for theith nucleon, which is equa
to 1 and21 for proton and neutron, respectively. TheC is
symmetry energy strength. From the above equations,
can see that the nuclear mean field is isospin depende
the IQMD model.

B. Two-body collisions

In the IQMD model, two different parametrizations o
N-N cross sections may be used optionally. One is the
rametrization of Cugnon@40# (sCug) which is isospin inde-
pendent and the other is the experimental parametriza
@41# (sexp) which is isospin dependent. It is shown that t
neutron-proton cross section is about three times larger
the neutron-neutron or proton-proton cross section for
experimental parametrization at energies lower than
MeV/nucleon.

C. Pauli blocking

The method of considering the Pauli blocking effect is
follows. Whenever a collision has occurred, in the pha
space we assume that each nucleon occupies a
dimensional sphere with a volume ofh3/2 ~considering the
spin degree of freedom!, and then calculate the phase vo
ume,V, of the scattered nucleons being occupied by the
nucleons with the same isospin as that of the scattered o
We then compare 2V/h3 with a random number and decid
whether the collision is blocked or not. Therefore, the Pa
blocking is isospin dependent, namely, the Pauli blocking
neutrons and protons is treated separately.

TABLE I. The parameter sets of Eqs.~2! and~3!. The S and H
refer to the soft and hard equation of state, the M refers to
inclusion of momentum dependent interaction, and theK refers to
the incompressibility.

K
~MeV!

a
~MeV!

b
~MeV!

g
~MeV!

d
~MeV!

«
(c2/GeV2)

S 200 2356 303 1.17 – –
SM 200 2390 320 1.14 1.57 500
H 380 2124 71 2.00 2 –
HM 380 2130 59 2.09 1.57 500
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D. Initialization

In the IQMD model, the neutron and proton are dist
guished from each other in the initialization of projectile a
target nuclei. The neutron and proton density distributio
for the initial projectile and target nuclei are determined fro
the Skyrme-Hartree-Fock~SHF! method@42# with parameter
set SKM* which can give reasonable density distribution f
stable and neutron-rich nuclei@43#. Using the neutron and
proton density distributions calculated from the SHF meth
one can get the radial positions of neutrons and proton
the initial nuclei in terms of the Monte-Carlo method. In th
QMD model, the radial density then can be written as

r~r !5(
i

1

~2pL !3/2expS 2
r 21r i

2

2L D L

2rr i

3FexpS rr i

L D2expS 2
rr i

L D G . ~7!

Figures 1~a! and~b! show the neutron, proton, and total de
sity distributions sampled in initial nuclei,58Fe, and58Ni,
respectively. We can see in Fig. 1 that there is a clear neu
skin in neutron-rich nucleus58Fe. While the total densities
(n1p) in 58Fe and58Ni are almost identical, the total den
sity in 58Fe is more extended than that in58Ni. These fea-
tures are in agreement with the results of the nonlinear R
theory@10#. The momentum distribution of nucleons is ge
erated by means of the local Fermi gas approximation.
local Fermi momentumpF

i (r ) is given by

pF
i ~r !5\„3p2r i~r !…1/3, ~ i 5n,p!. ~8!

The stability of the propagation of the initialized nucl
has been checked in detail and can last at least 200 fc
according to the evolution of the average binding energ
and root mean square radii of the initialized nuclei.

FIG. 1. Proton~dot!, neutron~dash!, and total~solid! density
distributions in58Fe ~a! and 58Ni ~b! calculated from Eq.~7!.
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III. RESULTS AND DISCUSSIONS

The important advantage of the QMD model is that it c
explicitly represent the many body state of the system
thus contains correlation effects to all orders. Meanwhile,
QMD model treats statics and dynamics on an equal foot
Therefore, the QMD model provides important informatio
about both the collision dynamics and the fragmentation p
cess. Even though the BUU model is quite successfu
describe one body observables, it fails in describing the
mation of clusters. In this paper, we construct clusters
terms of the so-called coalescence model, in which partic
with relative momenta smaller thanP0 and relative distances
smaller thanR0 are considered to belong to one cluster. W
adopted the parameter setR052.4 fm andP05200 MeV/c
following Refs. @44,45#. In addition, only the clusters with
reasonable proton numberZ and neutron numberN, such as
Z51, N50,1 and 2;Z52, N51;6; Z53, N52;8, are
selected in order to get rid of nonphysical clusters.

A. Fragment flow

Using the IQMD model with parameter set SM, we ca
culate the flow parameters of different fragment types in
actions 58Fe158Fe and 58Ni158Ni at energy of 55 MeV/
nucleon. The flow parameter is defined as the slope of
transverse momentum distribution at the center of the
duced center-of-mass~c.m.! rapidity ~y/yprog)c.m.. Figures
2~a!, ~b!, and~c! give the calculated flow parameters of fra

FIG. 2. Calculated~data connected by solid lines! and experi-
mental~data connected by dotted lines! values of flow parameter a
a function of the reduced impact parameter for three different fr
ment types,Z53 ~a!, 2 ~b!, and 1 ~c!, from 58Fe158Fe ~solid
circles! and 58Ni158Ni ~open circles! collisions at 55 MeV/nucleon.
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2286 PRC 58CHEN LIEWEN, ZHANG FENGSHOU, AND JIN GENMING
ments withZ53, 2, and 1, respectively, as a function of t
reduced impact parameterb/bmax ~herebmax58 fm, the cal-
culated values are connected by solid lines in Fig. 2!. For
each impact parameter, we perform a calculation of 5
events. In the present calculations, it is found that the mu
plicity and transverse momenta for different fragment typ
have basically saturated by the end of 140 fm/c, therefore
the calculated results actually correspond to the statis
average value of 3000 ‘‘events’’ which come from the su
of six time points fromt5150 to 200 fm/c in each event. All
the following calculations adopt this recipe. The erro
shown are the statistical errors on the slopes of the linear
Meanwhile, the correspondent experimental values are
shown in Fig. 2~the data points are connected by dotted lin
in Fig. 2!. The experimental values are extracted at the up
limit of each impact parameter bin@11#. It is shown in Fig. 2
that the calculated results are in agreement with the exp
mental data in trends. The difference in the magnitude
flow parameter between the two isotopic systems is maxi
for semicentral collisions, which is qualitatively in agre
ment with the previous work@16,17#. In particular, the cal-
culated results also show the isospin dependence of flow
rameter for different fragment types, namely, the neutr
rich system (58Fe158Fe) shows stronger negative deflectio
which is in agreement with the predictions of the BU
model in Ref.@10# where the results are for all nucleon
Moreover, at large impact parameters for fragments withZ
53, we can see that both the calculated results and exp
mental data have a cross which may be because in the

FIG. 3. Difference between the values of flow parameter for
data~open circles! and IQMD model predictions~solid circles! for
58Ni158Ni and 58Fe158Fe collisions at 55 MeV/nucleon versu
reduced impact parameter for three different fragment types,Z53
~a!, 2 ~b!, and 1~c!. The lines are included only to guide the eye
0
i-
s

al

ts.
so
s
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ri-
f
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-

,

ri-
ost

peripheral collisions the number ofN-N collisions is very
small and the Coulomb interaction is more important so t
the fragments withZ53 have weaker Coulomb repulse
neutron-rich system. In addition, the mass dependence o
flow parameters shown in Fig. 2 also demonstrates the w
known increase in magnitude for heavier fragments@11,46–
49#. This phenomenon may be because most nucleons
emitted by the hard stochastic collisions and hence the ef
of the mean field is largely erased in the nucleon flow. T
argument suggests that the flow of the composite fragm
carries more direct information of the nuclear EOS than
nucleon flow.

From Fig. 2, it is seen that the predictions of the IQM
model systematically exhibit stronger values of flow para
eter than the experimental data for all three fragment type
all reduced impact parameters. We shall give an explana
for this phenomenon in the following subsection. More im
portantly here, there is agreement between the data and
IQMD model predictions for the magnitude of the isosp
effect, which is displayed in Fig. 3. The open~solid! circles
are the difference between the values of flow parameterdF
for the data~IQMD model predictions! in the isotopic sys-
tems 58Ni158Ni and 58Fe158Fe at each corresponding re
duced impact parameter. The errors shown are statistica
is shown that the isospin dependence predicted by the IQ
model is in agreement with the experimental data.

In order to see clearly the relation between flow parame
and neutron/proton ratios of the reaction system (N/Z)sys,
we show in Figs. 4~a!, ~b!, and ~c! the impact-parameter
inclusive values of flow parameter for fragments withZ
53, 2, and 1, respectively, as a function of (N/Z)sys of the

e

FIG. 4. Calculated~solid circles! and experimental~open
circles! values of flow parameter as a function of the neutron/pro
ratio of the reaction system for different fragment types,Z53 ~a!, 2
~b!, and 1~c! from 58Fe158Fe and58Ni158Ni at 55 MeV/nucleon.
The lines are included only to guide the eye.
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PRC 58 2287ANALYSIS OF ISOSPIN DEPENDENCE OF NUCLEAR . . .
systems 58Fe158Fe ~1.23! and 58Ni158Ni ~1.07!. In the
present calculations, we have simply assumed that the n
ber of events is proportional to impact parameter b. Me
while, the experimental data are also shown in Fig. 4~open
circles!. It is indicated that the calculated results are in go
agreement with the experimental data in trends. From
above analyses we could conclude that the consideratio
the isospin degree of freedom in the IQMD model is reas
able.

B. Disappearance of flow

From studying the beam energy dependence it has b
found that the transverse collective flow changes from
negative one to a positive one at an incident energy,
Ebal, due to the competition between the attractive nucl
mean field potential and the repulsiveN-N collisions @13–
21#. The balance energy has been found to depend se
tively on the mass number, impact parameter, and prope
of the colliding nuclei, such as the thickness of their surfa
@50#. Figures 5~a! and~b! show the distribution of transvers
momentum versus the normalized rapidity yc.m./ylab for all
nucleons at two different energies, 80 and 150 MeV/nucle
with b53 fm for the systems58Fe158Fe and 58Ni158Ni,
respectively. For both systems, at 80 MeV/nucleon the ne
tive slopes~corresponding to negative scattering angles! are
visible whereas at 150 MeV/nucleon the opposite sign slo
~positive scattering angles! are found. The former corre
sponds to negative flow parameter while the latter co
sponds to the positive flow parameter.

The balance energyEbal is obtained by a linear fit to the
energy dependence of the flow parameter at the point w
the flow parameter passes through zero. Figures 6~a!, ~b!, ~c!,

FIG. 5. Mean transverse momentum in the reaction plane ve
the normalized rapidity for all nucleons from reactions58Fe158Fe
~a! and 58Ni158Ni ~b! at two different incident energies, 80 MeV
nucleon~solid circles! and 150 MeV/nucleon~open circles!. The
curves are plotted to guide the eye.
m-
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and~d! display the energy dependence of the flow parame
at b52, 3, 4, and 5 fm, respectively, for systems58Fe
158Fe ~solid circles! and 58Ni158Ni ~open circles! with po-
tential parameter set SM. It is shown that at different imp
parameters the neutron-rich system (58Fe158Fe) exhibits
systematically smaller flow parameters, which implies
stronger attractive interaction in the reaction of the neutr
rich system. This feature is in agreement with the predictio
of the BUU model@10#. From Fig. 4 in Ref.@10#, one can see
that the difference between flow parameters in48Cr158Ni
and 48Cr158Fe ~neutron-rich system! decreases as the bea
energy increases and finally disappears as the beam en
becomes far above the balance energy. However, this
nomenon is not observed in the present IQMD calculation
the small impact parameters, such asb52, 3, and 4 fm. It is
found in Figs. 6~a! and ~b! that the difference between flow
parameters in58Ni158Ni and 58Fe158Fe ~neutron-rich sys-
tem! increases with increment of the beam energy. This p
nomenon may be because with increment of the beam en
the N-N collisions become dominant and therefore the is

us

FIG. 6. Flow parameter for all nucleons as a function of incide
energy at impact parameterb52 ~a!, 3 ~b!, 4 ~c!, and 5~d! fm for
58Fe158Fe ~solid circles! and 58Ni158Ni ~open circles!. The
straight lines are the results of linear fits.



e
w
pe

m
r

ea
n

r
et

D
r

n
a

rk

s
ib
U

er
e

ter,
een

de
e
e

ter
er
ena

s of

en-

rsus

c
s
he

M

or

n
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spin dependence of theN-N cross sections plays a mor
important role. In fact, in the present calculations it is sho
that the difference between the collision numbers
nucleon in58Ni158Ni and 58Fe158Fe ~neutron-rich system!
increases as the beam energy increases. It should be
tioned that this phenomenon is complicated because it is
lated to many factors, such as the isospin-dependentN-N
cross sections, the isospin-dependent Pauli blocking, b
energy, and so on. From Fig. 6 one can extract the bala
energy at different impact parameters. The upper window
Fig. 7 displays the calculatedEbal with potential paramete
sets SM and HM as a function of reduced impact param
b/bmax; the experimental data from Ref.@12# are also in-
cluded. The points, except for the predictions of the IQM
model with SM for 58Fe158Fe and the experimental data fo
58Fe158Fe, have been offset in values ofb/bmax for clarity.
It is indicated that the values ofEbal predicted by the IQMD
model with SM or HM are in agreement with the experime
tal data in trends. An approximate linear increase of the b
ance energy with impact parameter is visible in Fig. 7~upper
window!, which is in agreement with the previous wo
@15,17#. It is also shown that the calculated values ofEbal
with SM are roughly equal to those with HM, which implie
that the balance energy is little dependent on incompress
ity K and this is in agreement with the results of the BU
model calculations@21,51,52#.

FIG. 7. ~Upper window! Measured balance energies as a fun
tion of reduced impact parameter compared with the prediction
the IQMD model with potential parameter sets SM and HM. T
solid ~open! squares are measured for58Fe158Fe (58Ni158Ni). The
solid ~open! circles are the predictions of the IQMD model with S
for 58Fe158Fe (58Ni158Ni) while the solid~open! triangles are the
predictions of the IQMD model with HM for58Fe158Fe (58Ni
158Ni). ~Lower window! The difference of the balance energies f
the data~solid squares!, predictions of the IQMD model with SM
~solid circles!, and predictions of the IQMD model with HM~solid
triangles!, in the isotopic systems58Ni158Ni and 58Fe158Fe as a
function of reduced impact parameter. The lines are included o
to guide the eye.
n
r

en-
e-

m
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-
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It is indicated in Fig. 7~upper window! that the calculated
values of Ebal with either SM or HM are systematically
larger than the experimental data. However, from the low
set of points in Fig. 7 which display the difference of th
balance energiesdEbal for the data~solid squares!, predic-
tions of the IQMD model with SM~solid circles!, and pre-
dictions of the IQMD model with HM~solid triangles!, re-
spectively, between the isotopic systems58Ni158Ni and
58Fe158Fe as a function of the reduced impact parame
we can see that in error tolerance there is agreement betw
the data and the IQMD model predictions for the magnitu
of the isospin effect. In the lower window of Fig. 7, th
values for the predictions of the IQMD model with HM hav
been offset in the horizontal direction for clarity.

In fact, the previous calculated values of flow parame
for different fragment types are also systematically larg
than the experimental data. The reason for these phenom
may be the low saturation densities in initial nuclei58Fe and
58Ni. From Fig. 1 we can see both the saturation densitie
58Fe and 58Ni are about 0.12 fm23 which is smaller than
normal saturation densityr0 , 0.16 fm23, while the isospin-
independent part of the nuclear EOS is attractive at low d
sities. As a matter of fact, Eq.~7! indicates that in the QMD

FIG. 8. Mean transverse momentum in the reaction plane ve
the normalized rapidity for all nucleons from reactions58Fe158Fe
~solid circles! and 58Ni158Ni ~open circles! at 55 MeV/nucleon and
b55 fm by using differentC and parametrizations ofN-N cross
sections:C50 with Cugnon’sN-N cross sectionssCug ~a!, C50
with experimentalN-N cross sectionssexp ~b!, and C532 MeV
with experimentalN-N cross sectionssexp. The curves are plotted
to guide the eye.
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TABLE II. The flow parameters at different situations~see text! for 58Fe158Fe and58Ni158Ni at beam
energy of 55 MeV/nucleon and impact parameterb55 fm.

Reaction systems C50 with sCug C50 with sexp C532 MeV with sexp

58Fe158Fe 234.862.14 MeV 229.161.12 MeV 227.961.24 MeV
58Ni158Ni 233.861.96 MeV 224.560.68 MeV 224.161.49 MeV
v
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model the radial density is related to the Gaussian wa
packet widthL. Even though the radial positions of th
nucleons are reasonable, the radial density from Eq.~7! will
result in some deviations from the real radial density. Mo
over, the larger theL is, the larger the deviations are. Fort
nately, this problem does not affect us to study the isos
effects on collective flow. Nevertheless, the previous cal
lated results are still in qualitative agreement with the exp
mental data. Particularly, the isospin dependence of the f
ment flow and the balance energy is quantitatively
agreement with the experimental data.

C. Influence of symmetry energy andN-N cross sections
on collective flow

Indeed, the isospin dependence of collective flow h
been found in BUU model calculations and experiments
it has been explained as a result of the competition am
several mechanisms in the reaction dynamics, such asN-N
cross sections, symmetry energy, Coulomb energy, the
face properties of the colliding nuclei, and so on. Howev
the relative importance of these mechanisms is still not c
so far.

Using different symmetry energy strengthC and para-
metrizations ofN-N cross sections with potential paramet
set SM, we show in Fig. 8 the distribution of average tra
verse momentum per nucleon for all nucleons versus the
malized rapidity yc.m./ylab for systems 58Fe158Fe ~solid
circles! and 58Ni158Ni ~open circles! at energy of 55 MeV/
nucleon and impact parameterb55 fm. In Fig. 8~a! we use
C50 ~no symmetry energy! and Cugnon’sN-N cross sec-
tions sCug. The case of usingC50 and experimentalN-N
cross sectionssexp is shown in Fig. 8~b!. For the results
shown in Fig. 8~c! we useC532 MeV and experimenta
N-N cross sectionssexp. Figure 8 indicates that the neutron
rich system (58Fe158Fe) exhibits stronger negative defle
tion for all of the above three cases. In order to give qua
tative results, Table II shows the calculated values of fl
parameter for the above three cases. The errors shown
statistical errors of the linear fits. From Table II one can s
that both thesexp and symmetry energy make the strength
the flow parameter decrease, which implies that bothN-N
collisions and symmetry energy are repulsive as one exp
@10#. Meanwhile, it is indicated thatsexp has stronger influ-
ence in system58Fe158Fe than in system58Ni158Ni, which
is easy to understand sinceN-N collisions result in repulsive
flow and this effect is proportional to the number of col
sions in the interaction volume. While the number of nuc
ons in this volume for the two reaction systems is roug
the same and the number of collisions in the reaction of
neutron-rich system is smaller since the neutron-neu
e-

-

in
-

i-
g-

s
d
g

r-
r,
ar

-
r-

i-

are
e
f

ts

-
y
e
n

cross section is about a factor of three smaller than
neutron-proton cross section at energy of 55 MeV/nucle
In addition, it is also shown that symmetry energy has str
ger influence in system58Fe158Fe than in system58Ni
158Ni, which results from the fact that in58Fe the difference
between neutron and proton densities is larger and t
causes stronger symmetry energy. In the case ofC50 and
sCug, the difference of the flow parameters of the two rea
tions may mainly come from the influence of the Coulom
potential and the surface properties of58Fe and58Ni. Unfor-
tunately, we cannot study the influence of Coulomb poten
on collective flow in this paper because we cannot get sta
initial nuclei without Coulomb interaction.

IV. CONCLUSIONS

Based on an isospin-dependent QMD model in which
initial neutron and proton densities are sampled accordin
the densities calculated from the Skyrme-Hartree-Fo
method and the initial Fermi momenta of neutron and pro
are calculated from the Fermi gas model, we have samp
stable initial nuclei,58Fe and58Ni. The transverse collective
flow of different fragment types and the balance energy
reactions58Fe158Fe and 58Ni158Ni are studied systemati
cally at different impact parameters. The results indicate t
the neutron-rich system (58Fe158Fe) displays stronger nega
tive deflection and has a higher balance energy, which co
be in qualitative agreement with the experimental data.
particular, the magnitude of the isospin effect could be qu
titatively in agreement with the experimental data. Mea
while, we also studied the influence of the isospin-depend
symmetry energy andN-N cross sections on collective flow

From the analyses in this paper, we can conclude that
isospin dependence of collective flow is mainly determin
by the isospin-dependent nuclear mean field andN-N cross
sections. Moreover, it is also related to the surface proper
of the colliding nuclei, beam energy, impact parameter, a
so on. These results indicate that studying the isospin eff
on collective flow is beneficial to exploring the isospi
dependent reaction dynamics.
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