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A theoretical study is presented for the disappearance of flow by analyzing a large number of reactions with
masses between 47 and 476 units. We demonstrate that the effect of nucleon-nucleon cross sections reduces, to
an insignificant level for heavier colliding nuclei in agreement with previous studies. A stiff equation of state
with nucleon-nucleon cross sectionss=35–40 mb is able to explain all the measured balance energies. A
power laws~Atd is also given for the mass dependence of disappearance of flow, which is in good agreement
with experimental data.
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I. INTRODUCTION

The heavy-ion collisions at intermediate energies provide
a rich physical insight into the reaction dynamics. One has
measured(and/or predicted) several new phenomena that
may shed light on the nature of hot and dense nuclear matter
formed during a collision. In addition, one also hopes to
understand the nature of nuclear interactions in medium. The
prediction of collective transverse in-plane flow by the hy-
drodynamical model was a very important step towards un-
derstanding the excited nuclear matter[1]. The collective
transverse in-plane flow was found to be very sensitive to-
wards the different signals of excited nuclear matter. Apart
from the transverse in-plane flow, one has also proposed,
e.g., differential flow[2] and elliptic flow[3]. All these quan-
tities are assumed to be sensitive towards(nuclear matter)
equation of state and/or nucleon-nucleon(nn) cross section,
which is the ultimate goal of the intermediate energy heavy-
ion collisions. One should, however, keep in mind that reac-
tion dynamics depends also on the incident energy as well as
on the impact parameter of the reaction. At low incident
energies, dynamics is governed by the attractive mean field
whereas repulsive interactions decide the fate of a reaction at
higher incident energies. Naturally, the effect ofnn collisions
decreases with the decrease in incident energy. The domi-
nance of the attractive mean field(at low incident energies)
may prompt the emission of particles into backward hemi-
sphere whereas ifnn scatterings dominate, the particle emis-
sion is likely to be in the forward hemisphere. Therefore,
while going from the low incident energy to higher energy,
attractive interactions may be balanced by the repulsive in-
teractions, resulting in the net zero flow(i.e., the disappear-
ance of flow). The energy at which flow disappears is termed
as balance energy[4].

During the last few years, extensive efforts have been
made to measure and understand the disappearance of flow
[5–17]. One has measured the balance energyEbal in 12C
+ 12C [5], 20Ne+27Al [5], 36Ar+ 27Al [7,17], 40Ar+ 27Al [8],
40Ar+ 45Sc [5,6,12], 40Ar+ 51V [9], 64Zn+27Al [10], 40Ar
+ 58Ni [11], 64Zn+48Ti [17], 58Ni+ 58Ni [11–13], 58Fe+58Fe
[13], 64Zn+58Ni [17], 86Kr+ 93Nb [5,12], 93Nb+93Nb [14],
129Xe+118Sn [11], 139La+139La [14], and 197Au+ 197Au
[12,15,16] systems. The very recent and accurate measure-
ment of the balance energyEbal in 197Au+ 197Au [12,16] has

generated a renewed interest in the field[11]. Interestingly,
most of the reported reactions are symmetric in nature. It
should be kept in mind that the reaction dynamics depends
also upon the asymmetry of the reaction[18]. All the above
mentioned measurements were for the central collisions only.
Some measurements[6,8,10–13], however, also took the im-
pact parameter dependence into account. As noted in Ref.
[12], Ebal for heavier nuclei shows little dependence on the
impact parameter whereas a large variation in theEbal can be
seen for the lighter colliding nuclei[6,12]. The possible
cause could be the fact that the disappearance of in-plane
flow for heavier nuclei occurs at a much lower incident en-
ergy compared to lighter nuclei(e.g., the measuredEbal for
197Au+ 197Au is 42±3±1 MeV/nucleon [16] whereas it is
111±10 MeV/nucleon for20Ne+27Al [5]). In the (near) ab-
sence ofnn collisions at low incident energies, there should
be a little dependence on the impact parameter[19]. Some
attempts also exist in the literature where enhancement in the
Ebal with neutron content was found experimentally and/or
theoretically[13,20,21].

The above findings reveal the measurements of balance
energy in more than 15 systems ranging from very light to
heavy nuclei. As a result, a power law behaviors~Atd has
also been reported forEbal [5,12,16,17]. Earlier power law
parametert was supposed to be close to −1/3(resulting
from the interplay between the attractive mean field and re-
pulsivenn collisions) [5] whereas recent measurements sug-
gest a deviation from the above mentioned power law
[12,16].

Various theoretical attempts have been made to under-
stand the vanishing of nuclear transverse in-plane flow. Most
of these are, however, using the Boltzmann-Uehling-
Uhlenbeck(BUU) model [2–5,8,10,12–14,16,21–26]. Some
attempts are also reported in the literature where quantum
molecular dynamics(QMD) model was used[6,20,27–31].
Different theoretical attempts considered either a stiff or soft
equation of state along with a variety ofnn cross sections.
Interestingly, out of all these studies, only a couple of at-
tempts exist where mass dependence of disappearance of
flow was discussed[5,12,16,17,26,30,31]. A careful analysis
shows that in Refs.[5,26] a total massø200 was considered
for the power law studies whereas in Refs.[30,31] only
heavier massesù175 were analyzed. ThereEbal for heavier
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nuclei was found to scale approximately as 1/ÎA [30,31]
whereas lighter and medium mass nuclei followA−1/3 depen-
dence[5,26]. References[12,16] included for the first time a
larger mass range 63/47øAø394. However, even in these
studies, only six systems were taken into account.(Note that
power law fit was made for those systems which were re-
corded in the 4p NSCL experiment. The data from the
GANIL experiments, however, were not taken into account
for fitting.)

The present aim is at least twofold.
(i) If one looks in the literature, one finds a lot of contro-

versial findings with regard to the balance energy. One has
often taken one reaction and tried to conclude about the
nucleon-nucleon cross section. The conclusions, unfortu-
nately, vary from author to author. For example, Ref.[8]
reported a need of 41 mb cross section to explain the balance
energy in Ar+Al system atb=3 fm. Interestingly, there soft
and hard equations of state gave the same balance energy.
Contrarily, Li [25] has shown that a rather smaller cross sec-
tion of 20 mb is needed to explain the balance energy in
Ar+V. The cross section of 40 mb was overestimating the
balance energy drastically. Zhenget al. [3] have shown that a
soft equation of state with reduced cross section and a hard
equation of state with normal cross section give the same
balance energy for Ca-Ca reaction. On the other hand, bal-
ance energy was found to be sensitive to both hard and soft
equations of state for Nb+Nb reaction[9]. The point to note
here is that hard equation of state gives larger balance energy
compared to soft equation of state. Zhouet al. [26] have
shown that the hard and soft equations of state give same
results over a wide range of masses. Contrary to these find-
ings, Ref.[10] reported that a hard equation of state gives
smaller balance energy in Zn+Al reactions compared to soft
equation of state. From these examples, it is clear that a
uniform study with one particular set of model parameters is
missing. One would like to know whether it is possible to
explain the balance energy over the whole range of masses
with one set of parameter or not. This is important for ex-
tracting the magnitude of nucleon-nucleon cross section. In
addition, one is also interested in investigating whether the
same power law behavior can be extracted for the whole
mass range or not.

(ii ) We also aim to pin down the relative role of the mean
field potential and nucleon-nucleon cross section in the dis-
appearance of flow. It is argued that due to the counterbal-
ancing of attractive and repulsive forces, the net transverse
in-plane flow disappears.

The present study is carried out within the framework of
the QMD model[18–20,27–34]. The details of the model are
given in Sec. II. The results and discussion are presented in
Sec. III and we summarize our results in Sec. IV.

II. THE MODEL

We describe the time evolution of a heavy-ion reaction
within the framework of QMD model[18–20,27–34] which
is based on a molecular dynamics picture. Here each nucleon
is represented by a coherent state of the form

fasx1,td = S 2

Lp
D3/4

e−fx1 − xastdg2eipasx1−xade−ipa
2t/2m. s1d

Thus, the wave function has two time dependent parameters
xa andpa. The totaln-body wave function is assumed to be
a direct product of coherent states:

f = fasx1,xa,pa,tdfbsx2,xb,pb,td . . . , s2d

where antisymmetrization is neglected. One should, how-
ever, keep in mind that the Pauli principle, which is very
important at low incident energies, has been taken into ac-
count. The initial values of the parameters are chosen in a
way that the ensemblesAT+APd nucleons give a proper den-
sity distribution as well as a proper momentum distribution
of the projectile and target nuclei. The time evolution of the
system is calculated using the generalized variational prin-
ciple. We start out from the action

S=E
t1

t2
Lff,f*gdt, s3d

with the Lagrange functional

L = SfUi"
d

dt
− HUfD , s4d

where the total time derivative includes the derivatives with
respect to the parameters. The time evolution is obtained by
the requirement that the action is stationary under the al-
lowed variation of the wave function:

dS= dE
t1

t2
Lff,f*gdt = 0. s5d

If the true solution of the Schrödinger equation is contained
in the restricted set of wave functionfasx1,xa ,pad, this
variation of the action gives the exact solution of the
Schrödinger equation. If the parameter space is too restricted,
we obtain that wave function in the restricted parameter
space which comes close to the solution of the Schrödinger
equation. Performing the variation with the test wave func-
tion (2), we obtain for each parameterl an Euler-Lagrange
equation

d

dt

] L
] l̇

−
] L
] l

= 0. s6d

For each coherent state and a Hamiltonian of the formH
=oafTa+ 1

2oabVabg, the Lagrangian and the Euler-Lagrange
function can be easily calculated[33]:

L = o
a

ẋa ·pa − o
b

kVabl −
3

2Lm
, s7d

ẋa =
pa

m
+ =pao

b

kVabl, s8d
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ṗa = − ¹xao
b

kVabl. s9d

Thus, the variational approach has reduced then-body
Schröndinger equation to a set of 6n different equations for
the parameters which can be solved numerically. If one in-
spects the formalism carefully, one finds that the interaction
potential which is actually the BrucknerG matrix can be
divided into two parts:(i) a real part and(ii ) an imaginary
part. The real part of the potential acts like a potential
whereas the imaginary part is proportional to the cross sec-
tion.

In the present model, interaction potential comprises the
following terms:

Vab = Vloc
2 + Vloc

3 + VCoul + VYuk, s10d

Vloc is the Skyrme force whereasVCoul and VYuk define, re-
spectively, the Coulomb and Yukawa terms. The expectation
values of these potentials are calculated as

Vloc
2 =E faspa,r a,tdfbspb,r b,tdVI

s2dsr a,r bd

3 d3r ad3r bd3pad3pb, s11d

Vloc
3 =E faspa,r a,tdfbspb,r b,tdfgspg,r g,td

3VI
s3dsr a,r b,r gdd3r a d3r b d3r g d3pa d3pb d3pg,

s12d

where faspa ,r a ,td is the Wigner density which corresponds
to the wave functions[Eq. (2)]. If we deal with the local
Skyrme force only, we get

VSkyrme= o
a=1

AT+APFA

2 o
b=1

S r̃ab

r0
D +

B

C + 1 o
bÞa

S r̃ab

r0
DCG .

s13d

Here A, B, andC are the Skyrme parameters which are
defined according to the ground state properties of a nucleus.
Different values ofC lead to different equations of state. A
larger value ofCs=380 MeVd is often dubbed as stiff equa-
tion of state.

A number of attempts exist in the literature which study
the nature of equation of state. Following Refs.
[2–4,6,8,10,22,24,26–31], we shall also employ a stiff equa-
tion of state throughout the present analysis. It should also be
noted that the success rate is nearly the same for stiff and soft
equations of state. Further, it has been shown in Refs.
[8,10,22,24,26] that the difference betweenEbal using a stiff
and soft equation of state is insignificant for central heavy-
ion collisions.

The imaginary part of the potential, i.e., thenn cross sec-
tion, has been a point of controversy. A large number
of calculations exist where a constant and isotropic cross
section has been used. Following Refs.
[8,10,22,24,29–31,35,36], we also use a constant energy in-
dependent cross section. As shown by Li[25], most of the

collisions below 100 MeV/nucleon happen withnn cross
section of 55 mb strength. Keeping the present energy do-
main in mind, the choice of a constant cross section is justi-
fied. It has also been shown by Zhenget al. [3] that a stiff
equation of state with freenn cross section and a soft equa-
tion of state with reduced cross section yield nearly the same
results. For comparison, we shall also use an energy depen-
dent cross section as fitted by Cugnon[33] (labeled as Cug)
as well as a medium dependent cross section derived fromG
matrix [33] (denoted by GMC). As shown by Liet al. [21],
the isospin degree of freedom in nucleon-nucleon cross sec-
tion is not important for central collisions as in the present
case. The role of isospin dependent cross section is, however,
significant once one shifts to peripheral collisions.

III. RESULTS AND DISCUSSION

Using a stiff equation of state along with differentnn
cross sections, we simulated the above mentioned reactions
for 1000–3000 events in each case. The reactions were fol-
lowed till transverse in-plane flow saturates. The saturation
time varies between 150 fm/c (for lighter colliding nuclei
such as20Ne+27Al ) and 300 fm/c (for heavier colliding nu-
clei such as197Au+ 197Au). In particular, for the present mass
dependent analysis, we simulated the reactions of20Ne
+ 27Al sb/bmax=0.4d, 36Ar+ 27Al sb=2.5 fmd, 40Ar+ 27Al sb
=1.6 fmd, 40Ar+ 45Sc sb/bmax=0.4d, 40Ar+ 51V sb/bmax

=0.3d, 40Ar+ 58Ni sb=0–3 fmd, 64Zn+48Ti sb=2 fmd, 58Ni
+ 58Ni sb/bmax=0.28d, 64Zn+58Ni sb=2 fmd, 86Kr+ 93Nb
sb/bmax=0.4d, 93Nb+93Nb sb/bmax=0.3d, 129Xe+natSn sb
=0–3 fmd, 139La+139La sb/bmax=0.3d, and 197Au+ 197Au
sb=2.5 fmd. Since our present interest is to study the experi-
mentally measured balance energies, the choice of impact
parameter is guided by the experimentally extracted informa-
tion [5–17]. In experiments, one often takes scaled impact
parameters. The corresponding theoretical attempts also used
the scaled impact parameter. The above reactions were simu-
lated at incident energies between 30 MeV/nucleon and
150 MeV/nucleon depending upon the mass of the system.
Naturally, a lower energy range was used for heavy nuclei
whereas a higher beam energy was needed for lighter cases.
The reactions were simulated at different fixed incident en-
ergies and a straight line interpolation was used to find the
balance energyEbal.

There are several methods used in the literature to define
the nuclear transverse in-plane flow. In most of the studies,
balance energy is extracted fromspx/Ad plots where one
plots spx/Ad as a function ofYc.m./Ybeam. Using a linear fit to
the slope, one can define the so-called reduced flowF. Natu-
rally, the energy at which reduced flow passes through zero
is called the balance energy. Alternatively, one can also use a
more integrated quantity “directed transverse in-plane flow
kpx

dirl” which is defined as[28–34]

kpx
dirl =

1

A
o

i

sgnhYsidjpxsid, s14d

whereYsid and pxsid are the rapidity distribution and trans-
verse momentum of theith particle. In this definition, all
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rapidity bins are taken into account. It, therefore, presents an
easier way of measuring the in-plane flow rather than com-
plicated functions such asspx/Ad plots. It is worth mention-
ing that the balance energy is independent of the nature of
the emitted particle[5]. Further, the apparatus corrections
and acceptance do not play any role in calculating the energy
of vanishing flow[5,9].

In Fig. 1, we display the final state transverse momentum
kpx/Al as a function of rapidity, which is defined as

Ysid =
1

2
ln

Esid + pzsid
Esid − pzsid

, s15d

whereEsid and pzsid are, respectively, the total energy and
longitudinal momentum of theith particle. The upper parts
are for 20Ne+27Al (at 150 fm/c) and 40Ar+ 45Sc (at
150 fm/c), whereas the bottom parts are for139La+139La (at
300 fm/c) and197Au+ 197Au (at 300 fm/c). The middle parts
are for 64Zn+58Ni (at 300 fm/c) and 93Nb+93Nb (at
300 fm/c). In all the cases, the slope is negative at lower
incident energies which changes to positive value at higher
incident energies. Between these limits, the slope becomes
almost zero at a particular energy. This zero slope energy is
termed as balance energy. One also notices that a higher
incident energy is needed in lighter cases to balance the at-

tractive and repulsive forces. This energy decreases with in-
crease in the mass of the system.

A look at Fig. 2, wherekpx
dirl (instead ofkpx/Al) is plot-

ted, depicts quite similar trends. Herekpx
dirl is displayed as a

function of reaction time. Thekpx
dirl is always negative dur-

ing initial phase of the reaction irrespective of the incident
energy. This shows that the interactions among nuclei are
attractive during initial phase of the reaction. These interac-
tions remain either attractive throughout the time evolution
or may turn repulsive depending on the incident energy. The
transverse in-plane flow in lighter colliding nuclei saturates
earlier compared to heavy colliding nuclei. One also sees a
sharp transition from negative to positive flow in lighter nu-
clei. This transition is gradual when one analyzes the heavier
nuclei. If one compares Figs. 1 and 2, one finds that the
disappearance of flow(where flow is zero) occurs at the
same incident energies in both cases showing the equiva-
lence betweenspx/Ad and kpx

dirl as far as balance energy is
concerned. The latter quantity is more useful since it is more
stable than the former one. These findings are in agreement
with Refs.[28,29].

It has been advocated by several authors that the study of
disappearance of flow can shed light on the magnitude ofnn
cross section[3,5,8,10,12,13,16,22,24–26,28–31]. To check
this point with reference to mass dependence, we show in
Fig. 3, the final stagekpx

dirl as a function of incident energy.
The left top, middle, and bottom panels are for20Ne+27Al,
64Zn+58Ni, and 139La+139La, respectively, whereas top,
middle, and bottom panels on the right-hand side display the
results of, respectively,40Ar+ 45Sc, 93Nb+93Nb, and 197Au

FIG. 1. The averagedkpx/Al as a function ofYc.m./Ybeam. Here
we display the results at different incident energies using a stiff
equation of state along withs=40 mb. The reactions of20Ne
+20Al and 40Ar+ 45Sc are at 150 fm/c whereas those of64Zn
+58Ni, 93Nb+93Nb, 139La+139La and 197Au+197Au are at
300 fm/c.

FIG. 2. The time evolution ofkpx
dirl as a function of time. Here

again results are for stiff equation of state along withs=40 mb.
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+ 197Au. The experimental data are displayed by stars
whereas our present results withs=55, 40, and 20 mb are
shown, respectively, by solid circles, open squares, and solid
triangles. Thekpx

dirl obtained with energy dependent cross
section due to Cugnon(labeled as Cug) and the one that
takes the medium into account(i.e., the G matrix) are
marked by solid diamonds and inverted triangles, respec-
tively. First of all, we see that the medium effects innn cross
section do not play any role at these low incident energies.
The results obtained with the Cugnon energy dependent
cross section andG-matrix medium dependent cross section
are roughly the same for heavier colliding nuclei. Some vis-
ible differences, however, can be seen in the case of light
colliding nuclei where incident energy is relatively high. Fur-
ther, energy dependent cross section due to Cugnon and a
constant cross section of 20 mb strength give quite close
results, which is in agreement with the finding of Ref.[25].
One also sees a linear enhancement in the nuclear flow with
increase in the incident energy. Further, the role of different
cross sections is consistent throughout the present mass
range. The largest cross section gives more positive flow
which is followed by the second largest cross section. Inter-
estingly, these effects depend on the mass of the system. If
one looks at the reaction of20Ne+27Al, one sees that theEbal
increases from 89 MeV/nucleon to 244 MeV/nucleon when
nn cross sections are reduced from 55 mb to 20 mb, whereas

the range of Ebal for the same cross sections was
47–83 MeV/nucleon for93Nb+93Nb reaction. If one goes to
still heavier nuclei,197Au+ 197Au, the range ofEbal narrows
down to 38–59 MeV/nucleon. In other words, a reduction in
the cross section by 64% yields a change of
155 MeV/nucleon in the case of20Ne+27Al reaction,
whereas it is only 21 MeV/nucleon for the case of197Au
+ 197Au. Similarly looking at the curves ofs=55 and 40 mb,
a reduction in the cross section by 27% yields a difference of
30 MeV/nucleon in theEbal for 20Ne+27Al reaction whereas
nearly 4 MeV/nucleon difference exists for the case of
197Au+ 197Au reaction. This result, which is in agreement
with the findings of Refs.[12,13], depicts that for heavier
colliding nuclei,Ebal is independent of the cross section one
is choosing. Further, the standard energy dependentnn cross
section(Cug) fails to reproduce the observed balance energy
in almost all the cases. However, a constant cross section of
40 mb strength seems to be closer to the experimentally ob-
served balance energy. This conclusion is supported by sev-
eral other groups where a cross section of 30–40 mb was
reported to reproduce the experimental data
[8,10,22,24–26,29–31,35,36]. This will be discussed further
in detail in the following paragraphs.

It has been argued in Refs.[28,37] that the flow at any
point during the reaction can be divided into the parts emerg-
ing from the(attractive) mean field potential and(repulsive)
nn collision contributions. Following Ref.[28], we decom-
posed the transverse momentum into the contributions cre-
ated by the mean field and two-bodynn collisions. This ex-
traction, which is made from the simulations of the QMD
model, is done as following[28]: Here at each time step
during the collision, momentum transferred by the mean field
and two-body collision is analyzed separately. Naturally, we
get two values at each time step which can be followed
throughout the reaction. The total transverse momentum can
be obtained by adding both these contributions.

In Fig. 4, we display the final statekpx
dirl decomposed into

two parts, i.e., into the mean field and two-body collision
parts as a function of the incident energies for different col-
liding systems as reported in Fig. 3. Again a linear enhance-
ment in the flow with incident energy can be seen. Further,
the contribution of the mean field remains attractive through-
out the energy range whereas collision contribution is always
repulsive. The balancing of both these contributions results
in net zero flow. One should, however, keep in mind that the
contribution of the mean field potential may even turn repul-
sive at higher incident energies[37].

In Fig. 5, we display the energy of vanishing flowsEbald
as a function of combined mass of the system that ranges
from 20Ne+27Al to 197Au+ 197Au. In our earlier communica-
tion [31], a prediction ofEbal for 238U+ 238U was also made.
Apart from the experimental data, we also show our results
for s=35 and 40 mb. All curves are a fit of the formcAt

usingx2 minimization procedure. The experimental data can
be fitted bytexpt=−0.42±0.05 whereas our present results
with s=40 mb hast40=−0.42±0.08. The results withs
=35 mb yieldt35=−0.43±0.09. Exclusively, one can extract
the following.

(1) The present value oftexpt differs from the earlier re-
ported results (texpt=−1/3 for Aø200 [5] and texpt=

FIG. 3. kpx
dirl as a function of incident energy. The results for

different cross sections of 55, 40, and GMC are represented, respec-
tively, by the solid circles, open squares, and solid inverted triangles
whereas for Cug and 20 mb results are represented by solid dia-
monds and solid triangles. A stiff equation of state has been used.
All lines are to guide the eyes.
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−0.46±0.06[16] for Aø400 mass). Note that in earlier at-
tempts[12,16], the data of NSCL alone were used to fit the
power law.

(2) The present theoretical valuet40=−0.42±0.08 is the
closest one obtained so far. In earlier reports[5], texpt was

−1/3 whereas BUU model yielded −0.28øtthø−0.32. In
another study[16], the texpt was −0.46±0.06 whereas BUU
model hastth=−0.41±0.03. In other words, the present
QMD model with a stiff equation of state along withs
=35–40 mb can explain the data much better than any other
theoretical calculations. In addition, our present analysis has
much wider mass spectrum than any early attempt. Some
visible deviations in the middle order are also reported by
other authors[25]. s=40 mb explainsEbal in heavier nuclei
whereass=35 mb reproduces middle order nicely. Some
fluctuations are also due to the asymmetry of the colliding
nuclei that will not follow the power law of symmetric nuclei
at the first place.

(3) From the figure, it is also evident that a true cross
section for this energy domain should be between 35 and
40 mb. This conclusion is very important since a wide range
of masses was used for the present analysis. Our conclusion
about the strength ofnn cross section is in agreement with
large number of earlier calculations on disappearance of flow
and other phenomena in heavy-ion collisions
[8,10,22,24–26,29–31,35,36]. As noted in Ref.[26], this
value ofnn cross section is still much smaller than the actual
averaged freenn cross section, which is about 60 mb[38]. In
case of fragmentation, a larger cross section ofs=55 mb is
also suggested[35].

We have also tried to fit the balance energy in terms of
other parameters such as the charge of colliding nuclei. This
attempt is shown in Fig. 6 whereEbal is plotted as a function
of the total atomic number of the system. In the upper part,
we display the full range of systems whereas in the lower
part, only heavier nuclei are taken into picture. A power law
~Zt fits the data nicely. Now t is −0.47±0.05
s−0.46±0.09d for experimental data(theoretical results)
which is larger compared to mass power law
ft=−0.42±0.05s−0.42±0.08dg for experiment data(theoreti-
cal results). This difference in the slopes stems from a dif-
ferent charge to mass ratio in lighter and heavy nuclei. Inter-
estingly, the value oft for heavier nuclei[see Fig. 6(b)] is
−0.59±0.06s−0.58±0.11d. This result, which is in agree-
ment with Ref.[16], shows the dominance of the Coulomb
interactions in heavier colliding nuclei. It would be of further
interest to investigate whether the flow due to the collision
and mean field parts(at the balance energy) exhibit any mass
dependence or not. We display, in Fig. 7, the flowkpx

dirl at
balance energy due to collision(upper) and mean field parts
(lower). Interestingly, we do not see any clear mass depen-
dence. Rather very weak dependence(with t=−0.09±0.08)
exists on the system size. This is in agreement with Ref.[37],
where a similar conclusion was drawn.

IV. SUMMARY

We have studied the mass dependence of the disappear-
ance of flow in a large number of colliding nuclei using
QMD model. A large number of reactions with masses be-
tween 47 and 476 were studied where experimental balance
energy is available. Our findings suggest a weak dependence
of different cross sections for heavier colliding nuclei in
agreement with Ref.[12]. Our calculations with a stiff equa-

FIG. 4. The decomposition ofkpx
dirl into collision and mean

field parts as a function of incident beam energy. Here results are
displayed fors=40 mb. Stars are the experimental balance energy.

FIG. 5. Balance energy as a function of combined mass of the
system. The experimental points along with error bars are displayed
by solid stars whereas our theoretical calculations fors=35 and
40 mb are shown by open triangles and squares. The lines are the
power law~cAt. The solid, dashed, and dash-dotted lines represent
the power law fit for experimental points, withs=40 and 35 mb,
respectively.
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tion of state are in good agreement with experimental data.
We could also reproduce the slope of the power laws~Atd
over a wide range of masses. Our calculations suggest a
cross section of 35–40 mb in this incident energy domain.
We also showed that the collective flow due to mean field is
attractive whereas it is repulsive for collision part. The bal-
ancing of these two parts results in the disappearance of flow.
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