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The impact parameter dependence of the disappearance of nuclear flow is examined within the framework of
the quantum molecular dynamics model. We confront the model with recent experimental findingstcdiHe
who measured the balance energy at different impact parameters for the ré4gtier?’Al. We simulate the
heavy ion collisions with different nucleon-nucleon cross sections which includes the energy-dependent cross
section, in-medium cross sectif@ matrix), and several constant and isotropic cross sections. Our calculations
show that the balance energy in central collisions can be explained nicely with standard energy-dependent
cross section whereas one needs a larger cross section to explain the balance energy at peripheral collisions.
[S0556-28188)06009-9

PACS numbds): 24.10.Lx, 13.75.Cs, 25.70.Pq

I. INTRODUCTION +5 MeV/nucleon whereas it is about 50 MeV/nucleon for
La + La[3,4,14. Apart from the mass dependence of the
The nuclear reaction dynamics at incident energies bedisappearance of flow, another factor which affects the bal-
tween 10 MeV/nucleon and 1 GeV/nucleon yields severaRnce energy is the impact parameteR,6-8,12,1% Due to
interesting phenomena such as the incomplete fusion, multless compression in peripheral collisions, a large value of
fragmentation, nuclear flow, subthreshold particle producincident energy is needed to compensate the attractive mean
tion, etc. The reaction dynamics at low incident energies idi€ld and hence the flow disappears at larger incident energy
governed by the attractive mean field whereas the repulsiveéompared to central collisions. Recently, several systematic
interaction decides the fate of a reaction at higher incidenf*P€riments have been carried out where impact parameter
energies. At low energies, the Pauli principle hinders th ependence of the_ dlsappearar_we of flglw |32;nvest|gated
nucleon-nucleon collisions and thus, the nucleon-nucleo 1.8,12. He etal. did the %perlrgent of* Zn+ “'Al .[1]
collisions are nearly absent. In contrast, the effect of thé/vhereas Palet al. performed™Ar +*5¢[8,12]. The unique

Pauli principle at higher incident energies is very small anqoutcome .Of these éxperiments is th?t the balance energy in-
creases linearly with change in the impact parameter.

thus, the probabll!ty of nucleon-n_ucleon c_oII|S|ons increases. Theoretically, one has a one body model such as the
Very recently, it was observe@in experimentsand pre- Boltzmann-Uhlening-Uhlenbeck (BUU) model [1,3—
dicted (in theorie$ that the interactions at higher incident 5,11,14, or a many body model such as the quantl;m mo-
energies are dominated by the nucleon-nucleon scattering. o aynamics{QMD) model[7,10,15—17, Both models
which causes the particle emission in forward center of masg,e shown to work well in explaining the disappearance of
angles and hence the nuclear flow is positive. On the corfiow, The main interest in measuring the disappearance of
trary, the interaction at low incident energies is dominated byfjow or predicting the same is that the balance energy is
the attractive part of the nuclear mean field which results ifound to be very sensitive towards different nucleon-nucleon
the particle emission at backward angles and hence the catross sections whereas it is relatively less sensitive towards
lective flow is negative. While going from low to high bom- different equations of state. In other words, by studying the
barding energies, the attractive and the repulsive parts of thgalance energy, one can extract the information about the
interaction balance each other at some bombarding energyiagnitude of the nucleon-nucleon cross section. In a couple
and hence the flow disappears. This particular energy af theoretical studies, a strong dependence of momentum
which the flow disappears is termed as the balance energygrce on disappearance of flow has been repoffddHere
[1-15. In recent years, several efforts have been made twe confront the quantum molecular dynami€MD) model
pin down this balance energy accurately. Several differenvith the experimental observation of K¢ al.[1] who mea-
types of experimental attempts are made. The first categorfured the balance energies as a function of impact parameter
of experiments deals with the central collisions and one dein the collision of®Zn+2Al. Our aim is to study the role of
termines the balance energy for collisions involving a varietydifferent nucleon-nucleon cross sections in determining the
of colliding partnerq3,4,14. The colliding partners can be balance energy as a function of the impact parameter. We
as light as carbon or as heavy as La. The balance energy #hall show here that one needs a larger cross section to ex-
central collisions is found to vary a§,.’® (whereA, is the plain the (experimentally observed balance energy in pe-
total mass of target- projectile [14]. The (measureflbal-  ripheral collisions. In other words, one needs an additional
ance energy for the central collision of € C is 127 repulsion which can be supplied either by assum-
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ing a larger cross section or by taking momentum depenebtain that wave function in the restricted parameter space
dence of the mean field. which comes close to the solution of the Salinger equa-

A similar study using the BUU model was also reportedtion. Performing the variation with the test wave function
by Heet al.[1]. They simulated thé*Zn+2’Al reaction(us-  (2), we obtain for each parametér the Euler-Lagrange
ing the BUU model by varying the cross section between 25 equation
and 55 mb. They found that a smaller cross section explains
the data in central collisions whereas a larger cross section is daL adc
needed to explain the data at semicentral/peripheral colli- &X‘X: : (6)
sions. Here we employ a variety of cross sections instead,
which includes the standard energy-dependent, isotropic angly, each coherent state and a Hamiltonian of the fétm
energy-independent and in-medium cross sections. In the fol= Si[T,+13.V, ], the Lagrangian and the Euler-Lagrange
lowing, we first describe briefly the QMD model and differ- f,nction can Jbe]easily calculatédie)]:
ent nucleon-nucleon cross sections and then explain our re-
sults. . 3

C_g XaPa % <V01ﬁ> 2Lm’ (7)

II. QUANTUM MOLECULAR DYNAMICS MODEL

We describe the time evolution of a heavy ion reaction > Pq
within the quantum molecular dynamics mofi&b] which is Xa= +Vp“§ﬂ: {Vag), ®
based on the molecular dynamics picture. Here each nucleon
is represented by the Wigner density of a Gaussian wave L
packet with a fixed width. In the QMD, each nucleon is pa:_via% (Vap)- ©
represented by a coherent state of the form
3/ Thu§, the variational approach has reduced thbody
b (X 1) = (_) e—[xl—xa(t)]zeipa(xl—xa)e—ipit/Zm_ Schrandinger equation to a set ohedifferent equations for _
L the parameters which can be solved numerically. If one in-
) spects the formalism carefully, one finds that the interaction

. . otential which is actually the Brucknés matrix can be
Thus, the wave function has two time-dependent parametei§iided into two parts(i) a real part andii) an imaginary

X, andp, . The totaln-body wave function is assumed to be art  The real part of the potential acts like a potential
a direct product of coherent states: whereas the imaginary part is proportional to the cross sec-
tion. Here we discuss each of these inputs briefly.
¢:¢a(xlrxa1pa1t)¢ﬁ(x21xﬂipﬁit)'"1 (2) P y

where antisymmetrization is neglected. The initial values of A. The interaction potential [16]

the parameters are chosen in a way that the ensemle ( The nucleons in QMD interact via a Skyrme potential and
+Ap) nucleons give a proper density distribution as well aspy Coulomb interaction. One has also an option of supplying
a proper momentum distribution of the projectile and targetan additional momentum-dependent interaction. As we plan
nuclei. The time evolution of the system is calculated byto discuss the role of different nucleon-nucleon cross sec-
means of a generalized variational principle. We start outions, we restrict ourselves to a simple static interaction
with the action supplemented by the Coulomb interaction

S= ftzﬁ[ b ¢* ]d . 3 Vij = Vﬁ)c+ Vl:f)c+ Veoul- (10
ty

The expectation value of these potentials is calculated as
with the Lagrange functional
d V%C:f fi(pi!riit)fj(pj’rj!t)VEZ)(ri!rj)
£=(¢‘iﬁ&—H‘¢), (4) o

x d%r;d%r;d3p;dp;, (11)
where the total time derivative includes the derivatives with
respect to the parameters. The time evolution is obtained byvl?éczf fi(pi L OF (P T O (P TGOV 1 F
the requirement that the action is stationary under the al- P .

lowed variation of the wave function ><d3Fid3Fjd3de35id3§jd35k, (12

t - -
6S= 5j L[ ¢,¢*]dt=0. (5)  wheref,(p;,r;,t) is the Wigner density which corresponds
! to the wave functionfEq. (2)]. If we deal with local Skyrme

If the true solution of the Schdinger equation is contained force only, we get

in the restricted set of wave functioth,(X;,X,,P,), this Ar+Ap ~ ~ \y
variation of the action gives the exact solution of the Sehro \/Skyrme_ E ﬁ( Pij n B E (ﬂ ) (19
dinger equation. If the parameter space is too restricted, we =1 |2\/=1 po y+1F \ po
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Here a, B8, and y are the Skyrme parameters which are de- 2. RealisticG-matrix cross section [20]
fined according to the ground state properties of a nucleus. In 1o scattering of nucleons in nuclear matter in low-

the present study, we use a hard equation of state with gensity expansion should be described in terms of the Bruck-
=—124 MeV, g=70.5 MeV, andy=2. The interaction norG matrix

densityp;; reads

Q
- 1 G(E)=V+V

——G(E), a7
pij:(47T—L)3/2e AL (14) E—e+iE

> . . . where the Pauli operat@ projects on unoccupied states and
wherer ; is the distance between centroids of two Gaussians. . . . > -5

In the present study, we also include the Yukawa interaction® 'S tt‘e energy of the Int§rm(3d|ate stages p7/2m+ p3/2m
Note that the symmetry potential is neglected in the present U(p1) +U(p2), wherep,, p, are the momenta of two
mean field. In addition, we have an average Coulomb forc€olliding nucleons. At higher energies, the influence of the
in the simulations. These effects influences the reaction dyPauli principle is small and the kinetic energy is large com-

namics at low energy whereas their effect at higher incidenpared to the Hartree-Fock potentidl In this case, thes
energies is small. matrix becomes identical to the transition matrix which de-

scribes the scattering between two free nucleons. The cross
section, thus derived, depends not only on the energy but
also on density of the surrounding nucleqasd hence on
The carefully initialized nuclei are displayed by a certainthe mediun). It gives us information about the in-medium

distance in coordinate space and boosted towards each oth@pendence of the nucleon-nucleon cross section. Ghe
on Coulomb trajectories. During the propagation, two nuclematrix cross section is labeled as “GMC.”

ons are supposed to suffer a collision if the distance between
their centroidgx,—Xg| is less thanjo/a. One also checks 3. A constant cross section

the availability of the final phase space with the so-called i , .
classical Pauli procedureln this procedure, a collision is = At low energies, there are several calculations which are

blocked if the phase space of the final state particles is af?@S€d on constant cross sections. Here, we also use isotropic
ready occupied. We here assume different forms of nucleor2Nd €nergy independent cross sections witas5, 40, and

nucleon cross sectiofjgr] to understand their influence on 20 Mb, respectively.

disappearance of flow or on the balance energy. In the fol-

lowing, we describe the different nucleon-nucleon cross sec- Il. RESULTS AND DISCUSSION
tions which will be used for analysis.

B. The nucleon-nucleon(NN) cross sections

We here simulate th&*Zn+2’Al for 500—2000 events at
1. Energy-dependent cross section [19] different impact parameters using the abovementioned five
; : c s nucleon-nucleon cross sections. We empl@y an in-
This energy-dependent cross section is a fit to the eXper,{r:wedium cross section based on Bruck@matrix, (i) an

mental cross section. This cross section is labeled as “Cug. . \
In this parametrization, the elastic and in-elastic cross Sec@nergy-depe@ent nucleon-nucleon. cross section f|ttgd by
tions are calculated as C_ugnon, a_nc[m) three constant and isotropic cross sections
with magnitudes =55, 40, and 20 mb, respectively. A hard
55 if \s<1.8993, equation of state is used in present analysis. Several recent
studies show that the effect of different equations of state on
. balance energy is smdllL,2,14. In the present study, we
if \s>1.8993, neglect the momentum dependence of the force which is
(15) shown to have a strong effect on disappearance of flow at
peripheral collision$7,10,17.
and There are several methods of defining the nuclear
(sidewards flow. Usually, the balance energy is extracted
0 if s<2.015, from (p,/A) plots, i.e., the in-plane transverse momentum as
. a function of the normalized rapidity§ i, /Ypean - BY @ lin-
o, na(mb)= 20(\s—2.0152 if \5=2.015 ear fit to the slope of these curves, one can define the so-
0.015+ (y/s—2.0152 R called reduced flowR). By plotting F as a function of the
(16 beam energy, one obtains the balance enéxgyas a point
where a linear fit of the energy dependenceFofasses
Here /s is the nucleon-nucleon center-of-mass energy. Fothrough zero. Thigp,/A) plot is similar to a function of the
the elastic channel, the angular distributiotho/dt]=aed! rapidity bins. One can have a rather more integrated quantity
with t=—2p%(1—cosé). In case of inelastic channel, we called the “directed transverse momenturtiié"™ which is
use an isotropic distribution. We shall also use a modifiedjefined ag10,16|
version of the energy-dependent cross section where we have

o'®(mb)= 35 20
1+100(\/s—1.8993

the same energy dependence but with an isotropic distribu- 1 N
tion. This comparison will give us a possibility to examine diny _ — S () 1pM 18
the role of angular distribution on flow. (P} N Z IMYemlPe. (18
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FIG. 1. The time evolution of averagd@®") as a function of Y, /Y
time. Here we simulaté*Zn+27Al for 500—2000 events at each o/ “beam
bombarding energya), (b), (c), and(d) are the simulations using FIG. 2. Averagedp,/A) as a function ofY ,/Ypeam Here
=55, 40 mb, Cugnon, and 20 mb, respectively. Note that differenkach part of the figure is a result at fixed incident energies. The
lines in different parts of the figure represent different incident en-arious curves in each part of the figure indicate the results with
ergies. different nucleon-nucleon cross sections. The solid line is for

Cugnon, long dashed line for GMC, dotted for 55 mb, short dashed

with p{ being the transverse momentum of ftie particle ~ line for 40 mb, and dash-dotted for 20 i), (b), (c), and(d) are
and Wherey(c'}n_ is the associated rapidity of thith particle. ?t |rI1C|dent energies of 60, 70, 100, and 120 MeV/nucleon, respec-
In transverse momentum, all rapidity bins are taken into ac- Y
count. Therefore, this provides one value as a measure of the
in-plane flow instead of a complicated function such as théespectively. One also notices that it takes more time at low
{px/A) plot. In several experiments, it was shown that theincident energies before the flow saturates. For example, the
balance energky, is nearly independent of the nature of the simulations with 55 mb at 40 MeV/nucleon take about
particle. The balance energy is nearly the same for nucleond 20 fm/c before they saturate whereas the same reaction at
light, and heavy fragments. Note that the fragments hav@00 MeV/nucleon yields the saturated flow as early as
larger flow compared to nucleons. Furthermore, the balancé0 fm/c.
energy is insensitive to the apparatus corrections and accep- In Fig. 2, we ploKp,/A) as a function o¥/¢ m /Ypeam We
tance and hence makes it possible to compare the unfiltereghow each plot at a fixed energy using five different nucleon-
results of the theory with experimental findings. nucleon cross sections. Tli@), (b), (c), and(d) parts of the

It has been shown in Refgl0,16 that(pﬂ") and(p,/A)  figure are at incident energy of 60, 70, 100, and 120 MeV/
are equivalent. We here discuss both these quantities for tHeucleon, respectively. Note th&p{") vanishes at 60, 70,
sake of completeness. In Fig. 1, we show the time evolutiod00, and 120 MeV/nucleon, respectively, for the reactions
of (pd" at different bombarding energies using nucleon-with =55, 40 mb, Cug, and 20 misee Fig. 1 The slope
nucleon cross sections taken from Cugnon, a constant cro§$(Px/A) with c=55 mb is almost zero at 60 MeV/nucleon
sectiono=55, 40, and 20 mb, respectively. Note that thewhereas all other cross sections yield a negative flow. In the
different curves in each part of the figure are at differentsame way, the slope @p,/A) vanishes at 70, 100, and 120
incident energies. Th&), (b), (c), and(d) parts of the Fig. 1 MeV/nucleon, respectively, for simulations witho
are, respectively, with cross sections of 55, 40 mb, Cugnon;-40 mb, Cug/GMC, and 20 mb. One also notices that the
and 20 mb. We see that the flow first becomes negative an@aximum flow is seen witlr=55 mb. This is followed by
finally it saturates either at ve or +ve values depending o=40 mb and Cug/GMC. Comparing Figs. 1 and 2, it is
on the bombarding energy. The negative flow at the start oflear that(p2") and the slope of p,/A) vanish at same
reaction signifies the attractive nuclear interactions at théncident energies. Thép2") is negative at incident energies
start. At low incident energies, due to the lack of availablewhere the(p,/A) plot yields a negative slope.
phase space, we have few nucleon-nucleon collisions and as The above analysis of transverse momentum is done for
a result, the nuclear interactions are still attractive. At highenucleons only. We here neglect the formation of fragments.
incident energies, however, one has frequent nucleort is relevant that the balance enerBy, is nearly indepen-
nucleon collisions and therefore, nuclear flow is repulsive atlent of the nature of particleg.e., it is about the same for
the end of the simulations. One also notices that a largenucleons and fragmentdn Fig. 3, we look for the effect of
cross section can have motallowed collisions and thus, angular distribution of the nucleon-nucleon cross section on
the flow becomes positive at lower incident energies com{p, /A) and the rapidity distribution. We here compare the
pared to that of smaller cross section. The flop{") be-  results obtained with standard Cugnon cross section and iso-
comes zero at 60, 70, 100, and 120 MeV/nucleon for simutropic Cugnon cross section. This gives us the possibility to
lations with =55, 40 mb, Cug/GMC, and 20 mb, examine the role of angular distribution in nucleonic flow
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FIG. 3. (pc/A) (right pary and rapidity distribution dN/dY) FIG. 4. The averagépy") as a function of incident energy. The

(left pary as a function ofY,,. Here we compare the results ob- results obtained withr=Cug, G matrix, 55, 40, and 20 mb are
tained with standard Cugnon and isotropic Cugnon cross section§hown, respectively, by circles, triangles, filled triangles, filled
The results of the standard Cugnon cross section and the isotropgluares, and diamonds. The experimental data is indicated by an
Cugnon cross section are represented by the solid and long dashasterisk. The upper, middle, and lower parts of the figure are at
lines. impact parametelp=1, 2.5, and 4 fm, respectively.

and rapidity distribution. Note that while performing the smajler as far as the vanishing of flow is concernEg,,
simulation with these two cross sections, we have the samgniained with =55 mb overestimates the experimental
energy dependence of the cross section but a different angy qatb=1 fm, whereas it explainEpy atb=4 fm nicely.
lar dependence. The different angular dependence does Nl at 2.5 fm can be explained nicely with a constant cross
influence the nucleonic flow and their associated rapidity disygction of 40 mb. In Fig. 5, we plot tHg,, as a function of
tribution. _ _ impact parameter. We see that a larger cross section (

In Fig. 4, we show the nucleonic flofize., the transverse _ g mb), though it explainsE,, at b=4 fm nicely

. di . . . 1] al 1]

nucleonic flow(p")) as a function of incident energf.  reachesk,, quite early at other impact parameters. The
Here we perform the simulations with a stiff equation of Cugnon parametrization explains the experimemg at b
state. The results shown with open circles, triangles, filled_ 1" fm put its slopewith an increase in the impact param-

triangles, filled squares, and open diamonds show the siMysiey increases more steeply compared to other cross sections
lations with nucleonic cross sections taken from Cugr@n,

matrix, a constantr=55, 40, and 20 mb, respectively. We

also show the experimental data of Iee al. [1]. We see _401 o0 Cug o
several points:(i) At b=1 fm, the standard energy- = a--a GMC g
dependent cross section or in-medi@matrix cross section 8 RO0 T o----055mb .
explains the experimentalE,, nicely. The energy- { 160+ v..-v 40 mb
dependentG-matrix cross section starts deviating from the = .
experimental data as we shift towards larger impact param- = 120 .
eters. Note that the experiment}, is 75+5, 79+5, and = o F
90+5 MeV/c, respectively, ab=1, 2.5, and 4 fm, whereas = 807

the simulations with CugnofG-matrix) cross section predict 0

Epay at 72 MeVk (74 MeVic), 102 MeVic (98 MeV/ 0 1 2 3 4 5
c), and 230 MeVE (180 MeVic), respectively, ab=1, b (fm)

2.5, and 4 fm. As the observed balance energybat
=4-5 fm is an estimation, we simulate the collisionsbat FIG. 5. The balance energyhere flow disappearss a func-

=4 fm (rather than at 4.5 fin We see that the balance tion of impact parameter. The balance energy obtained with the
energy obtained with in-medium cross section does not diffetross section due to Cugnof matrix, =55, and 40 mb are
much compared to the energy-dependent cross sectiomdicated by open circles, triangles, squares, and diamonds, respec-
Therefore, the effect of the in-medium cross section is rathetively. The experimental data is shown by asterisks.
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or experimental data. The in-medium cross sectiGivC) appreciable effect21]. Using the BUU model, different re-
does not alter the results at smaller impact parameters, #ults of the disappearance of flow for the same reactions are
affects the balance energy at larger impact parameters. Aso reported in Refg11] and[5]. One of the apparent dif-
b=4 fm, it reaches the zero flow quite early compared toferences is the initial boost of the nuclei and also the addi-
the energy-dependent cross section. Therefore, it shows thé@nal symmetry potential. Apart from different theoretical
the in-medium effects can be quite important at larger impactesults, a comparison of the experimental results of Refs.
parameters. The failure of the standard cross section to ré}2] and[1] also leads to different conclusions. While going
produce the balance energy at larger impact parameters h§m scaled impact parameterb,;,=0.28 to 0.56 in Ref.
also been reported in several other refererjdes,8,13. In  L12], there is an increase in the balance energy by about 27
Ref. [8], the QMD simulations(for the Ca-Ca systeymex- MeV, whereas for aswmlar increase in the impact parameter,
plain theE,, at smaller impact parameters whereas it over-He et E.il‘ [1] reports an increase of about 11 MeV: Therefore,
estimates the results at larger impact parameters. Similar r@_detaned analysis of the disappearance of flow is needed for

sults are also reported for the collision 8fzn+27Al [1]. 2 clearer picture. . 7

This failure of the standard cross section to reproduce the Summarizing, we have S|mu|a_te?j‘Zn+ Al a_t s_everal
experimental balance energy at large impact parameter'g]pact parameters gnd over a wide range of incident ener-
could be resolved if one takes the momentum dependence fes. We. have studied the balance ?”e@*"‘?re nuclear
nuclear force into accourftl2]. In our case, we have an ow vanishes The nuclear flow studied within the QMD

additional repulsion due to the large nucleon-nucleon cros@Ode! gives a vv_eII-_known beh_awor, l.e., the nuclea_r flow 1S
section. Both the momentum-dependent interaction and |arg%egat|v_e at low |nC|den_t energies and dec_reases with the in-
ease in the bombarding energy and vanishes at same bom-

cross section leads to the same effect, i.e., both produce m(()lﬁé di With further i in the bombardi
repulsion. In the case of multifragmentation, both are foun arding energy. With further increase In the bombarding en-

to give more fragmentgl7,18. From the above findings, it €9 the ngcleomc flow Increases. The balance energy is
is clear that there is no unique cross section which can eduite sensitive towards different forms of nucleon-nucleon

plain the experimentally observed balance energy as a funé 955 sections. We a_lso notice thaf[ the stand_ard_energy-
tion of the impact parameter. One needs extra repulsion t ependen'(and. in-medium cross sections result in similar :
explain the experimental data at larger cross sections. Simil lance energies and explain the experimental data at semi-

conclusions and trends can be found in Réi. where the central collisions, vyhergas a larger valge of the r)u'cleon—
BUU model was used to simulate t4zn+27Al reaction. nuclepn cross section is needed at peripheral collisions to
There, one needs a cross section of about 45 mb to explaﬁ?(pla'n the data.

the data ab=4.5 fm. We need a larger cross sectiegn55
mb) compared to Ref.1]. One should keep in mind that the
transverse flow is a very sensitive quantity and different This work was supported in part by Council of Scientific
implementations and procedures used in the model can hawnd Industrial Research Grant No.(0823/97/EMR-II-.
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