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Mass dependence of disappearance of transverse in-plane flow
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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 sections=35-40 mb is able to explain all the measured balance energies. A
power law(«A") 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 generated a renewed interest in the figld]. Interestingly,

The heavy-ion collisions at intermediate energies providdnost of the reported reactions are symmetric in nature. It
a rich physical insight into the reaction dynamics. One haghould be kept in mind that the reaction dynamics depends
measured(and/or predicted several new phenomena that also upon the asymmetry of the reactids]. All the above
may shed light on the nature of hot and dense nuclear mattéfentioned measurements were for the central collisions only.
formed during a collision. In addition, one also hopes toSome measuremen§,8,10-13, however, also took the im-
understand the nature of nuclear interactions in medium. Theact parameter dependence into account. As noted in Ref.
prediction of collective transverse in-plane flow by the hy-[12], Ey, for heavier nuclei shows little dependence on the
drodynamical model was a very important step towards unimpact parameter whereas a large variation inEpgcan be
derstanding the excited nuclear mat{dl. The collective seen for the lighter colliding nuclef6,12. The possible
transverse in-plane flow was found to be very sensitive tocause could be the fact that the disappearance of in-plane
wards the different signals of excited nuclear matter. Aparflow for heavier nuclei occurs at a much lower incident en-
from the transverse in-plane flow, one has also proposedrgy compared to lighter nucl¢e.g., the measuref,,, for
e.g., differential flow[2] and elliptic flow[3]. All these quan-  **’Au+'%/Au is 42+3+1 MeVhucleon[16] whereas it is
tities are assumed to be sensitive towafdsclear matter  111+10 MeV/nucleon fofNe+2’Al [5]). In the (nea) ab-
equation of state and/or nucleon-nuclgom) cross section, sence ofnn collisions at low incident energies, there should
which isthe ultimate goal of the intermediate energy heavy-be a little dependence on the impact paramgiéf. Some
ion collisions One should, however, keep in mind that reac-attempts also exist in the literature where enhancement in the
tion dynamics depends also on the incident energy as well dsy, With neutron content was found experimentally and/or
on the impact parameter of the reaction. At low incidenttheoretically[13,20,21.
energies, dynamics is governed by the attractive mean field The above findings reveal the measurements of balance
whereas repulsive interactions decide the fate of a reaction &nergy in more than 15 systems ranging from very light to
higher incident energies. Naturally, the effectofcollisions  heavy nuclei. As a result, a power law behavieA”) has
decreases with the decrease in incident energy. The domiso been reported fdE,, [5,12,16,1T. Earlier power law
nance of the attractive mean figldt low incident energigs parameterr was supposed to be close to —1(@sulting
may prompt the emission of particles into backward hemifrom the interplay between the attractive mean field and re-
sphere whereas ifn scatterings dominate, the particle emis- pulsive nn collisiong [5] whereas recent measurements sug-
sion is likely to be in the forward hemisphere. Therefore,gest a deviation from the above mentioned power law
while going from the low incident energy to higher energy,[12,16.
attractive interactions may be balanced by the repulsive in- Various theoretical attempts have been made to under-
teractions, resulting in the net zero flgie., the disappear- stand the vanishing of nuclear transverse in-plane flow. Most
ance of flow. The energy at which flow disappears is termedof these are, however, using the Boltzmann-Uehling-
as balance energy]. Uhlenbeck(BUU) model [2-5,8,10,12-14,16,21-P6Some

During the last few years, extensive efforts have beerattempts are also reported in the literature where quantum
made to measure and understand the disappearance of flemolecular dynamicsQMD) model was used6,20,27-31
[5-17. One has measured the balance endfgy in °C Different theoretical attempts considered either a stiff or soft
+12C [5], “Ne+27Al [5], %6Ar+27Al [7,17), “°Ar+27Al [8],  equation of state along with a variety oh cross sections.
40Ar+45Sc [5,6,13, “CAr+5 [9], ®zn+27Al [10], “°Ar Interestingly, out of all these studies, only a couple of at-
+98Ni [11], %4Zn+%8Ti [17], 58Ni+58Ni [11-13, ®Fe+°%Fe  tempts exist where mass dependence of disappearance of
[13], 54Zn+8Ni [17], %8Kr+%Nb [5,12, **Nb+%Nb [14], flow was discusse{b,12,16,17,26,30,31A careful analysis
129e+1183n [11], *La+1%%La [14], and ¥*7Au+'®7Au  shows that in Refg5,26] a total mass<200 was considered
[12,15,16 systems. The very recent and accurate measurdoer the power law studies whereas in Ref80,31 only
ment of the balance enerdsy, in °’Au+1°7Au [12,16 has  heavier masses 175 were analyzed. Theig,, for heavier
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nuclei was found to scale approximately asyA/[30,3]] sla e = % (O X i 2H2m

whereas lighter and medium mass nuclei follaw'3 depen- Pa(X1,t) = I B gPaa™alg Pl eM, (1)
dence[5,26]. Reference$12,1q included for the first time a

larger mass range 63/47A<394. However, even in these Thus, the wave function has two time dependent parameters

studies, only six systems were taken into acco(Mote that  x andp,. The totaln-body wave function is assumed to be
power law fit was made for those systems which were reg direct product of coherent states:

corded in the 4 NSCL experiment. The data from the

GANIL experiments, however, were not taken into account = Po(X1, X P ) (X2, X, Pst) .. (2)
for fitting.)
The present aim is at least twofold. where antisymmetrization is neglected. One should, how-

(i) If one looks in the literature, one finds a lot of contro- ever, keep in mind that the Pauli principle, which is very
versial findings with regard to the balance energy. One haknportant at low incident energies, has been taken into ac-
often taken one reaction and tried to conclude about th€ount. The initial values of the parameters are chosen in a
nucleon-nucleon cross section. The conclusions, unfortuway that the ensembl@+Ap) nucleons give a proper den-
nately, vary from author to author. For example, R@&]  sity distribution as well as a proper momentum distribution
reported a need of 41 mb cross section to explain the balane# the projectile and target nuclei. The time evolution of the
energy in Ar+Al system ab=3 fm. Interestingly, there soft system is calculated using the generalized variational prin-
and hard equations of state gave the same balance energiple. We start out from the action
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. Zheagal. [3] have shown that a
soft equation of state with reduced cross section and a hangiith the Lagrange functional
equation of state with normal cross section give the same
balance energy for Ca-Ca reaction. On the other hand, bal- . d
ance energy was found to be sensitive to both hard and soft L= (¢‘ 'ﬁd_t -H ‘ ‘75)’ (4)
equations of state for Nb+Nb reacti¢®]. The point to note
here is that hard equation of state gives larger balance energyhere the total time derivative includes the derivatives with
compared to soft equation of state. Zhetal. [26] have  respect to the parameters. The time evolution is obtained by
shown that the hard and soft equations of state give samge requirement that the action is stationary under the al-
results over a wide range of masses. Contrary to these findewed variation of the wave function:
ings, Ref.[10] reported that a hard equation of state gives

t2 .
s= [ ct.4'10r ®
ty

smaller balance energy in Zn+Al reactions compared to soft _ t _—
equation of state. From these examples, it is clear that a 05=46 . L[, ¢ 1dt=0. (5)
uniform study with one particular set of model parameters is 1

missing. One would like to know whether it is possible 10 | the trye solution of the Schrédinger equation is contained
explain the balance energy over the whole range of masses the restricted set of wave functio, (X, , X, p,), this

with one set of parameter or not. This is important for eX-yariation of the action gives the exact solution of the

tracting the magnitude of nucleon-nucleon cross section. Iiyep, 4 dinger equation. If the parameter space is too restricted,
addition, one is also interested in investigating whether the, . ohtain that wave function in the restricted parameter

same power law behavior can be extracted for the wholgy,ce \which comes close to the solution of the Schradinger

mass range or not. equation. Performing the variation with the test wave func-

_ (i) We also aim to pin down the relative role of the meanyjo, (o) we obtain for each parametkran Euler-Lagrange
field potential and nucleon-nucleon cross section in the dis

appearance of flow. It is argued that due to the counterbalt—aquatlon

ancing of attractive and repulsive forces, the net transverse doL ar

in-plane flow disappears. ———-—=0. (6)
The present study is carried out within the framework of dtyn A

the QMD model[18—-20,27-3#t The details of the model are o

given in Sec. II. The results and discussion are presented ior €ach coherent state and a Hamiltonian of the fétm

Sec. Il and we summarize our results in Sec. IV. =3,[T,+53,4V,l, the Lagrangian and the Euler-Lagrange
function can be easily calculat¢d3]:

3
Il. THE MODEL =% .p.-S(v y-— 7
2 ko Pam 2 Vo) =5 (7)

We describe the time evolution of a heavy-ion reaction
within the framework of QMD mode]18—-20,27-3% which
is based on a molecular dynamics picture. Here each nucleon X = Pa +V, D (V.5 (8)
. @ P apls
is represented by a coherent state of the form m 8
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pa=-V, D (Vo) (9) colli_sions below 100 MeV/nucIepn happen witin cross
“5 section of 55 mb strength. Keeping the present energy do-
main in mind, the choice of a constant cross section is justi-
Thus, the variational approach has reduced thbody fied. It has also been shown by Zheegal. [3] that a stiff
Schrondinger equation to a set af @ifferent equations for  equation of state with freen cross section and a soft equa-
the parameters which can be solved numerically. If one intjon of state with reduced cross section yield nearly the same
spects the formalism Carefu”y, one finds that the interactior}esuns_ For Comparison' we shall also use an energy depen_
potential which is actually the Brucknés matrix can be dent cross section as fitted by Cugri@3] (labeled as Cuyg
divided into two parts(i) a real part andii) an imaginary  as well as a medium dependent cross section derived Gom
part. The real part of the potential acts like a potentialmatrix [33] (denoted by GMG As shown by Liet al. [21],
whereas the imaginary part is proportional to the cross seghe isospin degree of freedom in nucleon-nucleon cross sec-

tion. ) . . ) tion is not important for central collisions as in the present
In the present model, interaction potential comprises thease. The role of isospin dependent cross section is, however,
following terms: significant once one shifts to peripheral collisions.
Ve = Vioe * Vioe * Veout Vyu (10)

) i IIl. RESULTS AND DISCUSSION
Voc IS the Skyrme force whereds.,, and Vy, define, re-

spectively, the Coulomb and Yukawa terms. The expectation Using a stiff equation of state along with differenh
values of these potentials are calculated as 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
2 (2)
Vioe = f falParl TPl g OVIT(r i ) time varies between 150 fra/(for lighter colliding nuclei
such as®®™Ne+2’Al) and 300 fm¢ (for heavier colliding nu-
clei such ag®Au+°"Au). In particular, for the present mass
dependent analysis, we simulated the reactions®%fe
27 — 36 27 - 40 27
3 _ +<Al (b/bpa=0.4), °Ar+ <Al (b=2.5 fm), ““Ar+<’Al (b
Vloc_ffa(paarart)fﬁ’(pﬁarﬁvt)f'y(p‘yrryrt) =1.6 fm), “Ar+4Sc (b/b,.,=0.4, “Ar+5V (b/b, .,
=0.3, PAr+5Ni (b=0-3 fm), %Zn+*8Ti (b=2 fm), 5Ni
+98Ni  (b/byay=0.28, %Zn+%8Ni (b=2 fm), ®Kr+2Nb
(120 (b/byay=0.4, ®Nb+9"Nb (b/bya=0.39, 2Xe+"¥Sn (b
=0-3 fm), ¥La+3%a (b/b,=0.9, and P*’Au+1%Au
(b=2.5 fm). 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-

x d¥ % o, d¥pg, (11

XV o1 .1 )r, & g dr, b, P o,

wheref (p,.r..t) is the Wigner density which corresponds
to the wave functiongEqg. (2)]. If we deal with the local
Skyrme force only, we get

AR [ o ~ B ~ \C tion [5-17. In experiments, one often takes scaled impact
ySkyme= 3 [—2 (@ﬁ) — (&@> } parameters. The corresponding theoretical attempts also used
a=1 | 2521\ Po C+1lg2a\ po the scaled impact parameter. The above reactions were simu-

(13) lated at incident energies between 30 MeV/nucleon and
150 MeV/nucleon depending upon the mass of the system.

Here A, B, andC are the Skyrme parameters which are Naturally, a lower energy range was used for heavy nuclei
defined according to the ground state properties of a nucleugshereas a higher beam energy was needed for lighter cases.
Different values ofC lead to different equations of state. A The reactions were simulated at different fixed incident en-
larger value ofC(=380 MeV) is often dubbed as stiff equa- ergies and a straight line interpolation was used to find the
tion of state. balance energ¥y,.

A number of attempts exist in the literature which study There are several methods used in the literature to define
the nature of equation of state. Following Refs.the nuclear transverse in-plane flow. In most of the studies,
[2-4,6,8,10,22,24,26-31we shall also employ a stiff equa- balance energy is extracted frofp,/A) plots where one
tion of state throughout the present analysis. It should also bglots (p,/A) as a function of; 1,/ Ypeam Using a linear fit to
noted that the success rate is nearly the same for stiff and safie slope, one can define the so-called reduced floiNatu-
equations of state. Further, it has been shown in Refsgjly, the energy at which reduced flow passes through zero
[8,10,22,24,2pthat the difference betweds,, using a stiff  js called the balance energy. Alternatively, one can also use a
and soft equation of state is insignificant for central heavymore integrated quantity “directed transverse in-plane flow

ion collisions. o (pdny” which is defined ag28-34
The imaginary part of the potential, i.e., tha cross sec-

tion, has been a point of controversy. A large number dn 1 . .
of calculations exist where a constant and isotropic cross {p") = K; sgriY(D)}px(),
section has been used. Following Refs.

[8,10,22,24,29-31,35,36we also use a constant energy in- whereY(i) and p,(i) are the rapidity distribution and trans-
dependent cross section. As shown by[25], most of the verse momentum of théh particle. In this definition, all

(14)
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FIG. 1. The averageth,/A) as a function ofY. 1,/ Ypeam Here ] ] dir ) )
we display the results at different incident energies using a stiff /G- 2. The time evolution ofp,") as a function of time. Here
equation of state along witlr=40 mb. The reactions of°Ne again results are for stiff equation of state along with40 mb.
+29A1 and “CAr+45Sc are at 150 fmd whereas those of“Zn
+58Ni, Nb+%Nb, ¥%La+®%a and Au+®’Au are at
300 fm/c.

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

A look at Fig. 2, whergp{") (instead of(p,/A)) is plot-
o ) ted, depicts quite similar trends. Hef!") is displayed as a
rapidity bins are taken into account. It, therefore, presents af,ction of reaction time. Thép)c(iir> is always negative dur-
easier way Of. measuring the in-plane ﬂ_OW rather tha_n Com|'ng initial phase of the reaction irrespective of the incident
plicated functions such ag,/A) plots. It is worth mention-  gnergy This shows that the interactions among nuclei are
ing that the balance energy is independent of the nature Qftiractive during initial phase of the reaction. These interac-
the emitted particlg5]. Further, the apparatus corrections tions remain either attractive throughout the time evolution
and acceptance do not play any role in calculating the energy, may turn repulsive depending on the incident energy. The

of vanishing flow[5,9]. . transverse in-plane flow in lighter colliding nuclei saturates
In Fig. 1, we display the final state transverse momentunpaylier compared to heavy colliding nuclei. One also sees a
(px/A) as a function of rapidity, which is defined as sharp transition from negative to positive flow in lighter nu-
clei. This transition is gradual when one analyzes the heavier
1 EG)+pyi) n_uclei. If one compares Figs. 1 a_nd 2, one finds that the
Y(i)==1In—; —, (15 disappearance of flowwhere flow is zerp occurs at the
2 E()-pA) same incident energies in both cases showing the equiva-

lence betweerip,/A) and(pﬂ”} as far as balance energy is
whereE(i) and p,(i) are, respectively, the total energy and concerned. The latter quantity is more useful since it is more
longitudinal momentum of théh particle. The upper parts stable than the former one. These findings are in agreement
are for *Ne+?’Al (at 150 fmk) and “°Ar+4°Sc (at  with Refs.[28,29.
150 fm/c), whereas the bottom parts are fdfLa+1%%a (at It has been advocated by several authors that the study of
300 fmk) and**’Au+1°"Au (at 300 fmk). The middle parts disappearance of flow can shed light on the magnitudenof
are for %4Zn+%Ni (at 300 fmk) and ®Nb+%Nb (at  cross sectiorf3,5,8,10,12,13,16,22,24-26,2833To check
300 fm/c). In all the cases, the slope is negative at lowerthis point with reference to mass dependence, we show in
incident energies which changes to positive value at highefig. 3, the final stagépﬂ”) as a function of incident energy.
incident energies. Between these limits, the slope becomeéghe left top, middle, and bottom panels are flNe+27Al,
almost zero at a particular energy. This zero slope energy i¥Zn+%Ni, and *%La+%%a, respectively, whereas top,
termed as balance energy. One also notices that a highetiddle, and bottom panels on the right-hand side display the
incident energy is needed in lighter cases to balance the atesults of, respectively’°Ar+43Sc, %Nb+%Nb, and *’Au
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the range of E,, for the same cross sections was
47-83 MeV/nucleon fof*Nb+23Nb reaction. If one goes to
still heavier nuclei,'%’Au+197Au, the range oE,, narrows
down to 38—59 MeV/nucleon. In other words, a reduction in
the cross section by 64% vyields a change of
155 MeV/nucleon in the case of%Ne+2’Al reaction,
whereas it is only 21 MeV/nucleon for the case ‘8fAu
+197Au. Similarly looking at the curves af=55 and 40 mb,

a reduction in the cross section by 27% vyields a difference of
30 MeV/nucleon in thé,,, for 2°Ne+2’Al reaction whereas
nearly 4 MeV/nucleon difference exists for the case of
¥7Au+197Au reaction. This result, which is in agreement
with the findings of Refs[12,13, depicts that for heavier
colliding nuclei,E,, is independent of the cross section one
is choosing. Further, the standard energy dependentoss
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,B6This will be discussed further

in detall in the following paragraphs.

<p.™"> (MeV/c)

30 o Lar™La e AU A It has been argued in Reff28,37 that the flow at any
20 40 60 80 10030 45 60 75 90 point during the reaction can be divided into the parts emerg-
Energy (MeV/nucleon) ing from the(attractivg mean field potential an¢repulsive

nn collision contributions. Following Refi28], we decom-
FIG. 3. (pU") as a function of incident energy. The results for posed the transverse momentum into the contributions cre-

different cross sections of 55, 40, and GMC are represented, respeated by the mean field and two-bodny collisions. This ex-
tively, by the solid circles, open squares, and solid inverted triangledraction, which is made from the simulations of the QMD
whereas for Cug and 20 mb results are represented by solid dignodel, is done as following28]: Here at each time step
monds and solid triangles. A stiff equation of state has been usedluring the collision, momentum transferred by the mean field
All lines are to guide the eyes. and two-body collision is analyzed separately. Naturally, we

get two values at each time step which can be followed
+19Au. The experimental data are displayed by starshroughout the reaction. The total transverse momentum can
whereas our present results witt+55, 40, and 20 mb are be obtained by adding both these contributions.
shown, respectively, by solid circles, open squares, and solid In Fig. 4, we display the final sta(epf") decomposed into
triangles. The(pg”) obtained with energy dependent crosstwo parts, i.e., into the mean field and two-body collision
section due to Cugnodabeled as Cugand the one that parts as a function of the incident energies for different col-
takes the medium into accourte., the G matrix) are liding systems as reported in Fig. 3. Again a linear enhance-
marked by solid diamonds and inverted triangles, respecment in the flow with incident energy can be seen. Further,
tively. First of all, we see that the medium effectsimcross  the contribution of the mean field remains attractive through-
section do not play any role at these low incident energiesout the energy range whereas collision contribution is always
The results obtained with the Cugnon energy dependertepulsive. The balancing of both these contributions results
cross section an@G-matrix medium dependent cross sectionin net zero flow. One should, however, keep in mind that the
are roughly the same for heavier colliding nuclei. Some vis-contribution of the mean field potential may even turn repul-
ible differences, however, can be seen in the case of lighsive at higher incident energi¢37].
colliding nuclei where incident energy is relatively high. Fur-  In Fig. 5, we display the energy of vanishing fld#,,)
ther, energy dependent cross section due to Cugnon andaa a function of combined mass of the system that ranges
constant cross section of 20 mb strength give quite closérom ?®Ne+27Al to %/Au+1%7Au. In our earlier communica-
results, which is in agreement with the finding of Rg¥5].  tion [31], a prediction ofE,,, for 238 +238 was also made.
One also sees a linear enhancement in the nuclear flow witApart from the experimental data, we also show our results
increase in the incident energy. Further, the role of differenfor =35 and 40 mb. All curves are a fit of the forof\”
cross sections is consistent throughout the present massingy? minimization procedure. The experimental data can
range. The largest cross section gives more positive flovbe fitted by 7.,,=-0.42+0.05 whereas our present results
which is followed by the second largest cross section. Interwith =40 mb hast,;=-0.42+0.08. The results witlr
estingly, these effects depend on the mass of the system. #35 mb yieldr35=-0.43+0.09. Exclusively, one can extract
one looks at the reaction éfNe+27Al, one sees that thE,,  the following.
increases from 89 MeV/nucleon to 244 MeV/nucleon when (1) The present value of,, differs from the earlier re-
nn cross sections are reduced from 55 mb to 20 mb, wheregsorted results (7ex,=-1/3 for A<200 [5] and 7e,=
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30f o o5 } oo }e0 -1/3 whereas BUU model yielded -0.28r,<-0.32. In
15l N 11 c=40mb [, another study16], the 7,,,; was —0.46+0.06 whereas BUU
O_T‘_’___[E’X_Eafo_ns________ . model hasz,=-0.41+0.03. In other words, the present
- | o [ QMD model with a stiff equation of state along witi
A5 P e T1 11 =35-40 mb can explain the data much better than any other
-301 " 1 1 M 1-30 theoretical calculations. In addition, our present analysis has
45 , Ne+ Al : A+ Sl .. much wider mass spectrum than any early attempt. Some
— 80 % 120 150 30 € 90 120 visible deviations in the middle order are also reported by
L f oo T To—oo—oT0 130 other authorg25]. o=40 mb explainE,, in heavier nuclei
% 15} o—o° 115 whereaso=35 mb reproduces middle order nicely. Some
= oleooo-s e oo N SRR [ fluctuations are also due to the asymmetry of the colliding
\/\/ sl e 5 nuclei that will not follow the power law of symmetric nuclei
5 ——" at the first place. N _
™ %01 stz il T 93Nb+93Nb"-30 (3) From the figure, it is qlso evident that a true cross
V45 ————t——t ' ' —L-45 section for this energy domain should be between 35 and
20 4°= &0 : & :OO 12040 ,60 . 8 . 10 40 mb. This conclusion is very important since a wide range
S D i | o T® of masses was used for the present analysis. Our conclusion
151 L oreoT 115 about the strength afin cross section is in agreement with
oloaon S L ] Lo large number of earlier calculations on disappearance of flow
5] [ ] e e s and other phenomena in heavy-ion collisions
[8,10,22,24—26,29-31,35B6As noted in Ref.[26], this
07 19 a4l 1 CITPRCI value ofnn cross section is still much smaller than the actual
-45 y y y y ! 45 averaged fre@n cross section, which is about 60 rf8]. In

20 40 60 8 10030 45 60 75 90 - ; :
case of fragmentation, a larger cross sectiomrab5 mb is

Energy (MeV/nucleon) also suggestefB5].
. We have also tried to fit the balance energy in terms of
FIG. 4. The decomposition ofp§") into collision and mean gther parameters such as the charge of colliding nuclei. This
field parts as a function of incident beam energy. Here results argttempt is shown in Fig. 6 whei,,, is plotted as a function
displayed foro=40 mb. Stars are the experimental balance energynf the total atomic number of the system. In the upper part,

~0.46+0.06[16] for A<400 mass Note that in earlier at- we display the full range of systems whereas in the lower

tempts[12,16, the data of NSCL alone were used to fit the part, only heavier nuclei are taken into picture. A power law
power law. «Z" fits the data nicely. Now 7 is -0.47+0.05

(2) The present theoretical valug,=—-0.42+0.08 is the (-0.46+0.09 for experimental data(theoretical resuljs

closest one obtained so far. In earlier repdBk 7y Was which is larger compared to mass power law
[7=-0.42+0.0%-0.42+0.08] for experiment datétheoreti-

200 —— NI = cal results. This difference in the slopes stems from a dif-
O cenee- O 40mb ferent charge to mass ratio in lighter and heavy nuclei. Inter-
Ne+Al * —— % Expt. Data estingly, the value ofr for heavier nucleisee Fig. )] is
= A ZneAl -0.59+0.06(-0.58+0.1). This result, which is in agree-
S . NN . ment with Ref.[16], shows the dominance of the Coulomb
ST Zn+Ti XA T  interactions in heavier colliding nuclei. It would be of further
< ol wa, interest to investigate whether the flow due to the collision
r+ . .
> 701 . N 1 and mean field part@t the palance_z en_erggxhlblt any mass
= g0l AN o 1 dependence or not. We display, in Fig. 7, the flg§f") at
5 s balance energy due to collisignppe) and mean field parts
w501 = AutAu 1 (lower). Interestingly, we do not see any clear mass depen-
40 ) s =-0:48:0.09 Xe+Sn - dence. Rather very weak dependeeith 7=-0.09+0.08
40 j:g-j;’—:g-gg exists on the system size. This is in agreement with 331,
30 . : : : : where a similar conclusion was drawn.
40 50 60 70 8090100 200 300 400 500
System Mass (A) IV. SUMMARY

FIG. 5. Balance energy as a function of combined mass of the e have studied the mass dependence of the disappear-

system. The experimental points along with error bars are displaye@nce Of flow in a large number of colliding nuclei using
by solid stars whereas our theoretical calculationsderds and ~ QMD model. A large number of reactions with masses be-
40 mb are shown by open triangles and squares. The lines are tfi¢een 47 and 476 were studied where experimental balance
power law=cA". The solid, dashed, and dash-dotted lines represergnergy is available. Our findings suggest a weak dependence
the power law fit for experimental points, with=40 and 35 mb, of different cross sections for heavier colliding nuclei in
respectively. agreement with Ref12]. Our calculations with a stiff equa-
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40 4———————— 200 ' + +—t
dir O ----- O 40mb
T <p. > lisions T * —— % Expt. Datd
Ne+Al Ar+Sc Kr+Nb X collisions Ne+Al
30T o ArsV 1) Nb+Nb Latla T ArSc Zn+Al
O ~Nishi O 0] 100 + Ni+Ni R
"%AHAP\ T 90 1 ZneTi xZ 1
o004 o ZnsNi 1 gg T KreNb 1
©preAl Xe+8n OAu+Au T “ - Nb+Nb/ B
| 1 60 1 Ar+Al Ar+VT 0 Ty La+la [
Zn+Al Zn+Ti AI E\ 50 + Ar+Ni Zn+Ni Au+Au +
_— o<
o 10r At T S 40t T, =-046:009 s
i 4 - =-0.47%0.05 a
%_) T =-0.09£0.08 g 30 expt ; : : | @
== W L c 20 40 60 80 100 200
‘/‘\’ dir S 80 ' }
5 1 <px  mean field| @ 70 4 L
o104+ + =3
\" 3 60 + L
* * L
201 g, + 50 + A
1 ’.7./:_—"\—__ | 40 }
304+ ® @ * . T+
<A 1, =°0.58£0.11
Ty = 0-59£0.08 (b)
-40 +—+——+—+—+——+—+—+——+—+—+——+— 30 ———
0 50 100 150 200 250 300 350 400 450 70 80 90 100 200

Charge No. (Z)

N dir _ FIG. 6. (a) Balance energy as a function of atomic number Z.
FIG. 7. The decomposition of thgn,") at balance energy into  Here we display the experimental results along with our calcula-
collision and mean field parts. The results are obtained using a stifions for =40 mb. The fits are obtained witf? minimization for
equation of state along witbr=40 mb. power law functioncZ’. (b) Same aga), but for heavier nuclei.

System Mass (A)

tion of state are in good agreement with experimental data.
We could also reproduce the slope of the power (au")

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 This work was supported by the grai@rant No. SP/S2/
attractive whereas it is repulsive for collision part. The bal-K-21/96) from Department of Science and Technology, Gov-
ancing of these two parts results in the disappearance of florernment of India.
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