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Nuclear dynamics at the balance energy
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We study the mass dependence of various quantiflesthe average and maximum density, collision rate,
participant-spectator matter, and temperature, as well as time zones for higher)dansitpulating different
reactions at the energy of vanishing flow. This study is carried out within the framework of the quantum
molecular dynamics model. Our findings clearly indicate the existence of a power law in all the above
guantities calculated at the balance energy. A significant mass dependence exists for the temperature reached in
the central sphere. All other quantities at the balance energy are either rather insensitive or depend weakly on
the system size. The time zone for the higher density as well as the time of maximal density and collision rate
follow a power law inverse to the energy of vanishing flow. The participant matter at the balance energy shows
a remarkable lack of mass dependence that makes it a good candidate for studying the balance energy.
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[. INTRODUCTION the above studies were extended to other heavy-ion phenom-
ena at the balance energy. Referenfdds15,18,20,2]Lgive
It is now well established that interactions at low incidentsome information about the nature of the other variables at
energies are dominated by the attractive part of the nucleape balance energy.
mean field causing the emission of particles in the backward Qur present aim is at least twofold) To present a com-
angles. These interactions, however, become repulsive fjete analysis of the nuclear dynamics at the balance energy
higher incident energies, pushing the particles into the forby analyzing more than léhearly symmetrig reactions as
ward (positive) angles. While going from low incident ener- reported in Refs[23,24 and (i) to look for the other ob-

gies to higher incident energies, there happens a particully apjes and nonobservables that can be used as alternatives
energy at which the net in-plane transverse flow disappear,

: ) study the energy of vanishing flow. It has been suggested

[1]. This energ)(termed. t.he balance energyEy, has begn %hat the attractive and repulsive forces do counterbalance
reported to be of significance toward the understanding o o .

each other at the balance energy; it is, therefore, highly de-

nuclear interactions and related dynami2s24]. . ; . 2
Recently,E,,; Was measured fo{97ArL[+197§u collisions sirable to investigate the effect of such counterbalancing in
' bal different (nonjobservables.

4,5], extending the mass range Bf, between 24 and 394 ; ; o
(4. g ge Ba This study is made within the framework of the quantum

units. In addition to**’Au+°"Au collisions, E,, has also _ - e o
been measured if?C+12C [7], 2Ne+2"Al [7], Ar+27Al molecular dynamics model, which is described in detail in

(9,12, 40p 14277 (8], 40Ar + 495 [5,7,13, 40p - Sly/ [10], several previous stud|6{39—2q - -
847n+27A1 [11], “°Ar+58Ni [6], ®Zn+*8Ti [12], %8Ni+*®Ni Our results along with the discussion are presented in Sec.
[5,6,13, %8Fe+°8Fe [13], ®Zn+%8Ni [12], 8Kr+*Nb [5,7], Il. We summarize the results in Sec. Ill.

BNb+%Nb [3], ke +118sn [6], and*%La+%a [3] colli-

sions. One notices that most of the above reactions are sym-

metric and central in nature. Some attempts are also reported Il. RESULTS AND DISCUSSION
in the literature that deal with the impact parameter depen-
dence of the balance energy, [5,6,8,11,13,17,20,31 As stated in Ref[23], a hard equation of state along with

Interestingly enough, most of the theoretical attempts ahn energy independeN cross section of 40 mb strength

Uhlenbeck mode[1,3-5,7,8,11,13,15-18Some attempts, |aw (cA") over the experimental points yields=

however, have also been made within the framework of the.q 4510 046, whereas our theoretical calculations witiha
ﬂlu?nttl;]mt moleculalrl tﬂynam't(t:SQMtD) mlodeL [13é19|_2‘.}t'h th cross section of 40 mb strength gaxe—-0.42+0.08723]. It
m(;ses a d’eargr?ggnie eosfe atheempji,sgn ye?irznwceeao\:‘vl ﬂo‘Tas worth mentioning that this is the closest agreement ob-
P ppea g Wained so far by any theoretical attempt. For the present mass
[4,5,7,18,22-2H There, a power law behavierA") in By dependent analysis, we simulated the reactions®’ble

has been reported. For the first time, a complete study of theé ;7 _ 36 27 _ 20 27
mass dependence of balance energy was presented by -'_L_JSAI (07Drng,=0.4), Ar+=Al (b=2.5 fm), “Ar+=Al (b

where as many as 16 systems with masses between 47 ajd-8 Lr;l),'4°Ar+4SSc(b/bn%iX=O.?), "‘OAr+51V (b/lg?;af 253).’
476 were analyzed22—24. Excellent agreement between ~Ar+>Ni (b=0-3 fm), *Zn+*Ti (b=2 fm), **Ni+°Ni
experimental measurements and our theoretical calculatiod®/bma=0.28, *Zn+>Ni (b=2 fm), %°Kr+°Nb (b/bpax
allowed us to predict the balance energy?ifU+23%U colli-  =0.4), *Nb+%Nb, (b/b,,=0.3 ***Xe+"¥Sn (b=0-3 fm),
sions around 37-39 MeV/nucled@?]. Note that none of *%a+%a (b/b,,=0.3), and*Au+1%Au (b=2.5 fm) at
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their corresponding theoretical balance energiesjch are, 2.0 e ————t ae - P
respectively, 119, 74, 67.3, 89.4, 67.8, 64.6, 59.3, 62.6, 56.6, T 70 L SN (E.,:= s7AMev) |
69.2, 57, 49, 51.6, and 43 MeV/nucleon. The choice of the
impact parameters is guided by the experimental measure-
ments. The reactions were followed until the nuclear in-plane
transverse flow saturated. As noted above, the balance energy
is smaller in heavier colliding nuclei, compared to the lighter
ones. As a result, one would expect early saturation in the
lighter colliding nuclei compared to the heavy ones. Al-
though the transverse flow saturates much earlier in lighter

<pavg>/p0

.......

nuclei, some variables keep changing; therefore, we follow 2.0 ; } ——f—st } '
all the reactions uniformly up to 1200 fra/ 1®) W4 b (B = SrAMeNy 1
In the following, we shall first study the time evolution st B T et g2 G =S16ANY)

...... YAu+ AU (E, =43AMeV) T

and then present the mass dependence of different quantities. 2 1,9 bal
RS 4
gA 1.0 -
g <
A. The time evolution 2
0.5 AN -
One of the motivations behind studying heavy-ion colli- ] AN e
sions is to extract information about the hot and dense - . ; X ~,-L‘,_‘:' e """
nuclear matter. In our approach, matter density is calculated o 40 80 120 160
by [29] Time (fm/c)
AT+Ap
p(F\t) = 2 ;e{—[r'- r'i(t)]2/2L}. (1) FIG. 1. The evolution ofa) average densityp?'9) and(b) the
’ i1 (2mL)32 maximum densityp™® reached in a central sphere of radius 2 fm

_ as a function of time. Here reactions &iNe+2’Al, “%Ar+4°sc,
HereAr andAp stand, respectively, for the mass of the targeté4zn +58N;i 93Np+93Nb, 3% a+13% a, and®’Au+1%"Au are simu-

and projectile. In actual calculations, we take a sphere oOfated at their corresponding theoretical balance enettpesletails,
2 fm radius around the center of mass and compute the degee the test The shaded area represents the reactiorf’ne
sity at each time step during the reaction using @y.Natu-  +27Al.

rally, one can either extract an average dengiff% over

the whole Sphere or a maximal value of the dens'ﬁ‘g)ax> Another quantity linked dil’eCtly with the density is the
reached anywhere in the sphere. collision rate. In Fig. 2, we display the net collision rate as a

In Fig. 1(a), we display(p®9)/ p, whereas Fig. () shows function of the reaction time. Due to the larger interaction
the (p™®)/p, as a function of the reaction time. The dis- VO'UT“e in heavy nucl¢|, the Interactions among nucleons
played reactions ar@Ne+2Al (A=47), “%Ar+ 5S¢ (A=85), continue for a longer time, which is also evident from the
647458\ (A=122), ©Nb+SNb (A=186, La+9 4 (A densr[_y pr)]roﬁlt_a(see Fllg_. I;L I;urther, ;&nltelle_:xtended density
=278, and®’Au+1%"Au (A=394), spreading over the whole zone in heavier nuclei leads to AR collisions. :

' . . ! - ang ) Since the balanc_e energy represents a cognterbalancmg
mass range. It is evident that the maximdl® for lighter  henveen the attractive and repulsive forces, this fact should
systems is slightly higher than for the heavy ones. A similaryisg pe reflected in quantities like the spectator and partici-

trend can also be seen for the evolutionpBf™. Further, the  oni matter. In the present study, we define the participant
maximal and average densities are comparable for the me-

dium and heavy systems, indicating that the dense matter is 3.5 + f + } +
formed widely and uniformly in the central region of 2 fm i :_'_f_g;:?fi T
radius. On the other hand, a substantial difference in the two Bl —No+Nb T
densities for the lighter colliding nuclei indicates the nonho- 1 —---la+la |
PR 254 “Ner Al in N e Au+Au T
mogenous nature of the dense matter. Due to the high inci- A I
dent energy, thé’Ne+?’Al reaction finishes much earlier B 04 1
compared td*’/Au+'%Au which is simulated at a relatively =
lower incident energy. Similarly, the peaks(the maximum T 15T T
(p™™ and average(p®9)) densities are also delayed in
. . . : 1.04+ AN O\ N T +
heavier nuclei compared to the lighter ones. The wider den- I VR O N 1
sity zones in heavier colliding nuclei over a long time span 054 il! N e 1
indicates the ongoing interactions among the nucleons which + il: Yz s
is in agreement withi29]. 0.0 : ' +
0 100 150

- Time (fm/c)

The theoretical balance energy was calculated by extrapolating
the flow at two different energies with a step of £10 MeV/nucleon FIG. 2. Same as Fig.(4), but the rate of allowed collisions
[23]. dNgo/dt versus reaction time.
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FIG. 3. Same as Fig. 1, but the time evolution of the normalized
spectator mattefupper part and participant matte(lower pary
defined in terms of nucleon-nucleon collisions.

FIG. 4. The maximal value of the average densjpf’9)max
(upper pantand maximum densityp™®),,.x (lower pary as a func-
tion of the composite mass of the system. The solid lines are the fits

. . . . . to the calculated results usimg\” obtained withy? minimization.
matter in two different waysi) All nucleons having experi- " X

enced at least one collision are counteghagicipant matter - ) .
The remaining matter is labeled apectator matter The from the spectator to participant matter is swift and sudden.

nucleons with more than one collision are labelecsager-  On the other hand, due to the low bombarding energy in

participant matter These definitions give us a possibility of N€avier colliding nuclei, the transition from the spectator to
analyzing the reaction in terms of the participant-spectatoP@'ticipant matter is slow and gradual. Interestingly, at the

fireball model. These definitions, however, are more of the&nd, all the reactionghat happen between incident energies

oretical interest since the matter defined in these zones caffS @hd 119 MeV/nuclegrlead to(nearly the same partici-
not be measuredii) Alternatively, we define the participant Pant matter, indicating the universality in balancing the at-
and spectator matter in terms of the rapidity distribution: tractive and _repulswe forces. This will be discussed in detail
_ _ in the following paragraphs.
Y(i) = 1, E®+p,(0) @ From the above facts, it is clear that the heavier colliding
T2 E()- p,(i)’ nuclei(at E,,) lead to an extended density profile. It will be

. . ) interesting to see whether these findings depend on the
Where E_(|) andpy(i) are, resp.ectlvelyz the total energy and masses of the colliding nuclei or not. This will be discussed
longitudinal momentum of théth particle. We shall rather i the following paragraphs.
use a reduced rapidity,qq(i)=Y(i)/Ypeam Here different
cuts in the rapidity distributions can be imposed to define the
different participant matter. This method is used often in the
literature for experimental analydi80]. We shall define nor- In Fig. 4, we display the maximal value @¢p*9) and
malized participaljt matter by i_mposing three different cutsi(yma9 yersus the composite mass of the system. Note that
all nucleons with(i) ~1.0< Yreq(i) < +1.0 (labeled as “A),  most of the reactions considered here are symmetric in na-
(i) =0.75<Yed(i) = +0.75 (marked as “Bj, and(iii) -0.5  ture, i.e., 7|(A—Ap)/(Ar+Ap)|)<0.2. Interestingly, the
=< Yiedi) < +0.5(marked as “Cj. These three different defi- maximal value(of (p®9 and (p™®9) follows a power law
nitions give us a possibility of examining the participant mat-proportional toA” with 7 being —0.05+0.008 for the average
ter at the balance energy that can be verified experimentallyjensity (p9) and -0.11+0.012 for the maximum density

In Fig. 3, we display the normalized spectator matgr- —(,max 2 |y other words, a slight decrease in the density oc-
per pary gnd partlc:lpant ma.ttg(rlower pany as af_uncnon. of curs with increasing size of the system. This decrease is
the reaction time. Here participant matter is def!ngd using thﬁwuch smaller compared By, (7exp=—-0.42+0.046 anch,
nucleonic concept. The results are, however, similar for bothz_0 42+0.082 Had these reactions been simulated at a

th_e definitions. At the start of the reaction, ?”_ nucleons CONived incident energy, the trend would have been totally dif-
stitute spectator matter. Therefore, no participant matter ex-

ists att=0 fm/c. Since the?’Ne+%’Al reaction happens at a
relative higher energy=119 MeV/nucleoip the transition %A small deviation can be seen in the cases wheh0.

B. The mass dependence
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FIG. 5. The total number of the allowed collisio(mbtained at FIG. 6. Same as Fig. 5, but for the final saturated participant,

the final stagp versus composite mass of the SySt?m' The SOI'dspectator, and superparticipant matter defined in terms of nucleon-
squares and open pentagons are the results obtainEg,aand nucleon collisions

50 MeV/nucleon, respectively. The solid and dashed lines are the

fits obtained with the procedure explained in Fig. 4. remarkable mass independent nature of the participant mat-

. . . . ter. The participant matter consisting of nucleons with —1.0
ferent[29]. Since lighter nuclei cannot be compressed easily, ()=+1.0 follows a power law with 7=
= Tre = . -

their maﬂr?altﬁer;]sny ata f||><¢d incident energy will be IeSS—0.007iO.009, whereas participant matter with nucleons
. ass dep : the participant matter in terms of nucleons with -0.5
depicted in Fig. 5. The results are displayed at 1200cfm/ . -

; . <VY,eq(i)<+0.5, 7=0.04£0.031. In other words, whether
where matter is very diluted and well separated. Here On%ne defines the participant matter in terms of nucleon-
sees dgnearly) linear enhancement in tHéN collisions with - particip o .
the size of the interacting system. This enhancement can ucleo_n collisions or in terms of ra_lp_ldlty d'St”bl.Jt'on cuts,

oth yield the same results. The visible fluctuations in this

parametrized with a power law proportional A" fiaure miaht be due to several causésBY IMposing cuts in
=0.85+0.028. Naturally, at a fixed energy, tRé&l collisions \gure might be cue fo sev usepBy imposing Uis Ir
the rapidity distributions, the number of nucleons falling in a

should scale a#. To test this, we also display in Fig. 5, the . . o
NN collisions at 50 MeV/nucleon. This rgteycan bge param—p"’m'cm"’lr zone decreases, which leads to fluctuatignsis

etrized well by a power law withr=1.0+0.012, indicating stated above, the impact parametehich is guided by the

the linear relationship between the mass of the system anﬁperimental choigas not u_nh_‘orm in the present reactions.
NN collisions at a fixed incident energy. his impact parameter variation can also lead to some fluc-

. . P tuations.(iii) The asymmetry of the colliding nuclei is also
A dynamical quantity that can serve as an indicator of the ot fixed, which further adds to the fluctuations. Similar scat-

role of repulsive and attractive forces is the participant an erings around the mean values are also visible in the plots of
spectator matter. Naturally, the possibility of a collisi@md balance energy versus mass of the systeh?.24. To

hence of spectator and participant matied depend upon trengthen our argument, we simulated five symmetric reac-
the mean free path of the nucleons. In Fig. 6, we display the'eng 9 ' y

spectator, participant, and superparticipant matétained 1 :

at 1200 fm£ and defined in terms of nucleon-nucleon colli- 081 a—at _aA 4 —Aa A
siong as functions of the total mass of the system. Interest- Kok
ingly, we see a nearly mass independent behavior of the par- 0671 * *

ticipant matter (7=0.05+0.00%. Similar behavior also 5 e oA TR R
occurs in the case of spectator matter—0.20+0.022. The L2041 77 o \
superparticipant matter shows=0.08+0.012. A slight de- 3 JAT

viation can be seen in tH@Ne+?"Al reaction. Some small £

fluctuations can also be due to the variation in the impact &

parameter, which is not fixed in the present study. It should VO2Zr a4 603:057:006‘1%92
also be kept in mind that an asymmetric colliding pair does LIt e "TVoosossr o
not follow the power law of a symmetric colliding pair in the

first place. The choice of the impact parameter is guided by 0.1 —t ' '
the experimental measurements. As noted in R&f], the 40 60 80100 200 400
variation in the impact parameter can also have a drastic System Mass (A)

influence on the participant and spectator matter.
In Fig. 7, we again display the participant matter, defined FIG. 7. Same as Fig. 6, but using different rapidity distribution
in terms of the different rapidity cuts. Interestingly, we see acuts. For the details of A, B and C, see the text.
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i i or global temperaturef33—-34. Some authors define tem-

FIG. 8. Same as Fig. 5, but fqr the maximal value of the averag(berature in terms of the fireball modgg3], whereas others
temperaturgupper pat and maximum temperatuxéower par. extracted the temperature from the measured pion yields and
tions, 29Ne+2°Ne *°Ca+%°Ca i+ %Ni, %Nb+%Nb, and got a reasonable system temperati84]. In Ref. [35], the
197Au+197Ay at a reduced impact paramet@?by,,,=0.40 thermalization is directly connect?d with the Pond|agonal el-
and at several incident energies. The balance energy and p&T€nts of the stress tensor. The "transverse” temperature has
ticipant matter were then deduced in each case using diffeVen been defined in terms oPj/2m); Py’ is the average
ent rapidity cuts. Remarkably, we fouridot shown herg transverse momentum squarg3#]. In the present case, ex-
that all the points fall on a power law curve wittvery close  traction of the temperaturg is based on the local density
to zero. This analysis supports our above argument that th@pproximation, i.e., one deduces the temperature in a volume
scattering around the mean value is due to the impact paranelement surrounding the position of each particle at a given
eter and asymmetry variation in the above mentioned readime step[29,32. Here, we postulate that each local volume
tions. element of nuclear matter in coordinate space and time has

The above mass independent behavior can be explained #me “temperature” defined by the diffused edge of the de-
terms of the density profilgFig. 4). There one concluded formed Fermi distribution consisting of two colliding Fermi
that the lighter nuclei led to higher densities. In other wordsspheres, which is typical for a nonequilibrium momentum
the mean free path will be smaller in lighter nuclei, which distribution in heavy-ion collisions.
results in moreNN collisions. One should keep in mind that ~ In this formalism (dubbed the hot Thomas-Fermi ap-
the mass independent nature of the participant matter is notproach[29]), one determines extensive quantities like the
trivial observation. For a fixed system mass, the participandensity and kinetic energy as well as the entropy with the
matter depends linearly on the incident energy. In the preserftelp of momentum distributions at a given temperature. For
case, although the mass of the system increases, their cormgore details, the reader is referred to R¢0,32. Using
sponding incident energy decreases, resulting in the net ma#ys formalism, we also extracted the average and maximum
independent nature. This also indicates that the repulsive arigmperature within a central sphere of 2 fm radius as de-
attractive forces aEy, counterbalance each other in such ascribed in the case of density.
manner that the net participant matter remains the same in all In Fig. 8, we plot the maximal values ¢T29) and(T™#)
cases. One may also say that, since the contribution of thas functions of the composite mass of the system. Some fluc-
mean field toward transverse flow is nearly mass indepertuations might be due to the choice of the impact parameter
dent[23,31], one needs the same amount of participant matas well as the incident enerdy9,32,34,37,3B As stated
ter to counterbalance the attractive forces. In other words, thabove, the impact parameter choice is guided by the experi-
participant matter can act as a barometer to study the balanceental constraints. Furthef,, was extracted using a
energy in heavy-ion collisions. straight line interpolation; therefore, both these factors may

The associated quantity linked with the dense matter idd to the present fluctuations. One sees that both these
the temperature. In principle, a true temperature can be detuantities can be parametrized in terms of a power law func-
fined only for thermalized and equilibrated matter. Since intion proportional toA”; to the power factorr is quite large
heavy-ion collisions the matter is nonequilibrated, one can¢being equal to —0.84+0.11 and —-0.51+0.08, respectively,
not talk of “temperature.” One can, however, look in terms offor the average and maximal temperatyrd$is sharp mass
the local environment only. In our present case, we followdependence in the temperature is rather in contradiction to
the description of the temperature given in Rgf29,32. the mild mass dependence obtained in all other quantities.
Several authors have given different descriptions of the locaThis is not astonishing since the temperature depends, cru-
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100 +—— y t follow a power law behavior. Interestingly, the time intervals
got@ stiff 0s + =40 mb 1 for the high density have a power law dependence with
601 T =0.34%0.054 and=0.47+0.04, respectively, fgg= p, and

;,? 40- p=pol 2, which are again very close to the inverse of the
A mass dependence &,,. This also points toward the fact
‘é that the formation and identification of the fragments is de-

207 layed in heavier nuclei compared to the lighter nuclei. This
conclusion is in agreement with earlier calculatig@8,3§.

We also studied the influence of the variation in the sur-

10 face properties of nuclei on the energy of vanishing flow and

100 ——t—t + + also on other variables reported in this paper. This was done
sot® 1 by simulating the above mentioned reactions using two

&601 & T 1 Gaussian widths(i) L=4.33 fn? as in the present case and

s | ) | (i) a wider Gaussian with =8.66 fnf. Although visible ef-

A 40 * x'Af fects were noted in the energy of vanishing flow, the power
g * factors r for the present quantities remain nearly the same,
v 204 1 suggesting that the different Gaussian widths do not affect
our conclusions above.
T = 0.4710.04
10 + — + + I1l. SUMMARY
40 60 80 100 200 400
System Mass (A) Using the QMD model, we presented the mass depen-

dence of various quantitigsuch as the average and maxi-
FIG. 10. Same as Fig. 8, but for the time zone for p, (upper Mum central density, temperature, collision dynamics, and
part and forp= p,/2 (lower parj as a function of composite mass Participant and spectator matter, as well as the time zone for
of the system. hot and dense nuclear maftet the energy of vanishing flow
(Epa)- This study was conducted using a hard equation of

cially, on the kinetic energyor the excitation energyof the state along with &N cross section of 40 mb strength. This

system[29,32,37,3R It was shown in Refs[37,39 that for combination is reported to explain the experimentally ex-
a given colliding geometry the maximal value of temperaturetraICteldtbalance enetrgy for Ell .Iatrge ntL_mefer ?f c428k Our
does not depend upon the size of the interacting sourc&dcHations present several interesting 1acts. :

Rather it depends only on the bombarding energy. As noted The reaction saturation time is smaller for the lighter nu-

in Ref. [37], the extraction of the temperature using the hotCIe' compared to the heavy ones. The maximal values of the

Thomas-Fermi formalism was in good agreement with thedensny, temperature, and collision rate are also shifted ac-

values extracted from the pion yields. Therefore, our predicpord'ngly' In.aII the caseg.e., in th_e_ average and maximum

tion can be tested using measured pion yields. central density, temperature, participant and spectator matter,
In Fig. 9, we display the time of the maximal collision etc), a power law depen'den.ce can be seen. The on]y quantity

rate and average density. We see a power law behavior iwhere the power fathf is significant(with 7=0.2) is th?

both quantities. The low balance energies in heavy nucleiemperature reached in the central zone. Other quantities are

delay the maximal compression. Interestingly, the power fachearly mass independent. Th_e mass mdepend_ent_na_ture of
tor 7 is close to 1/3 in both caseE,, was shown to have the participant matter makes it a good alternative indicator

power factorr=-0.4. In other words, the time of maximal for de_termining the balance_ energy that can.t.)e measured
collision rate and density vary approximately as the invers@Xpe”menta"y' and our predictions can be verified.
of Ebal-

Apart from the maximal quantities, another interesting
quantity is the dense zone at the balance energy. This is This work is supported by Grant No. SP/S2/K-21/96 from
depicted in Fig. 10 where we display the time interval forthe Department of Science and Technology, Government of
which p= pg (upper partandp= py/2. Again both quantities India.
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