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Searching for the nuclear liquid-gas phase transition in Au1Au collisions at 35 MeV/nucleon
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Within the framework of classical molecular dynamics, we study the collision Au1Au at an incident energy
of 35 MeV/nucleon. It is found that the system shows a critical behavior at peripheral impact parameters,
revealed through the analysis of conditional moments of charge distributions, Campi scatter plot, and the
occurrence of large fluctuations in the region of the Campi plot where this critical behavior is expected. When
applying the experimental filters of the MULTICS-MINIBALL apparatus, it is found that criticality signals can
be hidden due to the inefficiency of the experimental apparatus. The signals are recovered by identifying
semiperipheral and peripheral collisions looking to the velocity distribution of the largest fragment, and se-
lecting the most complete events.@S0556-2813~96!01811-0#

PACS number~s!: 25.70.Mn, 05.70.Fh, 21.65.1f, 64.70.Fx
h
t

y

s

i-
f

fi-
or
d
he

a

ge
he
al.
ri-
r

ll
nd

de
I. INTRODUCTION

For several years, the idea that nuclear systems may s
some evidence for the occurrence of critical behavior rela
to a liquid-gas phase transition has stimulated lots of inve
tigations both from theoretical and experimental sides@1–8#.
This was suggested more than ten years ago by the obse
tion of fragment charge distributions exhibiting power law
@9#. Such a power law is expected for cluster formation ne
the critical point of a liquid-gas phase transition, as in th
Fisher droplet model@10#. This interest increased recentl
with the determination by the EOS Collaboration of critica
exponents of fragmenting nuclear systems produced in
collision of 1 GeV/nucleon Au nuclei with a carbon targe
@11#, and with the extraction by the ALADIN Collaboration
of a caloric curve resulting from the fragmentation of th
quasiprojectile formed in the collision Au1Au at 600 MeV/
nucleon, reminiscent of the behavior of a liquid-gas syste
@12#.

In the present work, we study within the framework o
classical molecular dynamics~CMD! model, the reaction
197Au 1 197Au at an incident energy of 35 MeV/nucleon
We analyze the results in terms of critical behavior by stud
ing fragment charge distributions, their moments, and t
occurrence of large fluctuations in terms of intermittenc
analysis, and as shown by the fluctuations of the size of
largest fragment. Our aim for this analysis is threefold. Fir
critical behavior has been observed in the fragmentation
Au nuclei in the previously mentioned experiments at hig
beam energies~600 and 1000 MeV/nucleon!, and we are
interested to see if such a behavior can still be observed a

*Present address: Institut fu¨r Theoretische Physik, J. W. Goethe
Universität, D-60054 Frankfurt am Main, Germany.
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energy notably lower. Second, we want to identify the crit
cal events~if any! and study the effects of the efficiency o
experimental apparatus~by applying for example the experi-
mental filters of the MULTICS-MINIBALL apparatus
@13,14#!. From this we can see whether experimental inef
ciencies can completely wash out the signals of criticality
if it is still possible to recover these signals from the filtere
results. Finally, we aim to apply the same procedure to t
experimental data obtained by the MULTICS-MINIBALL
collaboration for the same reaction@15#.

This paper is organized as follows. We give in Sec. II
brief description of the CMD model used for this study. A
more complete description can be found in Refs.@16,17#.
Section III contains the analysis of the moments of char
distributions, the Campi scatter plot, and the analysis of t
scaled factorial moments in terms of the intermittency sign
Section IV is devoted to the study of the effects of expe
mental inefficiencies, applying to the CMD results the filte
of the MULTICS-MINIBALL apparatus, and we show it is
possible to recover the signals of criticality selecting we
detected events. Finally, we give in Sec. V our summary a
conclusions.

II. BRIEF DESCRIPTION OF THE CMD MODEL

In the CMD model, we assume that each nucleus is ma
up of 197 nucleons~79 protons1 118 neutrons! that move
under the influence of a two-body potentialV consisting of
two different interactions@16#:

Vnn~r !5Vpp~r !5V0@exp~2m0r !/r2exp~2m0r c!/r c#,

Vnp~r !5Vr@exp~2m r r !/r2exp~2m r r c!/r c#

2Va@exp~2mar !/r2exp~2mar a!/r a#. ~1!
-

2435 © 1996 The American Physical Society
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2436 54M. BELKACEM et al.
r c55.4 fm is a cutoff radius. The first interaction, for ide
tical nucleons, is purely repulsive so no bound state of id
tical nucleons can exist~to simulate in some sense the Pa
principle!, and the second, for proton-neutron interaction
attractive at large distances and repulsive at small ones@16#.
The various parameters entering Eq.~1! are defined with
their respective values in Ref.@16#. This potential gives an
equation of state~EOS! of classical matter having about 25
MeV of compressibility ~set M in Ref. @16#!, and which
strikingly resembles that of nuclear matter@i.e., equilibrium
density r050.16 fm23 and energyE(r0)5216 MeV/
nucleon#. Furthermore, in Refs.@16,18#, it is shown that
many experimental data on heavy-ion collisions are reas
ably explained by this classical model. Of course this is
accidental but it is due to the accurate choice of the par
eters of the two-body potentials@16#. The classical Hamil-
ton’s equations of motion are solved using the Tay
method at the orderO@(dt)3# where dt is the integration
time step@19#. Energy and momentum are well conserve
Both nuclei are initialized in their ground state by using t
frictional cooling method@20#, then they are boosted toward
each other with the CM kinetic energy. In the present cal
lations, the Coulomb interaction is explicitly taken into a
count. Note that this model takes into account all order c
relations at the classical level. This is quite important wh
studying instabilities.

III. RESULTS

Calculations for the reaction Au1Au at 35 MeV/nucleon
are carried out for several impact parameters, from 1 to
fm in steps of 1 fm. One intuitively imagines the followin
scenario for this reaction. For central collisions, since
incident energy is rather high as compared to the Coulo
barrier, the two heavy nuclei will come in contact for a sh
time. The total charge of the intermediate system is very h
and it will quickly explode due mainly to the high Coulom
repulsion @15#. For increasing impact parameter, two
maybe three excited primary fragments might be formed.
tuning the impact parameter, we might hope to obtain so
primary sources which have a combination of excitation
ergy, Coulomb charge, and angular momentum sufficien
bring the system into the instability region~if any!. The pos-
sibility that such a scenario might apply to heavy-ion co
sions has been shown in microscopic calculations@17,21#. In
particular, it has been shown that the ‘‘critical’’ excitatio
energy decreases when the system is either charged a
rotating @17,21–23#. Thus a combination of all these ingre
dients might give the desired result. Following this scena
one would expect to see a critical behavior~if any! for pe-
ripheral collisions.

In Fig. 1, we have plotted the dynamical evolution in t
x-z plane for this reaction for four different times~after the
two nuclei came in contact!, and four different impact pa
rameters;b̂50.15 ~first line panels!, b̂50.38 ~second line
panels!, b̂50.62 ~third line panels!, andb̂50.85 ~fourth line
panels!. For central and semicentral collisions~first and sec-
ond rows! the two nuclei come in contact with each oth
and form a unique deformed source~the source is less de
formed for more central collisions! which decays through
light particles and fragments emission@15#. For semiperiph-
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eral and peripheral collisions~third and fourth lines panels!,
one sees clearly the formation of two big sources~the qua-
sitarget and quasiprojectile! with the formation between
them of a third smaller source in the neck region. The size
this ‘‘neck’’ is smaller for more peripheral collisions and it
completely disappears for the most peripheral ones.

One of the most powerful methods used to characteri
the critical behavior of a system undergoing a multifragmen
tation is the method of conditional moments introduced b
Campi @24#. The moments of asymptotic cluster charge dis
tributions are defined as

mk
~ j !5(

Z
Zkn~ j !~Z!/Ztot , ~2!

wheren( j )(Z) is the multiplicity of clusters of chargeZ in
the eventj , Ztot5158, and the sum is over all the fragments
in the eventexcept the heaviest one, which corresponds to
the bulk liquid in an infinite system. If the system keep
some trace of the phase transition for some particular even
the momentsmk should show some strong correlations be
tween them@24#. In particular, the second momentm2,
which in macroscopic thermal systems is proportional to th
isothermal compressibility, diverges at the critical tempera
ture @11,25,26#. Of course in finite systems, the moments
mk remain finite due to finite size effects. In the upper part o
Fig. 2, we have plotted the second momentm2 vs the re-
duced impact parameterb̂, calculated without the two largest
fragments instead of the largest one only. This is due to th
fact that the system is symmetric, and for peripheral coll
sions we expect bulk fragments coming from the quasitarg
and the quasiprojectile. As expected, the second mome
m2 shows a peak for an impact parameterb̂'0.8. If we do
not take off the second largest fragment~lower part of Fig.
2!, we observe a continuous rise ofm2 and the peak disap-
pears because we are summing to the small fragments, a v
big one ~bulk! coming from the fragmenting quasitarget or
projectile.

FIG. 1. Dynamical evolution. Ther -space distribution is pro-
jected on thex-z plane.
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54 2437SEARCHING FOR THE NUCLEAR LIQUID-GAS PHASE . . .
In Fig. 3, we have plotted the same quantitym2 vs the
multiplicity of charged particlesNc ~with Z>1), calculated
without the two largest fragments~upper part! and only with-
out the largest one~lower part!. The second momentm2
shows also a peak vsNc for a multiplicity around 20–25, and
this peak disappears when taking into account the sec
largest fragment. In the following, the analysis of the non
tered results is done taking off the two largest fragments

Another quantity proposed by Campi to give more insig
into the critical behavior is the relative varianceg2 defined
as @24#

g25
m2m0

m1
2 . ~3!

FIG. 2. The second moment of charge distributionsm2 vs the
reduced impact parameterb̂. The upper panel, without the two larg
est fragments; the lower panel, without only the largest fragme

FIG. 3. The second moment of charge distributionsm2 vs
charged particle multiplicityNc . The upper panel, without the tw
largest fragments; the lower panel, without only the largest fr
ment.
ond
fil-
.
ht

It was shown by Campi that this quantity presents a pea
around the critical point which means that the fluctuations i
the fragment size distributions are the largest near the critic
point @24#. In Fig. 4, we have plotted the relative variance
g2 vs the reduced impact parameterb̂ ~upper part!, and vs
the charged particle multiplicityNc ~lower part!. One clearly
notes that the relative varianceg2 shows a peak in both plots,
for a reduced impact parameterb̂ around 0.8, and for
Nc'20225.

Moreover, we have considered another variable which
the normalized variance of the charge of the maximum frag
mentsNV . As charge distributions are expected to show th
maximum fluctuations around the critical point@27#, this
quantity is expected to present some maximum at the critic
point @24,28#. This normalized variance is defined as

sNV5
sZmax
2

^Zmax&
, ~4!

where

sZmax
2 5^Zmax

2 &2^Zmax&
2. ~5!

The bracketŝ & indicate an ensemble averaging. We have
plotted in Fig. 5 the normalized variancesNV vs b̂ ~upper
part!, and vsNc ~lower part!. In this case also, we observe a
peak for this quantity in both plots at almost the same value
of b̂ andNc . This means that the fluctuations in the charge
of the maximum fragment~thus in charge distributions! are
the largest around these values of the impact parameter a
charged particle multiplicity.

The upper part of Fig. 6 shows a scatter plot of ln(Zmax
j )

vs ln(m2
j ) for each eventj , commonly known as Campi scat-

ter plot. It was shown that if the system keeps some trace
the phase transition, the correlation between these two qua

-
nt.

o
ag-

FIG. 4. The reduced varianceg2 vs the reduced impact param-
eter b̂ ~upper panel! and vs charged particle multiplicityNc ~lower
panel!. The calculations are done without the two largest fragment
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2438 54M. BELKACEM et al.
tities exhibits two characteristic branches, an upper bran
with an average negative slope corresponding to underc
cal events, and a lower branch with a positive slope th
corresponds to overcritical events, and the two branch
meet close to the critical point of the phase transitio
@17,24,29#. The results of Fig. 6 show two branches corr

FIG. 5. The normalized variance of the size of the largest fra
mentsNV vs the reduced impact parameterb̂ ~upper panel! and vs
charged particle multiplicityNc ~lower panel!.

FIG. 6. Upper panel: Campi scatter plot. The logarithm of th
size of the largest fragment ln(Zmax) is plotted vs the logarithm of
the second moment ln(m2). Lower panel: The logarithm of the
scaled factorial moments ln(Fi) is plotted vs the logarithm of the bin
size 2 ln(ds) for the events falling within the cut drawn in the
Campi scatter plot, upper panel. Solid circles represent the SFM
orderi52, open circlesi53, open squaresi54, and open triangles
i55.
ch
riti-
at
es
n
e-

sponding to undercritical and overcritical events, similar t
the predicted ones. Note that the upper branch conta
mainly events at impact parametersb̂.0.85, while the lower
branch contains events withb̂,0.77. The region where the
two branches meet is obtained for 0.77<b̂<0.85. In the fol-
lowing, we will show that the central region where the two
branches meet and where the critical behavior is expected
characterized by the occurrence of large fluctuations, r
vealed through an intermittency analysis@30#. In the lower
part of Fig. 6, we have plotted the logarithm of the scale
factorial moments~SFM’s! defined as@31#

Fi~ds!5
(k51
Ztot /ds^nk•~nk21!•••••~nk2 i11!&

(k51
Ztot /ds^nk&

i , ~6!

i52, . . . ,5 vs thelogarithm of the bin sizeds. In the above
definition of the SFM,i is the order of the moment. The total
interval 12Ztot (Ztot5158) is divided inM5Ztot /ds bins of
size ds, nk is the number of particles in thekth bin for an
event, and the bracketŝ& denote the average over many
events. An intermittent pattern of fluctuations is characte
ized by a linear rise of the logarithm of the SFM’s vs
2 ln(ds) ~i.e.,Fi}ds2l i) which corresponds to the existence
of large fluctuations which have self-similarity over the
whole range of scales considered@29–31#. Even though this
quantity is ill defined for fragment distributions@32,33#, it
has been shown in several theoretical studies that critic
events give a power law for the SFM vs the bin siz
@17,18,28,31,34,35#. In the figure, the logarithm of the
SFM’s exhibits a linear rise vs the logarithm of the bin siz
indicating a strong intermittency signal in the region of th
Campi plot where the critical behavior is expected. To un
derstand whether these large fluctuations are due to a sim
event mixing by considering different impact parameters in
side cut 2, we fixed the impact parameter to, sayb̂50.85.
The resulting SFM are shown in Fig. 7. One notes that th
signal is still there even though it is much weaker than th
previous case, Fig. 6~the absolute values of the SFM are
smaller!. This allows us to conclude that the intermittenc
signal is not due to the mixing of events and this mixing onl
increases the absolute values of the SFM.

Now we would like to add some comments about th
mixing of different sources in the calculations of the quant

FIG. 7. The logarithm of the scaled factorial moments ln(Fi) is
plotted vs the logarithm of the bin size2 ln(ds) for the events with
b̂50.84. Solid circles represent the SFM of orderi52, open circles
i53, open squaresi54, and open trianglesi55.
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54 2439SEARCHING FOR THE NUCLEAR LIQUID-GAS PHASE . . .
ties discussed above. First of all, we note that it is not cl
how to separate the different sources which might be form
after the first stages of the collision when they are still ov
lapping ~we mean by overlap distances smaller than
range of the two-body interaction used, i.e.,r c55.4 fm!, as
one can see from Fig. 1. Thus it is not obvious how to d
tinguish which fragments come from which source, even i
simple dynamical model like CMD. For the calculations
the second momentm2 for instance, one should conside
only one source~that entering the critical region!. For central
collisions, only one source is formed andm2 is calculated
according to Eq.~2! with Ztot'158. For peripheral impac
parameters, one should calculate the second moment
from one source~the PLF or TLF assuming two sources!,
and in this caseZtot should be around 79~158/2! in Eq. ~2!.
Since we are dealing with a symmetric reaction, we can
that both the PLF and the TLF enter separately the criti
region. So calculatingm2 using Eq. ~2! with Ztot'158 is
equivalent to calculating it by summing on the fragmen
coming from only one source and dividing byZtot'79,
which gives the same results as those of Fig. 2. This disc
sion holds for all the momentsmk , and thus for the reduced
varianceg2. For the normalized variance of the charge of t
largest fragment, one should be careful to consider the la
est fragment coming from only one source~this was not done
for the previous calculations ofsNV). For central collisions,
we have only one source, and the results do not change.
peripheral collisions, by considering only the largest fra
ment with a positive velocity in the center of mass, the o
tained peak insNV is higher than that obtained previous
~3.8 instead of 2.4 of Fig. 5!. This result is in some sens
obvious because we were previously smoothing the fluct
tions of the largest fragment on both sources~PLF and TLF!.
For the Campi plot, we have plotted the logarithm of the s
of the largest fragment vs the logarithm ofm2 both calcu-
lated for the fragments emitted in the forward direction~with

FIG. 8. Filtered CMD results. The second moment of char
distributionsm2 vs the reduced impact parameterb̂ ~upper panel!
and vs charged particle multiplicityNc ~lower panel!.
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vc.m.>0 to select roughly the PLF source!. The obtained re-
sults are very similar to those reported in Fig. 6 and makin
a gate on the central region of the plot, we obtained almo
the same SFM with the same absolute values as those
ported on the lower part of Fig. 6.

In this section, we have seen that the analysis of the
action Au1Au at 35 MeV/nucleon shows a signal of critica
behavior in peripheral collisions. This behavior is reveale
through the analysis of the second moment of charge dis
butions, the reduced variance, the large fluctuations of t

ge

FIG. 9. Filtered CMD results. The reduced varianceg2 vs the
reduced impact parameterb̂ ~upper panel! and vs charged particle
multiplicity Nc ~lower panel!.

FIG. 10. Filtered CMD results. The normalized variance of th
size of the largest fragmentsNV vs the reduced impact paramete
b̂ ~upper panel! and vs charged particle multiplicityNc ~lower
panel!.
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size of the largest fragment, the characteristic shape of
Campi scatter plot and the occurrence of large fluctuations
the region of the Campi plot where the critical behavior
expected.

IV. EFFECTS OF EXPERIMENTAL INEFFICIENCY

As indicated in the Introduction, one of the aims of th
study is to apply the same procedure of critical behav
identification to the experimental data obtained by th
MULTICS-MINIBALL Collaboration for the same reaction,
Au 1 Au at 35 MeV/nucleon. To do so, we have filtered ou
results using the angular acceptance and energy threshold
the MULTICS-MINIBALL apparatus.

We have checked that at least for semiperipheral and
ripheral collisions, the efficiency of the apparatus automa

FIG. 11. Filtered CMD results. Campi scatter plot. The log
rithm of the size of the largest fragment ln(Zmax) is plotted vs the
logarithm of the second moment ln(m2).

FIG. 12. Filtered CMD results with selection of events. Th
second moment of charge distributionsm2 vs the reduced impact
parameterb̂ ~upper panel! and vs charged particle multiplicityNc

~lower panel!.
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cally eliminates the largest fragment coming from the targe
like, so we calculate the moments of charge distribution
mk @Eq. ~2!# by subtracting only the largest fragment~and
not the two largest ones as for the unfiltered results!. The
upper part of Fig. 8 shows the second momentm2 vs b̂. The
second momentm2 no longer shows the peak observed fo
unfiltered results aroundb̂50.8, even though one notes som
remaining of that peak. We note also the appearance o
bump for more central collisions, aroundb̂50.38. The situ-

a-

e

FIG. 13. Filtered CMD results with selection of events. Th
reduced varianceg2 vs the reduced impact parameterb̂ ~upper
panel! and vs charged particle multiplicityNc ~lower panel!.

FIG. 14. Filtered CMD results with selection of events. Th
normalized variance of the size of the largest fragmentsNV vs the
reduced impact parameterb̂ ~upper panel! and vs charged particle
multiplicity Nc ~lower panel!.
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54 2441SEARCHING FOR THE NUCLEAR LIQUID-GAS PHASE . . .
ation is worst for the plot ofm2 vsNc in the lower panel of
the figure where one observes only a quasilinear rise. T
reduced varianceg2 drawn in Fig. 9, shows a bit different
behavior. One still observes a smooth bump atb̂50.8 but
g2 is almost constant forb̂,0.8 and not rising as it is the
case for unfiltered results. Similarly forg2 vsNc , lower part
of Fig. 9. The normalized variance of the size of the large
fragment given in Fig. 10, still shows a peak but slightl
shifted towards higher impact parameters~upper part of the
figure, compare to Fig. 4! or shifted towards lower charged
particle multiplicity ~lower part of Fig. 10!. More drastic is
the change in the shape of the Campi scatter plot shown
Fig. 11. This plot no longer shows any particular shape ch
acteristic of the occurrence of a critical behavior~observed in
the unfiltered results! and one is no more able to identify the
upper and lower branches neither the meeting zone.

FIG. 15. Filtered CMD results with selection of events. Cam
scatter plot. The logarithm of the size of the largest fragme
ln(Zmax) is plotted vs the logarithm of the second moment ln(m2).
Three cuts are employed to select the upper branch~1!, the lower
branch~3!, and the central region~2!.
he
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y
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The effects of apparatus inefficiencies can thus be more
less drastic depending on the variable we are looking at.
recover the signals of criticality, we adopted the followin
procedure.

~i! Since the critical behavior was observed at periphe
impact parameters, we identify semiperipheral and periphe
collisions, eliminating more central ones, by selecting tho
events in which the velocity of the largest fragment along t
beam axis is larger or equal to 75% of the beam veloci
which means that we are selecting those events in wh
there is a remnant of the projectile flying with the velocity o
the quasiprojectile. Doing this, we wish to select only tho
reactions where two or three primary sources are form
~semiperipheral and peripheral reactions! and eliminate the
reactions where only one source is formed at midrapid
~central collisions!.

~ii ! We select the most complete events imposing that t
total detected charge is larger than 70 (Ztot>70).

Furthermore, we noted that condition~i! does not auto-
matically eliminate all central collisions and in order to ac
complish that we impose a maximum limit to the total de
tected charge,Ztot<90295. We note also that changing
condition ~i! from 75% to 85% of the beam velocity for
example does not change significantly the results, and o
decreases the statistics.

In Figs. 12–14, we have plotted the second momentm2,
the reduced varianceg2, and the normalized variancesNV vs
the reduced impact parameterb̂ ~upper part of the figures!
and vs charged particle multiplicityNc ~lower part!. One
sees that the signals observed for nonfiltered results are
covered at the same impact parameter. One notes also
this selection eliminates central collisions withb̂<0.38.

Figure 15 displays the Campi scatter plot for the filtere
events with the selection on the velocity of the largest fra
ment and the total detected charge. We see that one reco
the characteristic shape of the Campi plot, i.e., an upp
branch with a negative slope and a lower branch with a po
tive slope, already observed in the unfiltered results. To b
ter clarify the characteristics of these two branches and of

pi
nt
t

FIG. 16. Filtered CMD results with selection
of events. Impact parameter distributions~upper
panels! and multiplicity distributions~lower pan-
els! for the three cuts made on Fig. 15: left par
cut 1, central part cut 2, and right part cut 3.
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FIG. 17. Filtered CMD results with selection
of events. Fragment charge distributions~upper
panels! and the corresponding scaled factoria
moments ln(Fi) vs 2 ln(ds) for the three cuts
made on Fig. 15: left part cut 1, central part cut 2
and right part cut 3. The solid line on the upper
central panel indicates a power law distribution
N(Z)}Z2t with t52.2. In the lower panels,
solid circles represent the SFM of orderi52,
open circlesi53, open squaresi54, and open
trianglesi55.
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meeting zone, we have made three cuts in this plot select
the upper branch~cut 1!, the lower branch~cut 3!, and the
central region~cut 2!, and analyzed the events falling in eac
of the three cuts. The upper part of Fig. 16 shows the imp
parameter distributions of the events falling in the three cu
of the Campi plot. One sees that the three cuts select diff
ent regions of the impact parameter distribution: cut 1~left
panel! selects the most peripheral collisions with a distribu
tion peaked atb̂50.92; cut 2~central panel! selects periph-
eral impact parameters with a distribution going from
b̂50.65 to 0.95; cut 3~right panel! selects more central col-
lisions. In the lower part of the same figure, we have plott
the charged particles multiplicity distributions for the thre
cuts. Cut 1 shows a multiplicity distribution from 2 to 10
while cut 3 shows a distribution at higher multiplicities from
30 to 45. The situation is different for cut 2. The multiplicity
distribution covers a wider range ofNc values from 2 to 30.
Note that this large multiplicity distribution is not due, as on
might think, to a large impact parameter mixing~see upper
part of the figure!, but is due to the occurrence of large
fluctuations as expected near the critical point as we w
show below.

Figure 17 displays in the upper part the fragment char
distributions obtained in the three cuts@36# with, in the lower
part, the corresponding scaled factorial moments calcula
according to Eq.~6! @36#. Cut 1 ~left part of the figure! cor-
responds to undercritical events and hence one obtain
charge distribution with a ‘‘U ’’ shape characteristic to
evaporation events, while for cut 3~right part! one observes
a rapidly decreasing charge distribution with an exponent
shape characteristic to highly excited systems going to v
porization. For cut 2~central part!, we obtain a fragment
charge distribution exhibiting a power lawZ2t, with
t'2.2, which is expected, according to the droplet model
Fisher, for fragment formation near the critical point indica
ing a liquid-gas phase transition, and consistent with t
scaling laws of critical exponents@10#. In the lower part of
the figure, for region 1 corresponding to evaporation even
the logarithms of the scaled factorial moments ln(Fi) are al-
ways flat and independent on2 ln(ds) and there is no inter-
ing
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mittency signal. For cut 2 the situation is different. The loga
rithms of the SFM’s are positive and almost linearl
increasing vs2 ln(ds) and a strong intermittency signal is
observed@note the absolute values of ln(Fi)#. Cut 3 gives
negative logarithms of the SFM’s and we have also in th
case no intermittency signal. Note that this behavior of th
scaled factorial moments is exactly the same as that obser
in percolation and molecular dynamics models for undercri
cal, critical, and overcritical events, respectively@17,37#.

V. CONCLUSIONS AND OUTLOOKS

In conclusion, we have studied the reaction Au1Au at an
incident energy of 35 MeV/nucleon within the framework o
classical molecular dynamics. The results show evidence
the occurrence of a critical behavior revealed through t

FIG. 18. Experimental results from Ref.@38#. Campi scatter
plot. The logarithm of the size of the largest fragment ln(Zmax) is
plotted vs the logarithm of the second moment ln(m2). Three cuts
are employed to select the upper branch~1!, the lower branch~3!,
and the central region~2!.
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FIG. 19. Experimental results from Ref.@38#.
Scaled factorial moments ln(Fi) vs 2 ln(ds) for
the three cuts made on Fig. 18: left part cut 1
central part cut 2, and right part cut 3. Solid
circles represent the SFM of orderi52, open
circles i53, open squaresi54, and open tri-
anglesi55.
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shape of the second moment of charge distributions, the
duced variance, the normalized variance of the size of
largest fragment, the particular shape of the Campi sca
plot and through the presence of large fluctuations as i
cated by the intermittency analysis in the region of t
Campi plot where the critical behavior is expected. We ha
also seen that when our results are filtered using the g
metrical acceptance and energy thresholds of the MULTIC
MINIBALL apparatus, experimental inefficiencies can hid
more or less the signals of criticality. Moreover, we ha
shown that these criticality signals can be recovered by id
tifying the most complete semiperipheral and periphe
events selecting those events in which the largest fragm
has a velocity along the beam axis larger or equal to 75%
the beam velocity and for which the total detected charg
70<Ztot<90.

We would like to note at the end that the same proced
for characterizing the critical behavior has been successf
applied to the experimental data obtained by the MULTIC
MINIBALL Collaboration for the same reaction Au1 Au at
35 MeV/nucleon, and that a critical behavior has been id
tified @38#. As an example, we show in Fig. 18 the expe
mental Campi scatter plot@38# obtained making a simila
event selection as for the CMD results. Note the strong si
re-
the
tter
di-
he
ve
eo-
S-
e
ve
en-
ral
ent
of
is

ure
ully
S-

en-
ri-

mi-

larity with the theoretical Campi plot shown in Fig. 15
Moreover, we show in Fig. 19 the experimental scaled fa
torial moments@38# obtained in the three cuts made on th
Campi plot of Fig. 18. Once again note the similarity of thes
results with those of the CMD results. The authors of th
previous reference have also extracted the other quanti
discussed in this paper~variance of the charge of the larges
fragment, etc.! from the experimental data@39#. These quan-
tities behave very similarly to what is discussed here for t
CMD case thus strengthening our findings. A very simil
behavior to the one discussed here has also recently b
observed in Xe1 Sn collisions at 55 MeV/nucleon measure
with the detector INDRA again for peripheral collisions@40#.
Work now is in progress to characterize the fragmentin
sources leading to the critical behavior and to extract t
critical exponents.

ACKNOWLEDGMENTS

One of us~M. Belkacem! thanks the Physics Departmen
of the University of Trieste for financial support and th
Physics Department of the University of Bologna, where pa
of this work was done, for warm hospitality and financia
support.
.
l

n

-

.

@1# M. W. Curtain, H. Toki, and D. K. Scott, Phys. Lett.123B,
289 ~1983!; A. D. Panagiotou, M. W. Curtain, H. Toki, D. K.
Scott, and P. J. Siemens, Phys. Rev. Lett.52, 496 ~1984!.

@2# G. F. Bertsch and P. J. Siemens, Phys. Lett.126B, 9 ~1983!.
@3# A. L. Goodman, J. I. Kapusta, and A. Z. Mekjian, Phys. Re

C 30, 851 ~1984!.
@4# H. R. Jaqaman, Gabor Papp, and D. H. E. Gross, Nucl. Ph

A514, 327 ~1990!.
@5# R. G. Palmer and P. W. Anderson, Phys. Rev. D9, 3281

~1974!; W. G. Kupper, G. Wegmann, and E. R. Hilf, Ann
Phys.88, 454 ~1974!; G. Sauer, H. Chandra, and U. Mose
Nucl. Phys.A264, 221 ~1976!.

@6# P. Danielewicz, Nucl. Phys.A314, 465 ~1979!.
@7# D. Q. Lamb, J. M. Lattimer, C. J. Pethick, and D. G. Rave

hall, Phys. Lett.41, 1623 ~1978!; Nucl. Phys.A360, 459
~1981!; H. Schulz, L. Münchow, G. Ro¨pke, and M. Schmidt,
Phys. Lett.119B, 12 ~1982!; Nucl. Phys.A399, 587 ~1983!.

@8# H. R. Jaqaman, A. Z. Mekjian, and L. Zamick, Phys. Rev.
27, 2782~1983!; 29, 2067~1984!.

@9# J. E. Finnet al., Phys. Rev. Lett.49, 1321~1982!; Phys. Lett.
118B, 458 ~1982!; H. H. Gutbrod, A. I. Warwick, and H.
v.

ys.

,

-

C

Wieman, Nucl. Phys.A387, 177c~1982!; M. Mahi, A. T. Bu-
jak, D. D. Carmony, Y. H. Chung, L. J. Gutay, A. S. Hirsch,
G. L. Paderewski, N. T. Porile, T. C. Sangster, R. P. Scharen
berg, and B. C. Stringfellow, Phys. Rev. Lett.60, 1936~1988!.

@10# M. E. Fisher, Rep. Prog. Phys.30, 615~1967!; in Proceedings
of the International School of Physics, Enrico Fermi Course
LI, Critical Phenomena, edited by M. S. Green~Academic,
New York, 1971!; Physics3, 255 ~1967!.

@11# J. B. Elliott, M. L. Gilkes, J. A. Hauger, A. S. Hirsch, E. Hjort,
N. T. Porile, R. P. Scharenberg, B. K. Srivastava, M. L. Tinck-
nell, and P. G. Warren, Phys. Rev. C49, 3185~1994!; M. L.
Gilkeset al., Phys. Rev. Lett.73, 1590~1994!.

@12# J. Pochodzallaet al., Phys. Rev. Lett.75, 1040~1995!.
@13# I. Iori et al., Nucl. Instrum. Methods A325, 458 ~1993!.
@14# R. T. DeSouzaet al., Nucl. Instrum. Methods A295, 109

~1990!.
@15# M. D’Agostino et al., Phys. Rev. Lett.75, 4373~1995!; Phys.

Lett. B 368, 259 ~1995!.
@16# R. J. Lenk, T. J. Schlagel, and V. R. Pandharipande, Phys

Rev. C42, 372 ~1990!.
@17# V. Latora, M. Belkacem, and A. Bonasera, Phys. Rev. Lett.73



.

-

t

2444 54M. BELKACEM et al.
1765~1994!; M. Belkacem, V. Latora, and A. Bonasera, Phys
Rev. C52, 271 ~1995!.

@18# V. Latora, A. Del Zoppo, and A. Bonasera, Nucl. Phys.A572,
477 ~1994!.

@19# S. E. Koonin and D. C. Meredith,Computational Physics
~Addison-Wesley, California, 1990!.

@20# L. Wilet, E. M. Henley, M. Kraft, and A. D. MacKellar, Nucl.
Phys.A282, 341~1977!; H. Horiuchi, ibid. A522, 257c~1991!.

@21# D. H. E Gross, Prog. Nucl. Phys.30, 155~1993!; A. S. Botvina
and D. H. E. Gross, Nucl. Phys.A592, 257 ~1995!.

@22# J. Bondorfet al., Nucl. Phys.A444, 460~1985!; J. Bondorf, A.
S. Botvina, A. S. Iljinov, I. N. Mishustin, and K. Sneppen,
Phys. Rep.257, 133 ~1995!.

@23# A. Bonasera, F. Gulminelli, and J. Molitoris, Phys. Rep.243, 1
~1994!.

@24# X. Campi, J. Phys. A19, L917 ~1986!; X. Campi, Phys. Lett.
B 208, 351 ~1988!; J. Phys.~Paris! 50, 183 ~1989!.

@25# R. Balescu,Equilibrium and Nonequilibrium Statistical Me-
chanics~Krieger, Malabar, FL, 1991!.

@26# P. Finocchiaro, M. Belkacem, T. Kubo, V. Latora, and A. Bo
nasera, Nucl. Phys.A600, 236 ~1996!.

@27# H. E. Stanley,Introduction to Phase Transitions and Critical
Phenomena~Oxford University Press, Oxford, 1987!.

@28# C. O. Dorso, M. Belkacem, V. Latora, and A. Bonasera~un-
published!.
@29# H. R. Jaqaman and D. H. E. Gross, Nucl. Phys.A524, 321
~1991!; D. H. E. Gross, A. R. DeAngelis, H. R. Jaqaman, Pan
Jicai, and R. Heck, Phys. Rev. Lett.68, 146 ~1992!; A. R.
DeAngelis, D. H. E. Gross, and R. Heck, Nucl. Phys.A537,
606 ~1992!.

@30# A. Bialas and R. Peschanski, Nucl. Phys.B273, 703 ~1986!;
B308, 857 ~1988!.

@31# M. Ploszajczak and A. Tucholski, Phys. Rev. Lett.65, 1539
~1990!; Nucl. Phys.A523, 651 ~1991!.

@32# X. Campi and H. Krivine, Nucl. Phys.A589, 505 ~1995!.
@33# L. Phairet al., Phys. Lett. B291, 7 ~1992!.
@34# R. C. Hwa and M. T. Nazirov, Phys. Rev. Lett.69, 741~1992!.
@35# T. Kubo, M. Belkacem, V. Latora, and A. Bonasera, Z. Phys.

A 352, 145 ~1995!.
@36# Charge distributions and the SFM shown in Fig. 17 have been

calculated without the heaviest fragment in each event, apar
the charge distribution of cut 1.

@37# M. Baldo, A. Causa, and A. Rapisarda, Phys. Rev. C48, 2520
~1993!.

@38# P. F. Mastinuet al., Phys. Rev. Lett.76, 2646~1996!.
@39# P. F. Mastinu, inProceedings of the XXXIV International Win-

ter Meeting on Nuclear Physics, Bornio, 1996, edited by I. Iori
@Ric. Sci. E.P.102, 110 ~1996!#.

@40# J. Benlliure, Ph.D. thesis, University of Valencia, Spain, 1995.


