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Within the framework of classical molecular dynamics, we study the collisioft Auw 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 evenf§0556-28186)01811-0

PACS numbgs): 25.70.Mn, 05.70.Fh, 21.65f, 64.70.Fx

[. INTRODUCTION energy notably lower. Second, we want to identify the criti-
cal events(if any) and study the effects of the efficiency of
For several years, the idea that nuclear systems may shogxperimental apparatuby applying for example the experi-
some evidence for the occurrence of critical behavior relatednental filters of the MULTICS-MINIBALL apparatus
to a liquid-gas phase transition has stimulated lots of invesF13,14)). From this we can see whether experimental ineffi-
tigations both from theoretical and experimental sidies8]. ciencies can completely wash out the signals of criticality or
This was suggested more than ten years ago by the observéit is still possible to recover these signals from the filtered
tion of fragment charge distributions exhibiting power lawsresults. Finally, we aim to apply the same procedure to the
[9]. Such a power law is expected for cluster formation neaexperimental data obtained by the MULTICS-MINIBALL
the critical point of a liquid-gas phase transition, as in thecollaboration for the same reacti¢h5].
Fisher droplet mode]10]. This interest increased recently ~ This paper is organized as follows. We give in Sec. Il a
with the determination by the EOS Collaboration of critical brief description of the CMD model used for this study. A
exponents of fragmenting nuclear systems produced in theore complete description can be found in Ré¢fs5,17.
collision of 1 GeV/nucleon Au nuclei with a carbon target Section Il contains the analysis of the moments of charge
[11], and with the extraction by the ALADIN Collaboration distributions, the Campi scatter plot, and the analysis of the
of a caloric curve resulting from the fragmentation of the scaled factorial moments in terms of the intermittency signal.
quasiprojectile formed in the collision AtAu at 600 MeV/  Section IV is devoted to the study of the effects of experi-
nucleon, reminiscent of the behavior of a liquid-gas systemmental inefficiencies, applying to the CMD results the filter
[12]. of the MULTICS-MINIBALL apparatus, and we show it is
In the present work, we study within the framework of possible to recover the signals of criticality selecting well
classical molecular dynamic€CMD) model, the reaction detected events. Finally, we give in Sec. V our summary and
¥7Au + 197Au at an incident energy of 35 MeV/nucleon. conclusions.
We analyze the results in terms of critical behavior by study-
ing fragment charge distributions, their moments, and the Il. BRIEEF DESCRIPTION OF THE CMD MODEL
occurrence of large fluctuations in terms of intermittency
analysis, and as shown by the fluctuations of the size of the Inthe CMD model, we assume that each nucleus is made
largest fragment. Our aim for this analysis is threefold. Firstup of 197 nucleon$79 protons+ 118 neutronsthat move
critical behavior has been observed in the fragmentation ofinder the influence of a two-body potentialconsisting of
Au nuclei in the previously mentioned experiments at hightwo different interaction$16]:
beam energie$600 and 1000 MeV/nuclegnand we are
interested to see if such a behavior can still be observed at anV,,,(r)=V,,(r)=Vg[ exp(— uor )/r —exp( — uof ¢)/T c],

. V(D) =V [exp(— w,r)/r—exp — wr)/r
Present address: InstituirfTheoretische Physik, J. W. Goethe- npl 1) = Vil eXp(= 1) = uito)lre]
Universita, D-60054 Frankfurt am Main, Germany. =V [exp —ur)/r—exp(—uara)/ral. (1)
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r.=5.4 fm is a cutoff radius. The first interaction, for iden- =0 =100 =200 t=300 (fim/c)
tical nucleons, is purely repulsive so no bound state of iden- “
tical nucleons can existo simulate in some sense the Pauli 25 B —
principle), and the second, for proton-neutron interaction, is or @ @ i ?
attractive at large distances and repulsive at small ph&ls -25 : <
The various parameters entering H@) are defined with S E— 1o
their respective values in Ref16]. This potential gives an 25 3 i A
equation of stat¢éEOS of classical matter having about 250 o ® | i c“’

MeV of compressibility(set M in Ref. [16]), and which § —25 i -
strikingly resembles that of nuclear matfée., equilibrium b ‘ ‘ ‘

0.62 b

density po=0.16 fm 2 and energyE(py)=—16 MeV/ asr 0 e [

nucleor]. Furthermore, in Refs[16,18, it is shown that or X %4 . I
many experimental data on heavy-ion collisions are reason-  ~2° | i <«
ably explained by this classical model. Of course this is not — B E—
accidental but it is due to the accurate choice of the param- 25 i @ | Ryl R
eters of the two-body potentia[46]. The classical Hamil- ot B P 'w;":’ <
ton’'s equations of motion are solved using the Taylor -5 i i i <«
method at the orde®[(5t)3] where 8t is the integration S350 25 —250 25 =250 25 250 25
time step[19]. Energy and momentum are well conserved. Z (fin)

Both nuclei are initialized in their ground state by using the

frictional cooling method20], then they are boosted towards  FIG. 1. Dynamical evolution. The-space distribution is pro-
each other with the CM kinetic energy. In the present calcujected on thex-z plane.

lations, the Coulomb interaction is explicitly taken into ac-

count. Note that this model takes into account all order coreral and peripheral collisionghird and fourth lines panels

relations at the classical level. This is quite important wherPne sees clearly the formation of two big sour¢te qua-
studying instabilities. sitarget and quasiprojectjlewith the formation between

them of a third smaller source in the neck region. The size of
this “neck” is smaller for more peripheral collisions and it
completely disappears for the most peripheral ones.
Calculations for the reaction AuAu at 35 MeV/nucleon One of the most powerful methods used to characterize
are carried out for several impact parameters, from 1 to 18he critical behavior of a system undergoing a multifragmen-
fm in steps of 1 fm. One intuitively imagines the following tation is the method of conditional moments introduced by
scenario for this reaction. For central collisions, since theCampi[24]. The moments of asymptotic cluster charge dis-
incident energy is rather high as compared to the Coulomiyibutions are defined as
barrier, the two heavy nuclei will come in contact for a short
time._ The totel charge of the intermediate system is very high m{) = > Z0(2)/Z, )
and it will quickly explode due mainly to the high Coulomb Z
repulsion [15]. For increasing impact parameter, two or ,
maybe three excited primary fragments might be formed. Byvheren()(Z) is the multiplicity of clusters of charg in
tuning the impact parameter, we might hope to obtain somée eventj, Z,,,=158, and the sum is over all the fragments
primary sources which have a combination of excitation enin the eventexcept the heaviest opahich corresponds to
ergy, Coulomb charge, and angular momentum sufficient téhe bulk liquid in an infinite system. If the system keeps
bring the system into the instability regidifi any). The pos- some trace of the phase transition for some particular events,
sibility that such a scenario might apply to heavy-ion colli- the momentsm, should show some strong correlations be-
sions has been shown in microscopic calculatids21. In  tween them[24]. In particular, the second momemts,
particular, it has been shown that the “critical” excitation which in macroscopic thermal systems is proportional to the
energy decreases when the system is either charged andiepthermal compressibility, diverges at the critical tempera-
rotating[17,21—23. Thus a combination of all these ingre- ture [11,25,2§. Of course in finite systems, the moments
dients might give the desired result. Following this scenariomy remain finite due to finite size effects. In the upper part of
one would expect to see a critical behavidrany) for pe-  Fig. 2, we have plotted the second momemt vs the re-
ripheral collisions. duced impact parametér, calculated without the two largest
In Fig. 1, we have plotted the dynamical evolution in the fragments instead of the largest one only. This is due to the
x-z plane for this reaction for four different timéafter the  fact that the system is symmetric, and for peripheral colli-
two nuclei came in contagtand four different impact pa- sions we expect bulk fragments coming from the quasitarget
rameters;b=0.15 (first line panely b=0.38 (second line and the quasiprojectile. As expected, the second moment
panelg, b=0.62(third line panely andb=0.85(fourth line ~ m, shows a peak for an impact parameber 0.8. If we do
panels. For central and semicentral collisioffgst and sec- not take off the second largest fragméluwer part of Fig.
ond rows the two nuclei come in contact with each other 2), we observe a continuous rise @, and the peak disap-
and form a unique deformed sourfthe source is less de- pears because we are summing to the small fragments, a very
formed for more central collisionswvhich decays through big one (bulk) coming from the fragmenting quasitarget or
light particles and fragments emissiptb]. For semiperiph-  projectile.

lll. RESULTS



54 SEARCHING FOR THE NUCLEAR LIQUID-GAS PHASE ... 2437
EN T T T o~ T T T

5 o’ 1 s | oo

. P [ ] i

4T ) ] 2r .o. * ]

SELeer” ] 15[ eee .

2,_ o] 1k _]

T ] 0.5 |- 8

~ O } f f } 0 | | | L
£ . | 0 025 05 0.75 1
30 | - b
° ?:: 3 B T T T T

20 b . i 25 L ‘M. ]

K ]

N . ] 2 | .\

? 1.5 | =

ooo". ] o ]

O 1 { 1 N -

0 025 05 075 | : ]

3 0.5 | -

O I | 1 1 ]

FIG. 2. The second moment of charge distributionsvs the N,
reduced impact parametler The upper panel, without the two larg-
est fragments; the lower panel, without only the largest fragment.  FIG. 4. The reduced variancg, vs the reduced impact param-

eterb (upper pangland vs charged particle multiplicity. (lower

In Fig. 3, we have plotted the same quantity vs the  pane). The calculations are done without the two largest fragments.

multiplicity of charged particledN, (with Z=1), calculated
without the two largest fragmentapper pantand only with- |t was shown by Campi that this quantity presents a peak
out the largest ondlower par). The second momenn, around the critical point which means that the fluctuations in
shows also a peak W, for a multiplicity around 20—25, and the fragment size distributions are the largest near the critical
this peak disappears when taking into account the secongbint [24]. In Fig. 4, we have plotted the relative variance
largest fragment. In the following, the analysis of the nonfil- , vs the reduced impact parameterupper par, and vs
tered results is done taking off the two largest fragments. the charged particle multipliciti,, (lower par). One clearly

Another quantity proposed by Campi to give more insightnotes that the relative variangg shows a peak in both plots,
into the critical behavior is the relative variangg defined 5. 5 reduced impact parametér around 0.8, and for
as[24] N~ 20— 25.

Moreover, we have considered another variable which is

—. 3) the normalized variance of the charge of the maximum frag-
my mentoyy, . As charge distributions are expected to show the
maximum fluctuations around the critical poif27], this
quantity is expected to present some maximum at the critical
point[24,28. This normalized variance is defined as

m;Mg

Y2=

m,
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FIG. 3. The second moment of charge distributians vs

where
Uzmaxz <Zﬁ1ax> - <Zma><>2- )

The brackety() indicate an ensemble averaging. We have
plotted in Fig. 5 the normalized varianeay, vs b (upper
par), and vsN, (lower par}. In this case also, we observe a
peak for this quantity in both plots at almost the same values
of b andN.. This means that the fluctuations in the charge
of the maximum fragmenfthus in charge distributionsare
the largest around these values of the impact parameter and
charged particle multiplicity. .

The upper part of Fig. 6 shows a scatter plot oZp()

charged particle multiplicitN. . The upper panel, without the two VS In(rr%) for each evenf, commonly known as Campi scat-
largest fragments; the lower panel, without only the largest fragter plot. It was shown that if the system keeps some trace of

ment.

the phase transition, the correlation between these two quan-
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sponding to undercritical and overcritical events, similar to

z 3 ' ' the predicted ones. Note that the upper branch contains
5T o® ] mainly events at impact parametérs 0.85, while the lower
2r R o branch contains events with<<0.77. The region where the
15 . ] two branches meet is obtained for 0¥F<0.85. In the fol-
1k . * lowing, we will show that the central region where the two
051 _ee . ] branches meet and where the critical behavior is expected, is
L® . . . o | characterized by the occurrence of large fluctuations, re-
000255 05 075 1 vealed through an intermittency analy$&0]. In the lower
b part of Fig. 6, we have plotted the logarithm of the scaled
b; 3 —— T factorial moment§SFM’s) defined ag31]
= ® -
Y | SE/ 0 (=1) -+ (0= +1)
2r ... So ] Fi(os)= Zot!55, - i . (6
15 F o . DAY
[ L
' ....‘, i=2,...,5vs thdogarithm of the bin sizeSs. In the above
05 e 7 definition of the SFMj is the order of the moment. The total
ol ] interval 1— Z,; (Z;,i= 158) is divided inM = Z;,;/ §s bins of

size 8s, ny is the number of particles in thieth bin for an
event, and the brackets denote the average over many

FIG. 5. The normalized variance of the size of the largest frag_gvents. An intermittent pattern of fluctuations is character-

. - ized by a linear rise of the logarithm of the SFM’s vs
mentoyy Vs the reduced impact parametefupper pangland vs “In(89 (ie. E.o s~ M) which ds to th ist
charged particle multiplicityN. (lower panel. n(és) (i.e., Fjx 45 ) which corresponds to the existence

of large fluctuations which have self-similarity over the

tities exhibits two characteristic branches, an upper brancWhOI?.trangguoc: sf'calzsfcor;&de@ﬂt—j']]i .Iiv?.n tgozugh tTS
with an average negative slope corresponding to undercritduantty 1S 11 defined for tfragment distribu |o_r[ 33, i .
cal events, and a lower branch with a positive slope tharIas been_ shown in several theoretical studies tha_t C”.t'cal
corresponds to overcritical events, and the two branche i’?r{[g 298'\291 §4pow|er tlﬁw ffor thethSF'Y' vs.tLhe b'fn tslze
meet close to the critical point of the phase transition: " >>=<==" 35 In the figure, the logarithm of the

[17,24,29. The results of Fig. 6 show two branches corre-SFM's exhibits a linear rise vs the logarithm of the bin size

indicating a strong intermittency signal in the region of the
Campi plot where the critical behavior is expected. To un-

3 ST T derstand whether these large fluctuations are due to a simple
| ; ] event mixing by considering different impact parameters in-
=4 4T i side cut 2, we fixed the impact parameter to, bay0.85.
.l | The resulting SFM are shown in Fig. 7. One notes that the
signal is still there even though it is much weaker than the
5| | previous case, Fig. Gthe absolute values of the SFM are
| ] smalley. This allows us to conclude that the intermittency
gl signal is not due to the mixing of events and this mixing only
-6 -4 -2 0 2 4 increases the absolute values of the SFM.

In(m,) Now we would like to add some comments about the
g1 4l T "AA'A‘A‘ A N mixing of different sources in the calculations of the quanti-
£1.2 [t .

] i ~0.2 1 —T T
0.8 g0 0 & o] t;, .
0.6 . .15 | s s
0.4 b 0000000 O O o] AD oo
02 immessevesce o o o N 4]
-3 -25 -2 -15 -1 -0.5 Y T
—In(8s) 0.05 ﬁo”o °
FIG. 6. Upper panel: Campi scatter plot. The logarithm of the 0 "":“J“.:.i L ’

size of the largest fragment If,,) is plotted vs the logarithm of -3-25-2-15-1-05
the second moment Inmg). Lower panel: The logarithm of the —|n(6s)
scaled factorial moments IR is plotted vs the logarithm of the bin

size —In(ss) for the events falling within the cut drawn in the FIG. 7. The logarithm of the scaled factorial momentd=h(s
Campi scatter plot, upper panel. Solid circles represent the SFM gflotted vs the logarithm of the bin sizeln(&s) for the events with
orderi =2, open circles=3, open squares=4, and open triangles b=0.84. Solid circles represent the SFM of order2, open circles
i=5. i =3, open squareis=4, and open triangleis=5.
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ties discussed above. First of all, we note that it is not clear
how to separate the different sources which might be formed |
after the first stages of the collision when they are still over- 151 coo®® °
lapping (we mean by overlap distances smaller than the o |
range of the two-body interaction used, i.e,=5.4 fm), as 1 L L
one can see from Fig. 1. Thus it is not obvious how to dis-
tinguish which fragments come from which source, even in a
simple dynamical model like CMD. For the calculations of

the second momenm, for instance, one should consider 00 —0%5 05 o695 |
only one sourcéthat entering the critical regionFor central g
collisions, only one source is formed and, is calculated
according to Eq(2) with Z,,,~158. For peripheral impact
parameters, one should calculate the second moment only
from one sourcgthe PLF or TLF assuming two sourges
and in this cas&,, should be around 7@158/2 in Eq. (2). 1
Since we are dealing with a symmetric reaction, we can say ! :
that both the PLF and the TLF enter separately the critical 05 |t .
region. So calculatingn, using Eq.(2) with Z,,,~158 is ]
equivalent to calculating it by summing on the fragments 0 =—=55"30""20 350
coming from only one source and dividing I&,~79, N,

which gives the same results as those of Fig. 2. This discus-

sion holds for all the moments,, and thus for the reduced  FIG. 9. Filtered CMD results. The reduced variangevs the
variancey,. For the normalized variance of the charge of thereduced impact parameter (upper pangland vs charged particle
largest fragment, one should be careful to consider the larghultiplicity N. (lower panel.

est fragment coming from only one soufltkis was not done

for the previous calculations efyy). For central collisions, v.,,=0 to select roughly the PLF soupcdhe obtained re-

we have only one source, and the results do not change. Feults are very similar to those reported in Fig. 6 and making
peripheral collisions, by considering only the largest frag-a gate on the central region of the plot, we obtained almost
ment with a positive velocity in the center of mass, the ob-the same SFM with the same absolute values as those re-
tained peak inoyy is higher than that obtained previously ported on the lower part of Fig. 6.

(3.8 instead of 2.4 of Fig.)5 This result is in some sense  In this section, we have seen that the analysis of the re-
obvious because we were previously smoothing the fluctuaaction Aut+Au at 35 MeV/nucleon shows a signal of critical
tions of the largest fragment on both sour@@kF and TLH.  behavior in peripheral collisions. This behavior is revealed
For the Campi plot, we have plotted the logarithm of the sizehrough the analysis of the second moment of charge distri-
of the largest fragment vs the logarithm wk, both calcu- butions, the reduced variance, the large fluctuations of the
lated for the fragments emitted in the forward direct{@iith

R2fF

T T I T T

o0®®%%%

154
He
> ]

000, 1
L 1Y
90eq,
(L

2 25 T T T T
N2.5 T T (e} B
S oo 20 | -
2F of ¢ -
- ®. 15 + o]
1.5 F -
+ .. 10 | ® T
1 F . - .
L . + 1 5 * ° _
051 ) 0 I g.l. I |
N 0 025 05 075 1,
0 025 05 075 1 b
z 25 T T
E~2,5 ™ T T (&) 2o lee )
I oe |
2 F .0..“ Coeq I
i LT 15 * -
- L |
1.5 I ’.Q‘ ol . )
1 13 | *
. 5+ .oo.. -
0.5 K ) — O r ‘ ’ I ‘ IM
ol ] 0 10 20 30 40 50

distributionsm, vs the reduced impact parameﬁal(upper pangl
and vs charged particle multiplicitd. (lower panel.

L | . | L | L | L
10 20 30 40 50
N

N

FIG. 10. Filtered CMD results. The normalized variance of the
FIG. 8. Filtered CMD results. The second moment of chargesize of the largest fragmemntyy vs the reduced impact parameter

b (upper pangl and vs charged particle multiplicitiN. (lower

pane).
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FIG. 11. Filtered CMD results. Campi scatter plot. The loga- I
rithm of the size of the largest fragment () is plotted vs the 0.5 .
logarithm of the second moment iny). I . | ! | ,

10 20 30 40 50
size of the largest fragment, the characteristic shape of the N,
Campi scatter plot and the occurrence of large fluctuations in

the region of the Campi plot where the critical behavior is F'C- 13- Filtered CMD results with selection of events. The
expected. reduced variancey, vs the reduced impact parameter(upper

pane) and vs charged particle multiplicitf, (lower pane).

IV. EFFECTS OF EXPERIMENTAL INEFFICIENCY o )
o . _ _ _ cally eliminates the largest fragment coming from the target-
As indicated in the Introduction, one of the aims of this jike, so we calculate the moments of charge distributions
study is to apply the same procedure of critical behavioim, [Eq. (2)] by subtracting only the largest fragmefand

identification to the experimental data obtained by thenot the two largest ones as for the unfiltered resulfhe
MULTICS-MINIBALL Collaboration for the same reaction, upper part of Fig. 8 shows the second mormestvs b. The

Au + Au qt 35 MeV/nucleon. To do so, we have filtered our g ong moment, no longer shows the peak observed for
results using the angular acceptance and energy threshOIdSL?rgfiltered results arouriﬁlzo.& even though one notes some
the MULTICS-MINIBALL apparatus. remaining of that peak. We note also the appearance of a

We have checked that at least for semiperipheral and pe- . )
ripheral collisions, the efficiency of the apparatus automati(:i“:’urnp for more central collisions, aroutd=0.38. The situ-
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FIG. 12. Filtered CMD results with selection of events. The FIG. 14. Filtered CMD results with selection of events. The
second moment of charge distributiong vs the reduced impact normalized variance of the size of the largest fragmag vs the
parameteib (upper pangland vs charged particle multiplicit, reduced impact parametber(upper pangland vs charged particle
(lower panel. multiplicity N, (lower pane).
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5 S — The effects of apparatus inefficiencies can thus be more or
less drastic depending on the variable we are looking at. To
recover the signals of criticality, we adopted the following
procedure.

(i) Since the critical behavior was observed at peripheral
impact parameters, we identify semiperipheral and peripheral
collisions, eliminating more central ones, by selecting those
events in which the velocity of the largest fragment along the
beam axis is larger or equal to 75% of the beam velocity,
which means that we are selecting those events in which
there is a remnant of the projectile flying with the velocity of
the quasiprojectile. Doing this, we wish to select only those
reactions where two or three primary sources are formed
1 —t e (semiperipheral and peripheral reactipasid eliminate the
reactions where only one source is formed at midrapidity
(central collisions
FIG. 15. Filtered CMD results with selection of events. Campi tot:EIIII ) d\é\:gciglie((::thtahrzemigﬁg?gg:gf;ﬁ eu)/}e(n;ts7 g)nposmg that the
scatter plot. The logarithm of the size of the largest fragment Furthermore. we noted that Conditigﬁh doe"s not auto-
In(Zna is plotted vs the logarithm of the second momentri)( . L - -

Three cuts are employed to select the upper braahthe lower matlca_llly ellmmate_ all central coI_I|S|0ns _an_d in order to ac-

branch(3), and the central regiof). complish that we impose a maximum limit to the total'de—
tected chargeZ=<90—95. We note also that changing
condition (i) from 75% to 85% of the beam velocity for

ation is worst for the plot om, vs N, in the lower panel of example does not change significantly the results, and only

the figure where one observes only a quasilinear rise. Thdecreases the statistics.

reduced variancey, drawn in Fig. 9, shows a bit different In Figs. 12—-14, we have plotted the second mormast

behavior. One still observes a smooth bumgbat0.8 but  the reduced variance,, and the normalized varianaeyy vs

v, is almost constant fob<<0.8 and not rising as it is the the reduced impact parameter(upper part of the figures
case for unfiltered results. Similarly fo, vs N, lower part ~and vs charged particle multipliciti, (lower par}. One

of Fig. 9. The normalized variance of the size of the largessees that the signals observed for nonfiltered results are re-
fragment given in Fig. 10, still shows a peak but slightly covered at the same impact parameter. One notes also that
shifted towards higher impact parametéupper part of the this selection eliminates central collisions whiks 0.38.

figure, compare to Fig.)4or shifted towards lower charged Figure 15 displays the Campi scatter plot for the filtered
particle multiplicity (lower part of Fig. 19. More drastic is events with the selection on the velocity of the largest frag-
the change in the shape of the Campi scatter plot shown iment and the total detected charge. We see that one recovers
Fig. 11. This plot no longer shows any particular shape charthe characteristic shape of the Campi plot, i.e., an upper
acteristic of the occurrence of a critical behaviobserved in  branch with a negative slope and a lower branch with a posi-
the unfiltered resulisand one is no more able to identify the tive slope, already observed in the unfiltered results. To bet-

IN(Z )

upper and lower branches neither the meeting zone. ter clarify the characteristics of these two branches and of the
Cut 1 Cut2 Cut 3

~~ C 200 F 80 [

2200 | : .

c - 150 |- 60 |

3150 - 5 s

35 I 100 40 |

g 100 |- I -

5 50 |- 50 A_ 20 :—

.;:’ 0 - J 0 s 0 L= . I FIG. 16. Filtered CMD results with selection
0 o 0 ! 0 5 L of events. Impact parameter distributiofgper

panel$ and multiplicity distributionglower pan-

— 102E els for the three cuts made on Fig. 15: left part
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]
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F central panel indicates a power law distribution
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meeting zone, we have made three cuts in this plot selectinguittency signal. For cut 2 the situation is different. The loga-
the upper branclicut 1), the lower branchcut 3, and the rithms of the SFM’'s are positive and almost linearly
central regior(cut 2), and analyzed the events falling in each increasing vs—In(8s) and a strong intermittency signal is

of the three cuts. The upper part of Fig. 16 shows the impaabbserved[note the absolute values of Fg)]. Cut 3 gives
parameter distributions of the events falling in the three cutsiegative logarithms of the SFM’s and we have also in this
of the Campi plot. One sees that the three cuts select diffetrease no intermittency signal. Note that this behavior of the
ent regions of the impact parameter distribution: cuteft  scaled factorial moments is exactly the same as that observed
pane) selects the most peripheral collisions with a distribu-in percolation and molecular dynamics models for underecriti-
tion peaked ab=0.92; cut 2(central panglselects periph- cal, critical, and overcritical events, respectivelyr,37).

eral impact parameters with a distribution going from

b=0.65 to 0.95; cut 3Jright pane) selects more central col- V. CONCLUSIONS AND OUTLOOKS

lisions. In the lower part of the same figure, we have plotted

. e O In conclusion, we have studied the reaction+&u at an
the charged particles multiplicity distributions for the three. . ’ o
cuts. Cu? 1 s%ows a muItipF))Iicit?// distribution from 2 to 10 incident energy of 35 MeV/nucleon within the framework of

; L ; o classical molecular dynamics. The results show evidence for
while cut 3 shows a distribution at higher multiplicities from the occurrence of a critical behavior revealed throuah the
30 to 45. The situation is different for cut 2. The multiplicity 9

distribution covers a wider range bf; values from 2 to 30.

Note that this large multiplicity distribution is not due, as one -~
might think, to a large impact parameter mixifgee upper g
part of the figurg but is due to the occurrence of large N
fluctuations as expected near the critical point as we will £
show below.

Figure 17 displays in the upper part the fragment charge
distributions obtained in the three cli86] with, in the lower 35
part, the corresponding scaled factorial moments calculated
according to Eq(6) [36]. Cut 1 (left part of the figurg cor-
responds to undercritical events and hence one obtains a
charge distribution with a U” shape characteristic to
evaporation events, while for cut(@8ght par) one observes 25 b
a rapidly decreasing charge distribution with an exponential
shape characteristic to highly excited systems going to va-
porization. For cut 2(central part, we obtain a fragment 2 I
charge distribution exhibiting a power law ™7, with — 3 >
7~2.2, which is expected, according to the droplet model of In(M,)
Fisher, for fragment formation near the critical point indicat-
ing a liquid-gas phase transition, and consistent with the gig. 18. Experimental results from Re38]. Campi scatter
scaling laws of critical exponenfd0]. In the lower part of  piot. The logarithm of the size of the largest fragmen@Zgg) is
the figure, for region 1 corresponding to evaporation eventSsiotted vs the logarithm of the second momentig( Three cuts
the logarithms of the scaled factorial moments{p@re al-  are employed to select the upper brarith the lower branch3),
ways flat and independent onin(ds) and there is no inter- and the central regiof®).
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fl_') 1 E A c 0-3 A 0 Lsssssscc e e o o
\C/O'B frosasns & & 025 —0.05 WODOO ° 5 FIG. 19. Experimental results from R¢88].
— 06 FE o oaC 0.2 . Scaled factorial moments IR vs —In(ss) for
04 b ol 015 2l -o.1 djjrﬂ‘“” o the three cuts made on Fig. 18: left part cut 1,
00000 0 © 0.1 ‘ &59 central part cut 2, and right part cut 3. Solid
02t Ve o °| -0.15 W circles represent the SFM of ordér2, open
0 . "|° . 0.05 : . I AAIA L circles i=3, open square$=4, and open tri-
-3 175 05 -3 <175 05 >2-3 175 =05 anglesi =5.
—In(8s) —In(6s) —In(8s)

shape of the second moment of charge distributions, the rdarity with the theoretical Campi plot shown in Fig. 15.
duced variance, the normalized variance of the size of thiMoreover, we show in Fig. 19 the experimental scaled fac-
largest fragment, the particular shape of the Campi scatteéorial momentg38] obtained in the three cuts made on the
plot and through the presence of large fluctuations as indi€Campi plot of Fig. 18. Once again note the similarity of these
cated by the intermittency analysis in the region of theresults with those of the CMD results. The authors of the
Campi plot where the critical behavior is expected. We haveprevious reference have also extracted the other quantities
also seen that when our results are filtered using the gedaliscussed in this papévariance of the charge of the largest
metrical acceptance and energy thresholds of the MULTICSfragment, etg.from the experimental da{89]. These quan-
MINIBALL apparatus, experimental inefficiencies can hide tities behave very similarly to what is discussed here for the
more or less the signals of criticality. Moreover, we haveCMD case thus strengthening our findings. A very similar
shown that these criticality signals can be recovered by iderbehavior to the one discussed here has also recently been
tifying the most complete semiperipheral and peripherabbserved in Xet Sn collisions at 55 MeV/nucleon measured
events selecting those events in which the largest fragmentith the detector INDRA again for peripheral collisiof#)].

has a velocity along the beam axis larger or equal to 75% ofVork now is in progress to characterize the fragmenting
the beam velocity and for which the total detected charge isources leading to the critical behavior and to extract the
70<Z,,=90. critical exponents.

We would like to note at the end that the same procedure
for characterizing the critical behavior has been successfully
applied to the experimental data obtained by the MULTICS-
MINIBALL Collaboration for the same reaction Agt Au at One of us(M. Belkacem thanks the Physics Department
35 MeV/nucleon, and that a critical behavior has been idenef the University of Trieste for financial support and the
tified [38]. As an example, we show in Fig. 18 the experi- Physics Department of the University of Bologna, where part
mental Campi scatter pldi38] obtained making a similar of this work was done, for warm hospitality and financial
event selection as for the CMD results. Note the strong simisupport.

ACKNOWLEDGMENTS

[1] M. W. Curtain, H. Toki, and D. K. Scott, Phys. Lett23B, Wieman, Nucl. PhysA387, 177c(1982; M. Mahi, A. T. Bu-
289(1983; A. D. Panagiotou, M. W. Curtain, H. Toki, D. K. jak, D. D. Carmony, Y. H. Chung, L. J. Gutay, A. S. Hirsch,
Scott, and P. J. Siemens, Phys. Rev. L&#.496 (1984). G. L. Paderewski, N. T. Porile, T. C. Sangster, R. P. Scharen-

[2] G. F. Bertsch and P. J. Siemens, Phys. LE26B 9 (1983. berg, and B. C. Stringfellow, Phys. Rev. Lei0, 1936(1988.

[3] A. L. Goodman, J. I. Kapusta, and A. Z. Mekjian, Phys. Rev.[10] M. E. Fisher, Rep. Prog. Phy30, 615(1967); in Proceedings
C 30, 851(1984. of the International School of PhysicEnrico Fermi Course

[4] H. R. Jagaman, Gabor Papp, and D. H. E. Gross, Nucl. Phys. LI, Critical Phenomena, edited by M. S. Greéacademic,
A514, 327 (1990. New York, 1972; Physics3, 255 (1967.

[5] R. G. Palmer and P. W. Anderson, Phys. Rev.9D3281  [11] J. B. Elliott, M. L. Gilkes, J. A. Hauger, A. S. Hirsch, E. Hjort,
(1974; W. G. Kupper, G. Wegmann, and E. R. Hilf, Ann. N. T. Porile, R. P. Scharenberg, B. K. Srivastava, M. L. Tinck-
Phys.88, 454 (1974; G. Sauer, H. Chandra, and U. Mosel, nell, and P. G. Warren, Phys. Rev.40, 3185(1994); M. L.
Nucl. Phys.A264, 221 (1976. Gilkes et al, Phys. Rev. Lett73, 1590(1994).

[6] P. Danielewicz, Nucl. PhysA314, 465 (1979. [12] J. Pochodzallat al., Phys. Rev. Lett75, 1040(1995.

[7] D. Q. Lamb, J. M. Lattimer, C. J. Pethick, and D. G. Raven-[13] I. lori et al, Nucl. Instrum. Methods /325, 458 (1993.
hall, Phys. Lett.41, 1623 (1978; Nucl. Phys.A360, 459 [14] R. T. DeSouzaet al, Nucl. Instrum. Methods A295 109

(1981); H. Schulz, L. Minchow, G. Rpke, and M. Schmidt, (1990.

Phys. Lett.119B, 12 (1982; Nucl. Phys.A399, 587 (1983. [15] M. D’Agostino et al, Phys. Rev. Lett75, 4373(1995; Phys.
[8] H. R. Jagaman, A. Z. Mekjian, and L. Zamick, Phys. Rev. C Lett. B 368 259 (1995.

27, 2782(1983; 29, 2067(1984. [16] R. J. Lenk, T. J. Schlagel, and V. R. Pandharipande, Phys.
[9] J. E. Finnet al, Phys. Rev. Lett49, 1321(1982; Phys. Lett. Rev. C42, 372(1990.

118B, 458 (1982; H. H. Gutbrod, A. I. Warwick, and H. [17] V. Latora, M. Belkacem, and A. Bonasera, Phys. Rev. L[#8t.



2444 M. BELKACEM et al. 54

1765(1994; M. Belkacem, V. Latora, and A. Bonasera, Phys. [29] H. R. Jagaman and D. H. E. Gross, Nucl. Ph4§24, 321

Rev. C52, 271(1995. (1992; D. H. E. Gross, A. R. DeAngelis, H. R. Jagaman, Pan
[18] V. Latora, A. Del Zoppo, and A. Bonasera, Nucl. Phi872, Jicai, and R. Heck, Phys. Rev. Le@8, 146 (1992; A. R.

477 (1994. DeAngelis, D. H. E. Gross, and R. Heck, Nucl. Ph#&37,
[19] S. E. Koonin and D. C. MeredithComputational Physics 606 (1992.

(Addison-Wesley, California, 1990 [30] A. Bialas and R. Peschanski, Nucl. Ph{273 703 (1986);
[20] L. Wilet, E. M. Henley, M. Kraft, and A. D. MacKellar, Nucl. B308 857(1989.

Phys.A282, 341(1977); H. Horiuchi, ibid. A522, 2570(199_3' [31] M. Ploszajczak and A. Tucholski, Phys. Rev. L&6, 1539
[21] D. H. E Gross, Prog. Nucl. Phy30, 155(1993; A. S. Botvina (1990; Nucl. Phys.A523, 651 (1991).

and D. H. E. Gross, Nucl. PhyA592, 257 (1995.

[22] J. Bondorfet al, Nucl. PhysA444, 460(1985; J. Bondorf, A.
S. Botvina, A. S. lljinov, I. N. Mishustin, and K. Sneppen,
Phys. Rep257, 133(1995.

[23] A. Bonasera, F. Gulminelli, and J. Molitoris, Phys. R2g3 1
(1994.

[24] X. Campi, J. Phys. AL9, L917 (1986; X. Campi, Phys. Lett.

[32] X. Campi and H. Krivine, Nucl. PhysA589, 505 (1995.

[33] L. Phairet al,, Phys. Lett. B291, 7 (1992.

[34] R. C. Hwa and M. T. Nazirov, Phys. Rev. L&#B, 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

B 208 351(1988; J. Phys.(Parig 50, 183 (1989 calculated without the heaviest fragment in each event, apart
[25] R. Balescu,Equilibrium and Nonequilibrium Statistical Me- the charge distribution of cut 1. .
chanics(Krieger, Malabar, FL, 1991 [37] M. Baldo, A. Causa, and A. Rapisarda, Phys. Rev822520
[26] P. Finocchiaro, M. Belkacem, T. Kubo, V. Latora, and A. Bo- (1993.
nasera, Nucl. Phys$A600, 236 (1996. [38] P. F. Mastinuet al, Phys. Rev. Lett76, 2646(1996.
[27] H. E. Stanley Introduction to Phase Transitions and Critical [39] P. F. Mastinu, irProceedings of the XXXIV International Win-
PhenomendOxford University Press, Oxford, 1987 ter Meeting on Nuclear PhysicBornio, 1996, edited by I. lori
[28] C. O. Dorso, M. Belkacem, V. Latora, and A. Bonaséua- [Ric. Sci. E.P.102 110(1996)].

published. [40] J. Benlliure, Ph.D. thesis, University of Valencia, Spain, 1995.



