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Circumstantial Evidence for Critical Behavior in Peripheral Au 1 Au Collisions
at 35 MeVyyynucleon
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The fragmentation resulting from peripheral Au1 Au collisions at an incident energy ofE ­
35 MeVynucleon is investigated. A power-law charge distribution,A2t with t ø 2.2, and an
intermittency signal are observed for events selected in the region of the Campi scatter plot where
“critical” behavior is expected.

PACS numbers: 25.70.Pq, 05.70.Jk, 24.60.Ky
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Initiated by the observation of fragments in the fin
stages of the reaction exhibiting a power law in fragm
charge distributions [1], and stimulated by the similar
of the nuclear matter equation of state with that of a v
der Waals gas [2], the possibility of observing a liquid-g
phase transition in nuclear systems has been the su
of intensive investigations [3–7]. This interest increas
recently with attempts of extracting critical exponents
fragmenting nuclear systems produced in Au1 C colli-
sions atE ­ 1 GeVynucleon [5] and a “caloric curve”
for projectile fragmentation reactions in Au1 Au colli-
sions at 600 MeVynucleon [7]. In this Letter, we re
port results obtained for peripheral Au1 Au collisions at
E ­ 35 MeVynucleon which display some characteristi
similar to those predicted for near-critical systems.

The experiment was performed at the National Sup
conducting Cyclotron Laboratory of the Michigan Sta
University. Fragments with charge up toZ ­ 83 were
detected at3± # ulab , 23± by the Multics array [8],
and charged particles with charge up toZ ­ 20 were de-
tected at23± # ulab # 160± by 159 phoswich detecto
elements of the MSU Miniball [9]. The charge ident
fication thresholds were about 1.5 MeVynucleon in the
Multics array, independently of the fragment charge, a
about 2, 3, 4 MeVynucleon in the Miniball forZ ­ 3, 10,
18, respectively. The geometric acceptance of the c
bined apparatuses was greater than 87% of4p.

Our analysis is guided by calculations [6,10,11] whi
predict that the “critical” excitation energy may decrea
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when the system is either charged and/or rotating. Sho
lived systems formed in central Au1 Au collisions are
predicted to expand and undergo a multifragment break
due to the high combined charge of projectile and targ
nuclei. Evidence for such Coulomb-driven breakup of
single source has, indeed, been observed [12] in cen
collisions for this reaction. For larger impact parameter
however, several smaller sources can emerge correspo
ing to the decay of projectile and targetlike residues and
“neck” [13] that momentarily joins them. With an appro
priate reaction filter, one might then hope to select prima
fragments with excitation energies, Coulomb charges, a
angular momenta appropriate to bring the system into d
ferent portions of the instability region [10,14].

Studies with the classical molecular dynamics (CMD
model indicated that critical behavior may be achieved f
peripheral Au1 Au collisions atE ­ 35 MeVynucleon
[15]. When these CMD results are filtered by the a
ceptance of the Multics-Miniball arrays, the signals whic
may be indicative of criticality become washed out due
poorly detected events, but they can be recovered by
stricting the analysis to more completely detected perip
eral events for which the largest projectilelike fragme
(PLF) is detected. Guided by these calculations, we s
lect events for which the largest fragment has a veloc
along the beam axis larger than 75% of the beam veloc
and the total detected charge is between 70 and 90.
these events, the total detected linear momentum is lar
than 50% of the beam momentum. Their distribution
© 1996 The American Physical Society
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FIG. 1. Multiplicity distribution of the events selected for th
analysis (solid histogram). The three dashed histograms
2, and 3) represent the multiplicity distributions of the even
falling in the three cuts drawn in Fig. 2.

charged particle multiplicities,Nc, is shown by the solid
histogram in Fig. 1.

Figure 2 shows a scatter plot of lnsZj
maxd versus lnsMj

2d
(“Campi scatter plot” [16]) whereZ

j
max is the charge of

the heaviest fragment andM
j
2 is the second conditiona

moment of the charge distribution detected in thejth event,

M
s jd
2 ­

X
Z

Z2njsZd . (1)

Here, njsZd denotes the number of fragments of char
Z detected in thejth event, and the summation is ove
all fragments but the heaviest detected one. Theoret
investigations suggest that such plots may be usefu
characterizing near-critical behavior of finite systems [1
The calculated Campi scatter plots typically exhibit tw
branches: an upper branch with a negative slope contain

FIG. 2. Campi scatter plot, lnsZmaxd vs lnsM2d. The three
different regions are discussed in the text. Fission events
to the right of region 2.
(1,
s
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largely undercritical events (e.g.,T , Tcrit in a liquid-gas
phase transition orp . pcrit in a percolation phase trans
tion) and a lower branch with a positive slope containi
largely overcritical events (T . Tcrit or p , pcrit). The
two branches were shown to meet close to the critical po
of the phase transition [6,16,17].

The data shown in Fig. 2 display two branches similar
the ones predicted for undercritical and overcritical even
In the top-right part, close to the intersection of the
two branches (potentially containing near-critical event
a separate island is observed which is due to fission eve
as first noted by Ref. [17]. By appropriate gates in t
Campi plot, these fission events are removed from
following analysis.

To further investigate the two branches observed
Fig. 2 and the region where they intersect, we employ th
cuts selecting the upper branch (cut 1), the lower bra
(cut 3), and the intersection region (cut 2); these cuts are
dicated in Fig. 2. The charged particle multiplicity distr
butions observed for these three cuts are shown as da
histograms in Fig. 1. Cuts 1 and 3 largely select low a
high multiplicity events corresponding to very peripher
and central collisions (assuming on the average a mo
tonic relation betweenNc and impact parameter); cut
represents a wide range of charged particle multiplicit
and thus may involve a wide range of intermediate imp
parameters. Thus emission from a unique source can
be ascertained for cut 2, and it is likely that this cut co
tains contributions from projectile and targetlike sourc
and from the neck [13] which emits lighter fragmen
(Z ø 6 9) with enhanced probability as compared to t
projectile residue [13]. However, one does not exclu
that this large multiplicity distribution is related to the oc
currence of large fluctuations as expected at the crit
point.

Fragment charge distributions, not corrected for det
tion efficiency, are presented [18] for the three cuts
Fig. 3. Cut 1 (crosses) contains both light fragments a
heavy residues and thus resembles the “U”-shaped di
butions predicted by percolation calculations in the su
critical region [19]. For cut 3 (open circles), one observ
an unusually flat charge distribution similar to the o
previously reported [12] for central collisions which we
selected without the specific constraints employed in t
paper and attributed to a Coulomb-driven breakup of a v
heavy composite system [12]. (The steep falloff at lar
Z is an artifact of the selection of events withZ ­ 70 90
used in this paper.) For cut 2 (solid points), a fragme
charge distribution is observed which resembles a pow
law distribution,PsZd ~ Z2t , with t ø 2.2. For macro-
scopic systems exhibiting a liquid-gas phase transiti
such a power-law distribution is predicted to occur ne
the critical point [20]. However, it is not yet known b
how much the final fragment distributions differ from
the primary ones after the sequential decays of particle
stable primary fragments.
2647



VOLUME 76, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 8 APRIL 1996

i

ia

e

-
e

2
i
t
u
e

n

a

of
ion
eas-
tive
The
cy
av-

hat
lute

ge
sig-
an,

ally

ion

een
ent

at-
r to
eo-
er-
iated
aw

ical
is-
for

as-
the
ing

le-
tly
of

es,
ase

by
ters

art-
rt
na,
FIG. 3. Charge distributions for the three cuts indicated
Fig. 2. The curve represents a power-law distributionZ2t with
t ø 2.2.

Figure 4 shows [18] the logarithm of the scaled factor
moments (SFM), defined as

Fisdsd ­

PZtotyds
k­1 knk 3 snk 2 1d 3 · · · 3 snk 2 i 1 1dlPZtotyds

k­1 knkli

(2)

(i ­ 2, . . . , 5), as a function of the logarithm of the bin siz
ds. In the above definition of the SFM,Ztot ­ 158 andi
is the order of the moment. The total intervalf1, Ztotg is
divided intoM ­ Ztotyds bins of sizeds, nk is the num-
ber of particles in thekth bin for an event, and the brack
ets denote the average over many events. A linear ris
the logarithm of the SFM versusds (i.e., Fi ~ ds2li ) in-
dicates an intermittent pattern of fluctuations [17,21,2
Even though this quantity is ill defined for fragment distr
butions [23–25], several theoretical studies have indica
that critical events give a power law for the SFM vers
the bin size [6,22]. For cut 3 (right part of the figure), th
logarithm of the scaled factorial moments lnsFid is always
negative (i.e., the variances are smaller than Poisso
[22]) and almost independent onds; there is no intermit-
tency signal. The situation is different for cut 2 (centr
part). The logarithm of the scaled factorial moments
2648
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positive and almost linearly increasing as a function
2 lnsdsd, and an intermittency signal is observed. Reg
1, corresponding to evaporation, gives zero slope. Incr
ing or reducing the size of the three cuts in the respec
regions does not change significantly these results.
interpretation of experimentally observed intermitten
signals may, however, be problematic due to ensemble
eraging effects [24], even though calculations show t
impact parameter averaging only increases the abso
value of the SFM [25]. Since cut 2 may involve a lar
range of impact parameters, the observed intermittency
nal could be an artifact of ensemble averaging and c
therefore, not be taken as a definitive proof of unusu
large fluctuations in a sharply defined class of events.

In conclusion, we have analyzed fragment product
in Au 1 Au collisions atE ­ 35 MeVynucleon. Events
were selected by requiring a total detected charge betw
70 and 90 and the velocity of the largest detected fragm
larger than 75% of the projectile velocity. A Campi sc
ter plot of these events displays two branches simila
the subcritical and overcritical branches observed in th
retical studies. The selection of events from the int
section of these two branches (which has been assoc
with critical events in theoretical studies) shows power-l
charge distributions with an exponent oft ø 2.2 similar
to that characterizing the mass distribution near the crit
point of a liquid-gas transition. These events further d
play an intermittent behavior similar to that expected
near-critical events. While these signatures have been
sociated with near-critical events, we must caution that
effects of finite experimental acceptance and event mix
with possible contributions from the decay of projecti
like fragments and the neck region are not yet sufficien
well understood to allow an unambiguous conclusion
critical behavior in the present reaction. Our work do
however, show that different regions of the nuclear ph
diagram can be probed at one incident beam energy
selecting events according to different impact parame
and/or energy depositions.

One of the authors (M.B.) thanks the Physics Dep
ment of the University of Trieste for financial suppo
and the Physics Department of the University of Bolog
nds
FIG. 4. Scaled factorial moments lnsFid versus2 lnsdsd for the three cuts indicated in Fig. 2; the left part of the figure correspo
to cut 1, the central part to cut 2, and the right part to cut 3. Solid points represent the SFM of orderi ­ 2, open circlesi ­ 3,
open squaresi ­ 4, and open trianglesi ­ 5.
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