VOLUME 76, NUMBER 15 PHYSICAL REVIEW LETTERS 8 ARRIL 1996

Circumstantial Evidence for Critical Behavior in Peripheral Au + Au Collisions
at 35 MeV/nucleon

P.F. Mastinu, M. Belkacem!® M. D’Agostino,! M. Bruno,' P. M. Milazzo!? G. Vannini? D. R. Bowmar,
N. Colonna J.D. Dinius® A. Ferrero*® M. L. Fiandri! C.K. Gelbke$ T. Glasmache?,F. Gramegna,
D. 0. Handzy,, D. Horn/ W. C. Hsi® M. Huang?® I. lori,* G. J. Kundé, M. A. Lisa® W. G. Lynch?

G. V. Margagliotti? C. P. Montoyd, A. Moroni,* G.F. Peasle& F. Petruzzell R. Rui?

C. Schwar?, M. B. Tsang® C. Williams? V. Latora; and A. Bonasefa

(Multics-Miniball Collaboration)

!Dipartimento di Fisica and Istituto Nazionale di Fisica Nucleare, Bologna, Italy
’Dipartimento di Fisica and Istituto Nazionale di Fisica Nucleare, Trieste, Italy
3|stituto Nazionale di Fisica Nucleare, Bari, Italy
“Dipartimento di Fisica and Istituto Nazionale di Fisica Nucleare, Milano, Italy
S|stituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Legnaro, Italy
SNational Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824
7Chalk River Laboratories, Chalk River, Canada
8Comision Nacional de EnefgiAtomica, Buenos Aires, Argentina
%Istituto Nazionale di Fisica Nucleare, Laboratorio Nazionale del Sud, Catania, Italy
(Received 1 December 19p5

The fragmentation resulting from peripheral AuAu collisions at an incident energy of =
35 MeV/nucleon is investigated. A power-law charge distributiott;” with 7 = 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

Initiated by the observation of fragments in the finalwhen the system is either charged and/or rotating. Short-
stages of the reaction exhibiting a power law in fragmentived systems formed in central A#t Au collisions are
charge distributions [1], and stimulated by the similarity predicted to expand and undergo a multifragment breakup
of the nuclear matter equation of state with that of a vardue to the high combined charge of projectile and target
der Waals gas [2], the possibility of observing a liquid-gasnuclei. Evidence for such Coulomb-driven breakup of a
phase transition in nuclear systems has been the subjesingle source has, indeed, been observed [12] in central
of intensive investigations [3—7]. This interest increasectollisions for this reaction. For larger impact parameters,
recently with attempts of extracting critical exponents ofhowever, several smaller sources can emerge correspond-

fragmenting nuclear systems produced in AuC colli-  ing to the decay of projectile and targetlike residues and a
sions atE = 1 GeV/nucleon [5] and a “caloric curve” “neck” [13] that momentarily joins them. With an appro-
for projectile fragmentation reactions in Au Au colli-  priate reaction filter, one might then hope to select primary

sions at 600 MeYnucleon [7]. In this Letter, we re- fragments with excitation energies, Coulomb charges, and
port results obtained for peripheral At Au collisions at  angular momenta appropriate to bring the system into dif-
E = 35 MeV/nucleon which display some characteristicsferent portions of the instability region [10,14].
similar to those predicted for near-critical systems. Studies with the classical molecular dynamics (CMD)
The experiment was performed at the National Supermodel indicated that critical behavior may be achieved for
conducting Cyclotron Laboratory of the Michigan Stateperipheral Au+ Au collisions atE = 35 MeV/nucleon
University. Fragments with charge up #© = 83 were [15]. When these CMD results are filtered by the ac-
detected at3° = 61,, < 23° by the Multics array [8], ceptance of the Multics-Miniball arrays, the signals which
and charged particles with charge upzo= 20 were de- may be indicative of criticality become washed out due to
tected at23° = 6;,, = 160° by 159 phoswich detector poorly detected events, but they can be recovered by re-
elements of the MSU Miniball [9]. The charge identi- stricting the analysis to more completely detected periph-
fication thresholds were about 1.5 Mg&Wicleon in the eral events for which the largest projectilelike fragment
Multics array, independently of the fragment charge, andPLF) is detected. Guided by these calculations, we se-
about 2, 3, 4 MeYnucleon in the Miniball foiz = 3, 10, lect events for which the largest fragment has a velocity
18, respectively. The geometric acceptance of the comalong the beam axis larger than 75% of the beam velocity
bined apparatuses was greater than 87%mf and the total detected charge is between 70 and 90. For
Our analysis is guided by calculations [6,10,11] whichthese events, the total detected linear momentum is larger
predict that the “critical” excitation energy may decreasethan 50% of the beam momentum. Their distribution of
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; largely undercritical events (e.d, < T, in a liquid-gas

i phase transition gp > p..; in a percolation phase transi-

] tion) and a lower branch with a positive slope containing
largely overcritical eventsT{ > T, OF p < peit). The

1 two branches were shown to meet close to the critical point
7, of the phase transition [6,16,17].

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

N, To further investigate the two branches observed in

L Fig. 2 and the region where they intersect, we employ three
FIG. 1. Multiplicity distribution of the events selected for the .
analysis (solid histogram). The three dashed histograms (fUtS selecting the upper branch (cut 1), the lower branch

2, and 3) represent the multiplicity distributions of the events(,(_:Ut 3), a_lnd 'Fhe intersection region (C_Ut 2); th?S? cuts are in-
falling in the three cuts drawn in Fig. 2. dicated in Fig. 2. The charged particle multiplicity distri-

butions observed for these three cuts are shown as dashed

charged particle multiplicitiesy., is shown by the solid histograms in Fig. 1. Cuts 1 and 3 largely select low and
histogram in Fig. 1. high multiplicity events corresponding to very peripheral

Figure 2 shows a scatter plot of(m{mx) Versus ImM'i) and central collisions (assuming on the average a mono-
“c . ft lot” 116 hereZl. - is the ch 2 f tonic relation betweerV, and impact parameter); cut 2
(*Campi scatter plot” [16]) whereZiax is the charge o represents a wide range of charged particle multiplicities

the heaviest fragment _arYt_zlé is the second conditional anq thus may involve a wide range of intermediate impact

moment of the charge distribution detected in ttieevent,  narameters.  Thus emission from a unique source cannot
(j) ) be ascertained for cut 2, and it is likely that this cut con-

My” = ;Z nj(Z). (1) tains contributions from projectile and targetlike sources

and from the neck [13] which emits lighter fragments
Here, n;(Z) denotes the number of fragments of charge, 6-9) with enhanced probability as compared to the

Z detected in thejth event, and the summation is over nyiectile ‘residue [13]. However, one does not exclude
all fragments but the heaviest detected one. Theoreticgls; this large multiplicity distribution is related to the oc-
investigations suggest that such plots may be useful i rence of large fluctuations as expected at the critical
characterizing near-critical behavior of finite systems [16].,5int.

The calculated Campi scatter plots typically exhibit tWo™ £ragment charge distributions, not corrected for detec-
branches: an upper branch with a negative slope containing,, efficiency, are presented [18] for the three cuts in

Fig. 3. Cut 1 (crosses) contains both light fragments and
as | ‘ ] heavy residues and thus resembles the “U”-shaped distri-
; butions predicted by percolation calculations in the sub-
critical region [19]. For cut 3 (open circles), one observes
an unusually flat charge distribution similar to the one
previously reported [12] for central collisions which were
. selected without the specific constraints employed in this
! paper and attributed to a Coulomb-driven breakup of a very
i heavy composite system [12]. (The steep falloff at large
Z is an artifact of the selection of events with= 70-90
used in this paper.) For cut 2 (solid points), a fragment
charge distribution is observed which resembles a power-
law distribution,P(Z) « Z~7, with 7 = 2.2. For macro-
. scopic systems exhibiting a liquid-gas phase transition,
CN such a power-law distribution is predicted to occur near
In(M,) the critical point [20]. However, it is not yet known by
FIG. 2. Campi scatter plot, {#,.) Vs In(Ms). The three how much the final fragment distributions differ from

different regions are discussed in the text. Fission events aré€ prim&}ry ones after the sequential decays of particle un-
to the right of region 2. stable primary fragments.
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. 10°E positive and almost linearly increasing as a function of
S i —In(&s), and an intermittency signal is observed. Region
O 10* 1, corresponding to evaporation, gives zero slope. Increas-
= ing or reducing the size of the three cuts in the respective
D s regions does not change significantly these results. The
= 107 interpretation of experimentally observed intermittency

signals may, however, be problematic due to ensemble av-
eraging effects [24], even though calculations show that

T T T T T T

s impact parameter averaging only increases the absolute
10 ' value of the SFM [25]. Since cut 2 may involve a large
I range of impact parameters, the observed intermittency sig-
: | . y ! nal could be an artifact of ensemble averaging and can,
0 20 40 60 80 therefore, not be taken as a definitive proof of unusually

Z large fluctuations in a sharply defined class of events.

FIG. 3. Charge distributions for the three cuts indicated in. In ConC|US'0n,’ we have analyzed fragment production
Fig. 2. The curve represents a power-law distribugiori with N AU + Au collisions atE' = 35 MeV/nucleon. Events
T~ 22. were selected by requiring a total detected charge between

70 and 90 and the velocity of the largest detected fragment
Figure 4 shows [18] the logarithm of the scaled factoriallarger than 75% of the projectile velocity. A Campi scat-
moments (SFM), defined as ter plot of these events displays two branches similar to
the subcritical and overcritical branches observed in theo-
(ng X (g — 1) X--- X (g —i + 1)) retical studies. The selection of events from the inter-
Za/bs, \; section of these two branches (which has been associated
k=1 <}’lk> . L. . . .
) with CI’ItIC.a| events in th_eoretlcal studies) shows p.ovyer-law
charge distributions with an exponent of= 2.2 similar
(i = 2,...,5),as afunction of the logarithm of the bin size to that characterizing the mass distribution near the critical
8s. Inthe above definition of the SFML,,, = 158 andi  point of a liquid-gas transition. These events further dis-
is the order of the moment. The total interVal Z,.] is  play an intermittent behavior similar to that expected for
divided intoM = Z,;/8s bins of sizeds, n; is the num-  near-critical events. While these signatures have been as-
ber of particles in théth bin for an event, and the brack- sociated with near-critical events, we must caution that the
ets denote the average over many events. A linear rise @fffects of finite experimental acceptance and event mixing
the logarithm of the SFM versuss (i.e., F; « 8s %) in-  with possible contributions from the decay of projectile-
dicates an intermittent pattern of fluctuations [17,21,22]like fragments and the neck region are not yet sufficiently
Even though this quantity is ill defined for fragment distri- well understood to allow an unambiguous conclusion of
butions [23—25], several theoretical studies have indicatedritical behavior in the present reaction. Our work does,
that critical events give a power law for the SFM versushowever, show that different regions of the nuclear phase
the bin size [6,22]. For cut 3 (right part of the figure), thediagram can be probed at one incident beam energy by
logarithm of the scaled factorial moment$An) is always selecting events according to different impact parameters
negative (i.e., the variances are smaller than Poissoniaand/or energy depositions.
[22]) and almost independent d@iv; there is no intermit- One of the authors (M.B.) thanks the Physics Depart-
tency signal. The situation is different for cut 2 (centralment of the University of Trieste for financial support
part). The logarithm of the scaled factorial moments isand the Physics Department of the University of Bologna,
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FIG. 4. Scaled factorial moments(Ify) versus— In(8s) for the three cuts indicated in Fig. 2; the left part of the figure corresponds
to cut 1, the central part to cut 2, and the right part to cut 3. Solid points represent the SFM of erderopen circles = 3,
open squares = 4, and open triangles = 5.
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