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A wide variety of observables indicate that maximal fluctuations in the disassembly of hot nucleh with
~36 occur at an excitation energy of 5.6+0.5 MeV/nucleon and temperature of 8.3+0.5 MeV. Associated
with this point of maximal fluctuations are a number of quantitative indicators of apparent critical behavior.
The associated caloric curve does not appear to show a flattening such as that seen for heavier systems. This
suggests that, in contrast to similar signals seen for liquid-gas transitions in heavier nuclei, the observed
behavior in these very light nuclei is associated with a transition much closer to the critical point.
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Most efforts to determine the critical point for the ex- same point, a number of indications of apparent critical be-
pected liquid-gas phase transition in finite nucleonic mattehavior are seen. While this does not guarantee that the criti-
have focused on examinations of the temperature and exctal point has been reached, we also find that the caloric curve
tation energy region where maximal fluctuations in the dis-does not exhibit a plateauing at the point of maximum fluc-
assembly of highly excited nuclei are obserjéd4]. Ava-  tuations, in contrast to experimental results for heavier sys-
riety of signatures have been employed in the identificatioriems[11]. These observations suggest that the critical point
of this region[1-11 and several publicationg6—11] have for these very light nuclei may have been reached.
reported the observation of apparent critical behavior. Fisher Using the TAMU NIMROD detectof20] and beams from
droplet model analyses have been applied to extract criticdhe TAMU K500 superconducting cyclotron, we have probed
parameter§6—10 which are very close to those observed for the properties of excited quasi-projectile-like fragme@f)
liquid-gas phase transitions in macroscopic systdaij. produced in the reactions of 47 MeV/nucle6%Ar+ 58Ni.
Data from the EOS13] and ISiS[14] collaborations have Earlier work on systems at energies near the Fermi energy
been employed to construct a coexistence curve for nucldaave demonstrated the essential binary nature of such colli-
onic matter[9]. Those analyses have proceeded under thsions, even at relatively small impact parame{@F. As a
assumption that the point of apparent critical behavior wasesult, these collisions prove to be very useful in preparing
the true critical point of the systelf6,7]. However, some highly excited light nucle{22].
recent theoretical treatments suggest that apparent signals of The charged particle detector array of NIMROD includes
critical behavior may be encountered well away from thel66 individual Csl detectors arranged in 12 rings in polar
actual critical point[15,16 and applications ofA-scaling  angles from~3° to ~170°. In these experiments each for-
analyses have suggested that the observation of scaling amdrd ring included two Si-Si-Csl telescopes and three Si-Csl
power-law mass distributiongl7,1§ are not sufficient to telescopes to identify intermediate mass fragmedF).
identify the true critical point. Recently, several of the The NIMROD neutron ball, which surrounds the charged
present authors suggested that disassembly for heavier sysarticle array, was used to determine the neutron multiplici-
tems occurs within the coexistence region, at temperaturdses for selected events. The correlation of the charged par-
well below the critical temperaturg¢49]. It was further sug- ticle multiplicity and the neutron multiplicity was used to
gested that the decreasing importance of Coulomb effectselect violent collisions. In this work, we developed a new
makes the lightest nuclei the most favorable venue for invesmethod to reconstruct the QP source. We first carry out three
tigation of the critical point. source(QP, quasitarget, and a midrapidity soyréies to the

In this Rapid communication we report results of an ex-observed energy spectra and angular distributions of the light
tensive investigation of nuclear disassembly in nuclefof charged particle$LCP). We then employ the parameters of
~ 36 excited to energies as high as 9 MeV/nucleon. We findhese fits to control thevent-by—event assignment of in-
that the maximum fluctuations occur at an excitation energylividual LCP to one of the sources using Monte Carlo sam-
of 5.6+£0.5 MeV and a temperature of 8.3+0.5 MeV. At this pling techniques. We associate IMFs witk=4 with the QP
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nuclei. We have used two different techniques to derive “ini-

FIG. 1. Campi plots in differenE" /A windows. tial temperatures” from the observed apparent temperatures.

The first consisted of fitting the kinetic energy spectra for
source if they have rapidity-0.65y,, wherey, is the beam different LCPs in nine different bins i&"/A with Maxwell-
rapidity. For the present analysis we have selected recorian distributions to obtain the slope temperatures. To derive
structed QP events with total charge numBgp=12 from the initial temperatures it is necessary that the experimentally
violent collisions. Although the detector coverage~i85%  observed slope temperatures be corrected for effects due to
of 4w (NIMROD has limited Si detector coverage and a low secondary decay. We therefore employed the measured exci-
effective efficiency only about-4% for the selected events. tation energy dependence of the multiplicity for the ejectile
With this technique of source selection the particles emittedinder consideration to determine initial temperatures
in the source frame exhibit symmetric emission, a necessar5s,26. The second technique employed results of a quan-
condition for equilibrium emission. tum statistical mode(QSM) calculation to correct the ob-

The QP source velocity was determined from momentunserved double isotope, H-He, ratio temperatures for second-
conservation of all QP detected particles. The distribution otary decay effect$27,2§. For this work we employed the
QP source excitation energy for the selected events was d@SM model described in Ref28]. The first technique em-
duced using the energy balance equafid8] where the ki- ploying observed spectral slopes assumes sequential evapo-
netic energies of charged particles, mass excesses, and avettion of the ejectiles from a cooling compound nucleus
age neutron contributions were considered. Using results afource[25,26 while the second assumes simultaneous frag-
the source fits we have also evaluafed the averagesmall ~ mentation of a reduced density equilibrated nucleus and sub-
corrections for undetected mass and endrggstly as pro- sequent secondary evaporation from the primary fragments
tons, in the sampled events. We have observed that, up tf27,2§. Given that the discussion above suggests an impor-
the transition point discussed later in this paper, the excitatant transition from liquid to gas dominance at
tion functions of the mean multiplicities of light ejectiles are 5.6 MeV/nucleon excitation energy, the first method should
in good agreement with those calculated using the GEMINhot be appropriate above that energy and the second method
statistical codg24]. This observation provides further evi- is not appropriate below that energy. The data points in Fig.
dence for QP source equilibration in these events. 2 represent the initial temperature values determined from

Campi plots of the natural log of the largest clustercascade corrected slopésolid squaresand H-He isotope
charge, 1,5, versus the natural log of the normalized sec-ratios (solid circley, each determined in its appropriate re-
ond moment, I6,, (SsziﬂmaXZiz-ni/EziﬁmaxZi-ni, where  gion of applicability. The two techniques lead to reasonable
n; is the multiplicity of QP clusters with atomic numbz), agreement in the transition region. We note that the caloric
are very instructive in searches for critical behayibf7]. In  curve, defined in this manner, exhibits no obvious plateau.
Fig. 1 we present such plots for nine selected excitation enthe temperature at 5.6 MeV excitation is 8.3+0.5 MeV. The
ergy bins. In the low excitation energy region the upgier quoted error is a statistical estimate based on the results of
uid phasgbranch is strongly evidenced. In the range€EGfA  translated polynomial fits to the full set of data points.
near 5.6 MeV/nucleon, the liquid branch and the lo&gg, This temperature of 8.3+£0.5 MeV is in quite reasonable
(gas-phasebranch are populated essentially equally. At theagreement with the limiting value of 9.0+1.2 MeV derived
higherE"/A the gas-phase branch dominates the plot. Thestfom caloric curves of low mass nucléA=30-60 in Ref.
results indicate that the region of maximal fluctuations sig-{11]. In that reference it is also pointed out that the point of
naling a transition between the two phases is to be foundlattening and rapid departure of the caloric curve from the
near 5.6 MeV/nucleon. Fermi-gas-like behavior corresponds well with the point

To further explore this region we have investigated otheiidentified as the critical point by the Fisher scaling analysis.
proposed observables commonly related to fluctuations an@ihe present temperature is also in excellent agreement with
critical behavior. Since we wish to compare our results withthe (interpolatedl limiting temperature of 8.2 MeV derived
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higher than those of other species. This together with simple
model estimates indicates that thide spectra are the least
affected by secondary decay. Kinetic temperatures’ifie,

defined a%(Ek—BC), whereE, is the average kinetic energy
andB; is the Coulomb energy, are plotted as open squares in
Fig. 2. No cuts were made in kinetic energy spectra. The
Coulomb barrier corrections were extracted from spectral fits
in each excitation energy bin. Above=8.3 MeV the kinetic
temperatures show a similar trend to the chemical tempera-
tures but are approximately 1.5 MeV lower. While not per-
fect this approximate agreement provides additional evi-
dence for disassembly of an equilibrated system.

Returning to the characterization of the apparent transi-
tion at E'/A=5.6 MeV, we plot in Fig. 8) the effective
Fisher-law parametet,s; extracted from power law fits for
Z=2-7 of the QRcharge distributions in the differef /A
windows. The results are plotted as a function TofT,,

A
8 m Ex where T, is 8.3+0.5 MeV temperature derived fd& /A
N 15 LG%I =5.6 MeV. As seen in Fig. 1, at loig /A a large residue
v |~ T~ | CMD always remains, i.e., the nucleus is basically in the liquid
Wed 4| e GEMINI phase accompanied by some light particles. WREF,~ 1,
0.5 the charge distribution shows a near power-law distribution
0.2

with 7.4t~ 2.3. This value is close to the critical exponent of
the liquid-gas phase transitidi2]. As T continues to in-
crease, the charge distribution becomes steeper which indi-
FIG. 3. Color online. The effective Fisher-law parametes;)  cates that the system tends to vaporize. The observed mini-

(a), the effective exponential law paramet&g;) (b), (S,) (c), N\VvZ ~ Mum in 7 is rather broad. For comparison to the
fluctuation(d), the mean charge number of the second largest frageXperimental data we also display, in Figa)3 the variation
ment(Zomay (€). Solid squares with the error bars are experimentalof 7ef predicted by three different models: standard statisti-
data and the lines are different model calculations as illustrated i¢al sequential decay as modeled by the ceERINI [24], the
right bottom corner. For datd,=8.3 MeV, for the LGM calcula-  isospin dependent LGM of Guptt al. (usingA=36 andZ
tion Ty=5.0 MeV and for the CMD calculatiofi,=4.5 MeV. See =16 particles in a cubic lattice with 64 siyef5,30] and
details in text. CMD with Coulomb forceg30]. The last, without Coulomb,
has been shown to give results essentially the same as the
using the Gogny force as reported by Zhaatgal. [29]. As LGM which is known to have a liquid-gas phase transition.
the interactions employed in the lattice gas modebM) Thus the addition of Coulomb interactions to that model is
and classical molecular 29 dynami@MD) calculations are  argued to be equivalent to the more difficult task of inclusion
much simpler interactions then those which reproducesf Coulomb interactions in the LGM. In order to compare all
ground state nuclear properties, they should not be expectgghrameters on @/ T, scale, T, for the GEMINI calculation is
to quantitatively reproduce the observed results for nucleitaken as 8.3 MeV. For the LGM and CMD calculatichgis
However scaled by, the calculations and experimental re- taken as the associated phase transition temperaturA for
sults show very similar behaviors as a function of excitation=36 andZ=16. For the potential employed RgB80] these
energy. Note also that theaxis scales in Fig. 3 do not begin are, respectivelyT;=5.0 MeV andT,=4.5 MeV. Scaled in
at zero. The comparison df, obtained with the LGM and this way, the LGM and CMD results exhibit a variation of
CMD calculations suggest that in tie~ 36 region the Cou- 7.4 vs T/ T, that is very similar to that seen in the experiment
lomb energy may lower the transition point 10%. In LGM while the GEmINI calculation shows dramatically different
calculations we also find a systematic shiftlgfwith Ag,ce  behavior.
consistent in sign with the trend expected for neutral drops of Since the Monte Carlo technique mixes contributions
changing size. In the calculation a 10% shiftAg,,..l€eads from different sources, we have used results of the LGM
to a corresponding 10% shift df, in the same direction. calculations boosted into the laboratory frame and mixed
If the vapor phase may be characterized as an ideal gas @fith particles from an assumed intermediate velocity com-
clusters[12], then, at and abov&=8.3 MeV, this should be ponent to estimate the effects of this mixing. These model
signaled by a kinetic temperatur'ﬁdn:%E}('i‘n, whereEl! is  events were then treated in the same fashion as the data and
the Coulomb corrected average kinetic energy of primaryesults for various observables were compared to results
fragments. Secondary decay effects make it difficult to tesfrom the analysis of the unmixed LGM events. For the quan-
this expectation. However, in an inspection of the averaggities plotted in Figs. @)—3(e) our results indicate that the
kinetic energies for the different species observed, we finghositions of the observed transition temperatures, signaled by
that, for each E/A window the average kinetic energy of the minima in Figs. @) and 3b) and the maxima in Figs.
SHe isotropically emitted in the projectilelike frame, is 3(c)-3(e) may shift +0.2 to 0.3 MeV. The absolute magni-
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tudes of the values of the plotted quantities may change bwell away from the actual critical poirfftt5-18, and there-
5-10%. fore most of the parameters investigated, in Figs. 1 and 3
In a LGM investigation of scaling and apparent critical may not be sufficient by themselves to identify the true criti-
behavior, Gulminelliet al. have pointed out that, in finite ca| point of the system. What differentiates the present work
systems, the size distribution of the maximum cluster, i.e.tom previous identifications of points of critical behavior in

the liquid, might overlap with the gas cluster distribution in ,,10; “in addition to the fact that these are the lightest nuclei
such a manner as to mimic the critical power-law behavior,

with ¢~ 2.2 [15]. They further note, however, that at that for which a detailed experimental analysis has been made, is

pant i scalingaws ae sass. i find hatremovl {19 SOROTERLof e maor e, Eor esver st
of the heaviest cluster from the distribution leads to distribu-¢ _P°! . P PP
Xcitation energies very close to those at which the onset of

tions which are exponential in nature over the entire energgignificant flattening in the caloric curves are obseryEt.

range sampled. In Fig.(B) the resultant exponential slope ) R . )
, o The reason for this flattening is still under discussion. It may
parametersh, are also plotted against excitation energy. Areflect expansion and/or spinodal decomposition inside the

m:z:mﬂm |sors]igna|naitrf]1eths§rr£g'\r/leg;gg Vg,:/leéefnfggggssaowcoexistence regioril6,33,34. In contrast no quasiplateau
similar béhavior wr?ile thesEMINI calculation leads to ver region in the caloric curve is apparent in the present study.
different predictions y Further, above the point of maximal fluctuations, the kinetic
For ar;urther corﬁparison we present in Figsa)33e) temperatures ofHe ejectiles, thought to represent early
experimental and calculated results foc) the mean emission _wi_th little contamination from s_econdary decay,
normalized second momentS,), from Fig. 1, (d) the show a similar trend to that of the chemical temperatures.
lized . iz Z dist lgt ’ NVZ While this difference in caloric curves certainly needs to be
normalized variance inZmadZop  distribution, . probed in greater detall, a possible interpretation is that the
=2 I{Zmaxd Zop) [31], (€) (Zomaxw—the average atomic R ; "
ZalZqp' \“max <QP ' 2ma 9 ~~ transition is occurring at, or extremely close to, the critical
number of the second largest fragm¢B2]. For these addi- point of this equilibrated small system.
tional parameters, which are often used to characterize a re- ging|ly, we believe it is worth noting that the significance
gion of maximum fluctuations, the data show maxima alsf the event topology in th&=8.3 MeV region is also indi-
behavior with some difference in absolute val(®ote sup-  [35]. Moreover, the analysis df scaling ofZ,,,, distribution,
pressed zero points oy axes of the plots in Fig. B.The  he fluctuation of total kinetic energy of QP and critical ex-

GEMINI results are very different in each case. ponents also support the occurrence of a significant transition
To recap, in our measurements for the disassembly of grounde’ /A~ 5.6 MeV [36].

small nucleus withA~ 36 maximal fluctuations are observed
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