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The experimental liquid-gas phase transition signals are examined for the quasi-projectile (QP)
reconstructed from the reactions of “°Ar+27Al, *8Ti, ®Ni at 47 MeV /nucleon, using measures of
caloric curve, multiplicity derivative, moment parameters and fluctuation of maximum fragment
charge number (NVZ). The QP source is reconstructed, using moving source parametrizations on
an event-by-event basis. For the determination of the temperature, a quadrupole fluctuation ther-
mometer is used. Deuterons are chosen for the thermometer to minimize the Coulomb and sec-
ondary sequential decay effects. A new event-by-event method is proposed for the thermometer to
determine the temperature. All measures show a characteristic signature around the temperature
T =9.04+0.4 MeV, which may suggest that the QP system goes into the liquid-gas phase transition

at T. = 8.3 £ 0.4 MeV after the Coulomb correction.

PACS numbers: 25.70Pq, 24.60Jk
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I. Introduction

In intermediate heavy ion collisions (20 MeV /nucleon
< Fine < 300 MeV/nucleon ), intermediate mass frag-
ments (IMFs) with 3 < Z < 20 are copiously produced
with light particles with Z < 2, which is called a mul-
tifragmentation process [1-3]. This multifragmentation
process, which was predicted long ago [4], provides a
wealth information on nuclear reaction dynamics and hot
nuclear matter studies, especially after the advent of 47
detectors.

Using a variety of the reaction products, a nuclear
liquid-gas phase transition has been studied as a part of
hot nuclear matter studies [5-8]. The nuclear liquid-gas
phase transition in the multifragmentation process was
first suggested in the early 1980s [9-11]. It is expected
to occur when the nucleus is heated to a moderate tem-
perature and breaks up on a short time scale into light
particles and IMFs with Z > 3. Based on a statistical
equilibrium assumption of the generated hot nuclear mat-
ter, different measures have been proposed to probe the
liquid-gas phase transition, such as the nuclear specific
heat capacity (the caloric curve) [12-20], the negative
heat capacity [21, 22], the bimodality in charge asymme-
try [8, 23-25], the Fisher droplet model analysis [26-32],
the Landau free energy approach [31-37], the moment of
the charge distributions [28, 38-41], the fluctuation prop-
erties of the heaviest fragment size (charge) [28, 29, 41—
43], the Zipf’s law [44, 45], the multiplicity derivatives

recently proposed by S. Mallik et al. [46] and the deriva-
tive of cluster size [47]. With these features, considerable
progress has been accomplished on the theoretical side as
well as on the experimental side for the nuclear liquid-gas
phase transition.

In one of our previous works [48], using events
generated by the statistical multifragmentation model
(SMM) [49-54], which exhibits a phase transition of the
liquid-gas type [55, 56], we have demonstrated that most
of these measures indeed show a characteristic behavior
near or at the phase transition temperature when the ex-
tracted measure values are plotted as a function of the
temperature. SMM is based on the statistical equilibrium
and has been rather successful in describing the multiple
production of IMFs [57-59].

Experimentally, many works have been performed for
the reconstructed quasi-projectiles (QPs) and fused sys-
tems. In a Multics-Miniball collaboration, QP is re-
constructed from peripheral collisions of Au+Au at 35
MeV /nucleon [60] and the occurrence of the negative heat
capacity has been reported [21, 22]. However Moretto et
al. cast doubt on the observation [61]. Bimodality has
also been reported from the INDRA-ALADIN collabo-
ration [24] and the INDRA collaboration [8, 62, 63] as
well as a recent theoretical work of Mallik et al. [25].
On the other hand bimodality has also been successfully
reproduced by quantum molecular dynamics(QMD) [64—
66] and Boltzmann-Uehling-Uhlenbeck (BUU) [67] calcu-
lations where memory of the entrance channel is clearly
present and thermal equilibrium is not achieved. The sig-



nal was interpreted in these studies to have a dynamical
origin.

The signatures of different measures for the nuclear
liquid-gas phase transition have been experimentally ex-
amined in a lighter system. Ma et al. [28-30] reported
that most of the measures mentioned above have been
examined as a function of the excitation energy, us-
ing the reactions of “Ar+27Al, *®Ti and °8Ni at 47
MeV /nucleon, and reported that all of the examined
measures showed a critical behavior around the excita-
tion energy E*/A ~ 5.6 MeV. However, E*/A increases
smoothly around the critical point, and the values of
the examined measured quantities do not show a sharp
change. On the other hand, if these values are plotted
as a function of the temperature, they may show a sharp
change at the critical point as observed in SMM simula-
tion [48]. In the above experimental study, only central
events were analyzed to ensure that the QP sources are
at a fully equilibrated stage. In this article, we revisit
the above data set to explore more systematically with
a new thermometer to verify the observation of the crit-
ical behavior in the previous work [28-30]. In this work
all events are examined, including peripheral events, for
most of the measures as a function of the temperature
on an event-by-event basis to verify the occurrence of the
first order phase transition. In order to do that, a new
method is proposed to evaluate the temperature on an
event-by-event basis. This article is organized as follows:
A Dbrief description of the experiment and data analysis
are given in Sec. II. Temperature determination on an
event-by-event basis is described in Sec.IIl. In Sec IV,
the extracted values of all measures are presented as a
function of temperature, assuming all reconstructed QP
sources reach a full thermal equilibration. Discussions of
the extracted results are made in Sec.V and a summary
is given in Sec.VI.

II. Experiment and event selection

The reactions of 4CAr + 27Al, 48Ty, 58Ni at 47
MeV /nucleon have been measured, using the 47 detec-
tor, NIMROD (Neutron Ion Multidetector for Reaction
Oriented Dynamics) [68], and beams from the TAMU
K500 super-conducting cyclotron. Details of the experi-
ments and data analysis have been given in Ref. [28]. The
events are sorted according to reaction violence, using the
correlation of the associated charged particle multiplic-
ity (Mp) and the neutron multiplicity (M,,). The events
are divided into five bins: Bin 1 (the most central col-
lisions in the highest multiplicity region of top ~ 5%),
Bin 2 (next ~ 10%), Bin 3 (next ~ 15%), Bin 4 (next
~ 30%), and Bin 5 (the most peripheral events, the rest
of events). Quasi-projectiles (QPs) are reconstructed and
the characteristic nature of the QPs is studied. In order
to reconstruct the QP on an event-by-event basis, mov-

ing source (MS) fits have been utilized. Three sources (a
quasi-projectile (QP) source , a Nucleon-Nucleon (NN)
source and a quasi-target (QT) source) are used. QP
and QT are formulated as a surface emission type of the
Maxwellian and a volume emission form is used for NN
as described in Ref. [28]. MS fits are performed for all
light charged particles (LCPs) and IMFs with Z <5 for
all Bins separately. Typical results are shown in Fig. 1.
The best x? fits are obtained at VEF =854 1.0 cm/ns
and VNV = 541.0 cm/ns, depending on particle species
and the centrality Bins. (In this article the x? value is
given as that per degree of freedom). The QP selection
depends fully on the MS parameters and the choice of
three sources is an approximation. In order to study the
dependence of the QP source selection for the following
QP analysis, three choices of the MS parameters are pro-
vided where the velocity of the NN source is forced to be
VNN = 4.0,5.0 and 6.0 cm/ns around its optimum value
for all LCPs with Z < 2. For Z > 3, the NN source
velocity is treated as a free parameter for all cases.
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FIG. 1: Moving source fit for deuterons at selected angles for
Binl (most central) of 0Ar+48Ti at 47 MeV /nucleon. Circles are
experimental data and red solid, blue long-dashed, green dashed
and black-dotted curves represent the summed, QP, NN and QT
source, respectively. On the left to right column, VSN N value is set
as VSNN =4.0,5.0,6.0 cm/ns. x2 values are changed as 2.37, 1.79,
1.64 for VSNN = 4.0,5.0,6.0 cm/ns, respectively. The best x?2 value
is 1.63 at VNN = 5.4 cm/ns.

As shown in Fig. 1 for deuterons, different parameter
sets with different VN result in reasonable reproduction



of the energy spectra for all particles. This is possible be-
cause, when the extracted value of VNV is smaller, V¥
also becomes smaller to include more midrapidity par-
ticles and the apparent slope parameter T(%; becomes
larger to include the particles in higher energy side. x?
values increase slightly from the best x? value. One
should note that there is no clear separation between
the QP and NN particles. Similar quality of fits are ob-
tained for all other LCPs except 3He. The 3He fits show
significant deviation from the experimental spectrum at
6 = 64° and Y2 values become slightly worse. However
the multiplicity of *He is almost 10 times smaller than
that of protons and a-particles, and therefore the effect
on the QP reconstruction is small. In the actual data
analysis, particles belonging to each selection of the QP
source, denoted by the VN? value hereafter, are deter-
mined, using the probability for a certain specie of LCP
i (i.e.,, i = p, d, and t,etc.) at a given energy and polar
angle 0, Prob®" (Ej.,0,1), which is given as,

>N )QP
AdE1apdQap /i (1)
d2N ) '
dE1apdQap /i

Prob®F (Eja, 0,1) =

The denominator, (%)i, is the yield of particle

i for the sum of the three source components and the

2
numerator, (%
QP component.

For a given particle ¢ at an angle # and a given en-
ergy Ejqp in each event, a random number, n, is gener-
ated and if n < Prob®F (Eu,0,i), this particle is as-
signed as a member of the QP source on an event-by-
event basis. This procedure also reduces the effect of the
slightly poor fits in 3He spectra, because the decision is
made by the relative yields between three components.
In Fig. 2, typical velocity spectra in the beam direction,
V., are shown for the experimental spectra (black) and
the QP sources (colored curves) for different Bins sepa-
rately. One should note that all particles in the spectra
belong to one of the sources, even though the MS fit does
not reproduce the energy spectra for certain species well
at certain angles as shown in some of spectra of Fig. 1
and explained above for *He case. When the NN source
velocity, VY decreases, the contribution of the midra-
pidity particles to the QP source generally increases. For
IMFs with Z > 6, fragments with V. /V;"* > 0.65, are
assigned as the QP component, where VZP "1 is the pro-
jectile velocity. The kinetic energy spectra of particles in
the QP rest frame are shown in Fig. 3 for different Bins
separately. All spectra are well described by a single ex-
ponential slope.

To reconstruct the QP source for each case, two cor-
rections are made following Ref. [28]. One is for the miss-
ing particles because of the particle detection efficiency
of NIMROD. When a QP source is reconstructed, each
particle multiplicity of the reconstructed QP is compared

P
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FIG. 2: V. spectra (z is the beam direction) of p,d,t,®> He and
a particles from left to right for Bin 5(most peripheral) to Bin
1 (most central) from top to bottom. Black curves represent the
observed experimental spectra and red, green and blue curves are
from the QP particles selected using the MS fit parameters with
VSNN =4.0,5.0 and 6.0 cm/ns, respectively. The yields are divided
by a factor of 1000, which are also multiplied by the number in-
dicated in the top figure to use the same Y axis. 1.0 is used for
protons. The same factors are used for different Bins.

to the MS multiplicity of the QP source. If the observed
QP multiplicity is lower than the MS value, the differ-
ence is counted missing particles and added with ran-
domly generated angle and energy in the QP rest frame,
using the MS fit parameters. No correction is made in
the rare instances where the observed value is more than
the MS value. Another correction is for neutrons. NIM-
ROD provides the associated total neutron multiplicity
which is used to determine the event classification. How-
ever it is not possible to divide it into the three source
components. In the following analysis, therefore, the as-
sociated QP neutron multiplicity is approximated as the
difference between the observed neutron number in the
reconstructed QP and that of the QP mass Agp with
same N/Z of the projectile, assuming the N/Z of the QP
is same as that of the projectile. The mass number of the
observed QP is calculated from the sum of the masses
of the detected isotopes and IMFs. The mass of non-
isotopically identified IMFs is assumed as A = 27 + 1.
The neutron number in the observed QP is also calcu-
lated from the sum of the neutrons among isotopes and
IMFs. These neutrons are distributed in the QP rest
frame using the MS fit parameters of protons, but with-
out Coulomb energy.

In the following QP analysis, only QP events with the
experimentally observed QP charge of 12 < Zgp < 18
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FIG. 3: QP particle kinetic energy spectra in the QP rest frame for
different Bins for 40 Ar+*8Ti at 47 MeV /nucleon. The QP particles
are selected using the MS fit parameters with VN = 4.0 cm/ns.
Spectra for different Bins are shown by different color indicated
in the bottom-right figure and the particle name is given in each
figure.

are used. This minimizes the effect of the corrections, but
allows enough statistics. The lower limit of the charge
range from 10 to 14 are also examined, but no significant
changes of the results are observed. In Fig. 4, the mass
distribution of the reconstructed QP is shown for differ-
ent QP selections for the three reaction systems studied
here. They are very similar for the different QP selec-
tions and different target systems. The average QP mass
is around 35 £+ 1.5.
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FIG. 4: Reconstructed QP mass distribution of VNN = 4.0 (top),
5.0 (middle) and 6.0 cm/ns (bottom) for 4°Ar + 48Ti (left), *5Ni
(middle) and 27 Al (right). Mean and standard deviation (SD) val-
ues of distributions are given in each figure.

The excitation energy of the reconstructed QP source
is evaluated from the energy balance as

Mep
; 3
* kin e _
E* = i:E 1 E’™(CP) + 2]\/[nT Q, (2)

where EF" (C'P) is the kinetic energy of charged particle
7 in the QP rest frame and Q is the reaction Q value. T is
taken from the MS fit parameter for the QP source. M,, is
the associated QP neutron multiplicity, described above.
In Fig.5, the reconstructed charged particle multiplicity,
M., vs E* /A is plotted for the different QP selections for
the three reaction systems. For all cases M, increases as
E* /A increases as expected. However the rate of increase
is slightly slower for Bin 5 in most cases and for Bin 4
in some cases. We will further discuss this observation
in Sec.V. The same behavior was also observed in the
previous analyses in Refs. [28-30], and therefore in those
analyses only events in Bin 1 and 2 were analyzed. Here
we take all events.

OAr+*Ti “OAr+27Al
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FIG. 5: M, vs E*/A. Black, red, green, blue and pink curves
are corresponding to Bin 1 to Bin 5, respectively. Figures are
arranged in the same way as Fig. 4.

The contributions of the different centrality events in
the QP source are shown in Fig. 6. Events from the two
most peripheral collision Bins (Bin 4 and 5) dominate
below E*/A < 4 = 5 MeV, indicating that the character-
istic features of the QP source for the inclusive data are
governed by the events from the two peripheral collision
Bins below that energy.

III. Nuclear thermometer

Different thermometers have been proposed in the past
to evaluate the temperature of the hot nuclear matter,
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FIG. 6: Excitation energy distributions of different Bins
for the QP selected with VNN 4.0,5.0,6.0 cm/ns for
A0Ar 48T 40 Ar4-58Ni 40Ar4-27Al at 47 MeV/nucleon. Bin as-
signment for different curves is indicated in the figure. Figure
arrangement is same as in Fig. 4.

such as the slope thermometer [69, 70], the isotopic ratio
thermometer [71], and the population of excited states
thermometer [72, 73].

Wuenschel et al. [74] proposed a fluctuation thermome-
ter. Using a classical Maxwell-Boltzmann distribution of
momentum yields, they derived a temperature from the
quadrupole momentum fluctuation of the fragments. The
quadrupole momentum is defined as

Quzy = pi - Pia (3)

where p, and p, are the transverse components of the
particle momentum. When the energy spectra follow
the Maxwell-Boltzmann distribution, so as the actual
experimental data which are described by a Maxwell-
Boltzmann type moving source fit [69, 70, 75, 76], the
variance of Qzy, 0gy, is related to the temperature T by

< o2, >=4m’T?, (4)

where m is the probe particle mass. The quadrupole
momentum fluctuation temperature has been applied to
examine temperatures of hot nuclear matter [74, 77, 78].
Since the temperature, T, is expressed by the average
value of the fluctuation of the quadrupole momentum, it
cannot be used on an event-by-event basis without ap-
proximations. Zheng et al. have extended this to a quan-
tum quadrupole thermometer, taking into account the
quantum effect explicitly [79]. However as shown below,
the classical quadrupole thermometer gives reasonable
temperature values for the SMM simulated events and
no significant difference between those of LCPs (some
are ferminons and some are bosons) as predicted. We
use the classical quadrupole thermometer in this study.

ITII.A. Deuteron thermometer

When the quadrupole momentum fluctuation ther-
mometer was applied to experimental data, the extracted
temperature values differed significantly for different par-
ticles used [74, 77, 78]. This may be caused by the
Coulomb interaction and sequential secondary decay pro-
cess. In order to study these effects, events generated
with SMM [50, 51] are examined.

The quadrupole momentum fluctuation thermometer
is applied to the SMM events with the source mass of
As =100 and Z; = 45 . Around 1 million events are gen-
erated in the excitation energy range of 1 MeV /nucleon
to 15 MeV /nucleon. In Fig. 7, the extracted fluctuation
temperature values, Ty;, are plotted as a function of the
input excitation energy, E*/A for Z = 1 isotopes. Z =1
isotopes are chosen to minimize the Coulomb effect. In
the SMM, the temperature value can be calculated from
the energy balance. However the evaluated temperature
for a given event depends slightly on the fragmenting exit
channel and therefore depends on different fragments. In
the analysis, Tsapras is determined as an average value
over temperature values of all events at a given excitation
energy [54]. These are presented by closed circles. The
extracted fluctuation temperature values from the pri-
mary fragments before the afterburner, presented by red
circles, show very similar behavior for the three isotopes.
They are more or less parallel to the Ty values with
some offset energies of about 3 MeV. These higher tem-
peratures may originate from the Coulomb interaction.
In order to verify this, a Coulomb correction is made
according to Ref. [80]. The corrected values, presented
by green squares, are very close to those of Tgpsps for
protons and deuterons, but slightly are lower for tritons.
The thermometer is also applied to the secondary events,
using the built-in afterburner in the SMM. For protons,
the extracted temperature values, shown by blue trian-
gles, differ significantly from those of the primary. On the
other hand, the extracted temperatures for deuterons are
very similar to those of the primary indicating that the
secondary decay effect is minimized, and a similar small
effect is observed for tritons. This study leads us to se-
lect deuterons as the probe of the quadruple momentum
fluctuation thermometer in the following analysis.

ITI.B Temperature evaluation on an event-by-event
basis

In this article, we propose an additional new method
to determine the temperature on an event-by-event basis
as follows. In Fig. 8(a), the evaluated T values from
Eq. (4) with deuterons are plotted by open circles as a
function of E*/A for the “°Ar + #8Ti reaction with the
QP selection of VNN = 4.0 cm/ns. In Fig. 8(b), the
standard deviation values of the T, are plotted by sym-
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FIG. 7: Quadrupole momentum fluctuation temperatures (T'f;) of
SMM with As = 100 and Zs = 45 for (a) protons, (b) deuterons
and (c) tritons. T'sasps is the average Temperature calculated from
the SMM input value. Open circles represent the extracted T},
values from the primary particles and triangles are for those after
the secondary decays. Squares represent the Coulomb corrected
T values of the primary particles.

bols. The standard deviation values are evaluated, using
the TProfile class of ROOT in the CERN data analysis
library, which gives the mean and standard deviation val-
ues for the calculated values. The fluctuation increases
significantly for E*/A > 8 MeV because of statistical
errors. These data are fitted by polynomial functions
as shown by the solid curves in each figure. One should
note that for a given E*/A value, Ty; value is determined
within a rather small error of ATy, less than 0.5 MeV
up to E*/A <6 MeV and 1 MeV up to E*/A < 8 MeV.
Based on this observation, the temperature of the re-
constructed QP is evaluated on an event-by-event basis,
using these polynomial fit parameters, as

Ty = Tpol(E*/A) + ATpol(E*/A) * G(l) (5)

Here G(1) is the random number generated according to
the Gaussian distribution with ¢ = 1 and the average
number < G(1) >= 0. T}, and AT, values are the cal-
culated values at a given E*/A, using the polynomial fit
parameters extracted beforehand from the average fluc-
tuations. Using this method one can calculate the Ty

values on an event-by-event basis and the resultant 7'y
values are plotted as a function of E*/A in Fig. 8(c) in
which the z axis is given by a logarithmic scale.
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FIG. 8: Experimental deuteron quadrupole momentum fluctuation
temperature, T; in (a) and the standard deviation values ATy; in
(b), as a function of E*/A for inclusive data of 40Ar + 48Ti at 47
MeV /nucleon with the QP selection of VNV = 4.0 cm/ns. Curves
in (a) and (b) are from a polynomial fit. (c) Calculated Tf; vs
E* /A distribution using the fit parameters in (a) and (b) on the
event-by-event basis. Z axis is the yield given by a logarithmic
scale.

IV. Results

The QP events are analyzed, assuming that all ejec-
tiles are emitted at or after the statistical equilibration
is achieved. This assumption is supported by the fact
that the kinetic energy spectra of all observed particles
in the QP rest frame show a single slope as shown in
Fig. 3, though the charged particle multiplicity in Fig. 5
shows a slight difference between the central and periph-
eral events. Since a wide range of the excitation energy
is required for the study, this inclusive procedure enables
us to obtain enough statistics at both lower and higher
excitation energies in these experimental data sets.

In Fig. 9, the calculated Ty, vs E*/A are shown for
the different QP selections and the three reaction sys-
tems. A clear plateau is observed starting at around



E*/A =~ 3 MeV for the QP selection of VNV = 4.0 and
5.0 em/ns in each reaction, but these plateaus become
less clear for VNN = 6.0 cm/ns because of the lower
statistics at higher excitation energies. All spectra for
VNN = 4.0 cm/ns show that the temperature increases
again at E*/A > 6 MeV. We will discuss further the
plateau and the second increase in Sec.V.
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FIG. 9: Ty vs E*/A for the different QP selections and the three
reactions. T is calculated on an event-by-event basis. Figure
arrangement is same as those in Fig. 4. Z-scale is same for all
figures and plotted in a logarithmic scale.

IV.A. Specific heat capacity

The specific heat capacity, Cy, is calculated from the
caloric curve as

Cy = d(E*/A)/dT. (6)

The calculated Cy values from Fig. 9 are plotted as a
function of T; in Fig. 10. Clear peaks, which corre-
spond to the plateau mentioned above, are observed for
VNN =4.0 and 5.0 cm/ns. The widths of the peaks are
around 1 — 2 MeV and increase for VNV = 6.0 cm/ns
where the higher temperature side of the peak is per-
turbed significantly by lower statistics. The peak values
obeserved in the upper two rows are around 9.0 &+ 0.4
MeV. As shown in Fig.7 the Coulomb correction is not
negligible even for Z=1 isotopes. The Coulomb correc-
tion for a system of Z=45/A=100 is evaluated to be 3
MeV according to Ref. [80] as shown in the figure. For
Agp = 40 with Zgp = 18, a Coulomb correction of 0.7
MeV is evaluated and therefore the phase transition tem-
perature of T, = 8.3 0.4 MeV is determined.
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FIG. 10: Specific heat capacity Cy vs Ty;. Experimental data
are shown by symbols and red curves are a Gaussian fit around
the peak. The mean and sigma values of the Gaussian are given in
each figure. Figure arrangement is same as that in Fig. 4.

B. Multiplicity derivatives

The derivatives of total multiplicity and IMF multi-
plicity were recently proposed as an observable to search
for nuclear liquid-gas phase transition by S. Mallik et
al. [46]. We apply this method to the total charged par-
ticle multiplicity of the QP sources and results are shown
in Fig. 11. The results are very similar to those of Cy in
Fig. 10. Similar peaks are observed at similar tempera-
tures with similar widths in each case. This is because,
as shown in Fig.5, E*/A and Mcp are directly related

each other, and therefore Cy = d(b;r/A) and dlgg‘” give
same information for the critical behavior as pointed out
in Ref. [46].

IV.C. Normalized variance of Z,,.. (NVZ)

The fluctuation of the order parameter proposed by
Botet in Ref. [81] provides a method to select an order pa-
rameter, which characterizes critical and off-critical be-
havior, without an equilibrium assumption. The fluctua-
tion in the atomic number of the largest fragment (Z,,,4.)
is one of them and has been applied in the analysis of IN-
DRA data in Ref. [82]. The normalized variance of Z,,q,
(NVZ) was utilized by Dorso et al., in Ref. [83] to inves-
tigate the fluctuation of Z,,4,, which is given as

2
UZmam . (7)

< mam)

NVZ =

Here we apply the root-mean-square value of Z,,,, as
0z,... n NVZ. Fig. 12(a) shows NVZ values as a function
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FIG. 11: Multiplicity derivative dMep/dTs; vs Ty;. Experimental
data are shown by symbols and red curves are a Gaussian fit around
the peak. The mean and sigma values of the Gaussian are given in
each figure. Figure arrangement is same as in Fig. 4.

of Ty for the “°Ar+*8Ti reaction with the QP selection
of VNN = 4.0 cm/ns. One can see a peak at 9 MeV over
a broad monotonic increasing background. The peak is
fitted by a Gaussian distribution. The peak and width
values coincide with those of C'y in Fig. 10. These char-
acteristic features are very similar to those of the other
reaction systems and the different QP selections, though
the peak energies and widths are slightly different as seen
in Figs. 10 and 11. The resemblance in the extracted val-
ues between the different reaction systems and the differ-
ent QP selections are also roughly true for the My and
~2 values discussed in the next subsection. The variation
of these parameters are summarized in section IV.E.

IV.D. Moment parameters

The general definition of the k—th moment [28, 38, 39]
of charge distribution is given as

Y nz)zf, (8)

Zi# Zmax

My, =

where n;(Z;) is the multiplicity of fragment with charge
number Z = Z; in each event. Using the zeroth (M),
first (M;) and second (Mz) moments, the quantity o is
defined as

Mo M,
= . 9

M and - are expected to show the critical behavior
at which the fluctuation of fragment sizes becomes the
largest. In Fig. 12(b), M values are plotted. As one can
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FIG. 12: (a)NV Z,(b)M2, (¢)v2 as a function of Ty; for the QP se-
lection with VNN = 4.0 cm/ns of 40 Ar +48Ti at 47 MeV /nucleon.
Experimental data are shown by symbols and red curves are a
Gaussian fit around the peak. The peak and width values of the
Gaussian are given in each figure.

see, My values do not show a peak, but become a maxi-
mum at the temperature of ~ 10 MeV. The distribution
shows a plateau after the maximum. The spectrum is
fitted by a Gaussian distribution, limiting on the lower
temperature side of the maximum. Extracted peak and
o values are shown in the figure and the peak tempera-
ture is slightly higher than that of Cy by about 1 MeV,
but the temperature of the maximum depends slightly on
the width of the Gaussian distribution. In Fig. 12(c), 72
values are plotted. One can see a small peak over a large
continuous background. A Gaussian fit is made around
this small peak and therefore it has a large width. The
peak temperature is consistent to those of Cy in Fig. 10
and dM/dT in Fig. 11, even though the peak is small on
a large smooth background.

IV.E. brief summary

In Fig. 13, a summary plot is shown for the extracted
peak or maximum values and the widths as a function
of Ty;. Since the statistics of VNV = 6.0 cm/ns data is
rather poor and all that peaks appear in the measure-



ments are rather broad, the average peak temperature
and width are determined from results of VNV = 4.0
and 5.0 cm/ns and the phase transition temperature
T. = 8.3 0.4 MeV is obtained after the Coulomb cor-
rection. One should note that these peak temperatures
are very close to the plateau temperature for the system
size of A =40 — 60 in Ref. [84].
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FIG. 13: Summary of the extracted peak or maximum tempera-
tures of all examined measures. Extracted values are plotted from
left to right column for 49Ar+58Ni, 40Ar448Ti 40Ar427Al re-
spectively and the different QP selections with VSNN =4.0,5.0,6.0
cm/ns from top to bottom. The error bars represent the standard
deviation of the peak values.

V. Discussion

The QP source shows a peak or maximum for all mea-
sures examined here at Ty ~ 9.0 &+ 0.4 MeV, which is
one indication for a first order phase transition of the
QP source with Agp ~ 35. In Fig. 14, the charge distri-
bution of all QP particles, Z¢p, is compared for a given
E*/A value (1 MeV step) and a given Bin with that at
the same E*/A value from Bin 5, the most peripheral
events. Each distribution is normalized to the latter at
the « yields. We observe that the shapes in each column
are very similar to those of the most peripheral ones (red
dashed), especially for Bin 4. This resemblance indi-
cates that the distributions are essentially governed by
the decay process, but not by the entrance dynamics.
At lower excitation energies, the distributions show two
peaks, one at Zop ~ 15 and the other at Zop = 1 and
2. This indicates that these events consist mainly of one
large fragment and several light particles. This is remi-
niscent of particle distributions from evaporation decays.
At E*/A > 2 MeV, evaporation processes may not be se-
quential but the decays instead occur simultaneously at
the same temperature. However, since the charge distri-
butions resemble those of the evaporation products, we
label the process as ”evaporation mode” and they are
in a liquid state which is represented by the existence
of a large IMF. When E*/A increases beyond 4 MeV,

smaller IMFs become dominant. The size of the frag-
ments becomes smaller as E*/A increases. These IMFs
are produced through multifragmentation decay and are
in a gas-like state, which we label the "multifragmenta-
tion mode”. E*/A =4 MeV is a transition energy from
the evaporation mode to the multifragmentation mode
and this energy region corresponds to the plateau en-
ergy in the spectra at Ty =~ 9 MeV. A clear evolution of
the two modes in the charge distribution, an evaporation
mode at the lower excitation energies and a multifrag-
mentation mode at the higher excitation energies, shows
that the observed plateau in the inclusive data reflects
the signature of a liquid-gas phase transition for the QP
mass around 35.
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FIG. 14: Charge distribution of QP particles at a given E*/A
for different centrality Bins. Plots are arranged for E*/A = 2
to 6 MeV from the top to the bottom row and Bin 4 to 1 from
the left to the right column. The charge distribution for a given
E* /A and a given Bin is shown by a blue solid histogram and that
of Bin 5 with the same excitation energy is given by a red dashed
histogram in each plot for comparison. The blue solid distributions
are normalized to the red dashed histograms by the ratio of « yields
in each plot.

One can also notice that the yield of the larger IMF's
decreases slightly with increasing centrality at each exci-
tation energy compared to those of Bin 5 (red dashed).
This reduction may be caused by particle identification
inefficiencies of NIMROD. As the centrality increases,
larger IMFs have a slightly wider angular distribution
where the particle identification is limited for smaller
IMFs and becomes increasingly poorer as Z increases be-
yond 14. This inefficiency may be a possible cause of the
non-uniqueness of M, observed in Fig. 5.

In this study, MS fit parameters are used to assign the
QP source on an event-by-event basis. The QP selection
is made in three possible midrapidity particle contribu-
tions in the QP, using different fixed NN source velocities,



VNN The selected QP spectra include all particles on
the higher velocity side of the V. spectra of each parti-
cle as shown in Fig. 2 for the different choices of VNV,
The difference of the QP source for different parameter
sets with a given VN® comes therefore from the differ-
ent possible contributions of midrapidity particles. That
is, a larger yield of midrapidity particles contribute to
the QP source as VN decreases. It should be noted,
however, that the reconstructed QP masses are similar
after applying missing charged particle and neutron cor-
rections as shown in Fig. 4. When the centrality increases
(Bin number decreases), the midrapidity particles are
enhanced as shown in Fig. 2 from the top row to the
bottom. Therefore different QP selections in this study
closely relate to the different centrality selections through
the different possible midrapidity particle contributions
to the QP source. As shown in Sec. IV, however, no
essential difference of the characteristic behavior of the
measures has been observed between these different QP
selections, indicating that the different fraction of midra-
pidity particle contributions do not affect the extracted
fluctuation temperature values.

Another interesting observation in this analysis is a
temperature increase after the plateau at E*/A > 6 MeV
as shown in Fig. 9. This second increase is observed for all
three reactions with VN = 4.0 cm/ns. Above E*/A = 8
MeV, as observed in Fig. 8, AT}, values become larger
than 1 MeV and the width of the T}; distribution in-
creases. However the centroid of the distributions of T’
in Fig. 9(c) still display a continuous increase. Such a
second increase was first reported by Pochodzalla et al.
in 1995 [17]. In their experiment the Au+Au reaction at
600 MeV /nucleon was performed and analyzed focusing
on the forward emitted spectator source. The excitation
energy was reconstructed using calorimetry and the tem-
perature was derived from the observed He and Li iso-
tope yield ratio employing the Albergo formalism [71].
In their observation, a significant temperature increase
begins at E*/A = 10 MeV after a plateau, suggesting
that a vapor phase is revealed in the fragmenting source.
However such a sharp increase was not observed in the
EOS collaboration above E*/A = 10 MeV [85]. There-
fore the origin of the second increase is still not resolved.
Our results suggest that such an increase may begin at
E*/A = 6 to 8 MeV, though the trend begins to suffer
significantly from poor statistics above E*/A = 8 MeV
and we cannot conclude that the observed increase has
same origin as that in Ref. [17]. In order to confirm the
result, further experimental investigation is necessary.

VI. Summary

Phase transition signals predicted by the SMM model
simulations in Ref. [48] are examined, using the ex-
perimental data of “CAr + 27Al, “8Ti, °®Ni at 47

10

MeV /nucleon, taken by the NIMROD 47 detector array.
QP source is reconstructed using MS source fits. The
MS source fits are made for each particle separately in
five centrality Bins. Furthermore in each case, three dif-
ferent fixed values of the NN source velocity around the
optimum value are applied, which reflect the different
amount of contribution from the midrapidity particles in
the QP source. A newly proposed fluctuation thermome-
ter of deuteron quadrupole moment is used for the tem-
perature determination on an event-by-event basis. All
phase transition related observables examined here show
a peak or maximum at T, = 8.3 + 0.4 MeV for all cases.
This phase transition temperature reflects the transition
from the evaporation mode at low temperature to the
multifragmentation mode at high temperature. The sec-
ond increase is also observed at E*/A ~ 8 MeV, but is
not well confirmed because of the poor statistics.
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