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Caloric curve in Au1Au collisions
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Realistic caloric curves are obtained for the197Au1197Au reaction with incident energy ranging from 35 to
130 MeV/nucleon in the dynamic statistical multifragmentation model. It is shown that for the excitation
energy 3 to 8 MeV/nucleon, the temperature remains constant in the range 5 to 6 MeV, which is close to the
experiment. The mechanism of energy deposition through the tripartition of the colliding system envisaged in
this model together with interfragment nuclear interaction are found to play important roles. A possible
signature of a liquid-gas phase transition is seen in the specific heat distribution calculated from these caloric
curves, and the critical temperature is found to be;6 to 6.5 MeV.@S0556-2813~98!50901-6#

PACS number~s!: 25.70.Pq, 24.10.Pa
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It has been speculated more than ten years ago tha
nuclear system will show a liquid-gas phase transition. T
is based on two well-known facts, namely,~i! the similarity
of the nucleon-nucleon interaction with its general feature
repulsion followed by attraction with the Van der Waa
forces, and~ii ! the overwhelming success of the liquid dro
model. The earliest search in this regard has been in
high-energy proton induced Xe and Kr reaction using
prescription of Fisher droplet model@1#. The successful de
scription of the mass yield characterized by the power
distribution, through such a model was considered indica
of the signature of a liquid-gas phase transition. Howev
many other models without having explicitly the mechani
of a liquid-gas phase transition in them@2–5#, could also
explain the data. This has dampened the interest of the c
munity about this interesting possible phenomenon. Ho
ever, in the last couple of years there has been renewe
terest due to more extensive experimental investigation@6,7#
to find critical exponents in the multifragmentation of A
nuclei. A desirable feature of any experimental detection o
phenomenon should be the measurement of such observ
whose interpretation would require a minimal amount
theory or model. This would lead to ‘‘theory independenc
of the conclusions. In the present context, a more approp
attempt would be to measure the excitation energy and t
perature of hot nuclear systems. The caloric curve thus
tained, should show the well-known feature of a liquid-g
phase transition in a more definitive term. Such an atte
by Pochodzallaet al. through their study on Au1Au reaction
and analysis of other reactions@8# shows a behavior with
characteristics of a phase transition. Defining the tempera
in terms of the yields of He and Li, they find the temperatu
remains constant at about 5 MeV for the entire range
excitation energy 3 to 10 MeV/nucleon. For highe
excitation energy, the temperature increases monotonic
This has once again brought the topic of a liquid-gas ph
transition in a nuclear system to the frontier of heavy-i
physics. This situation warrants theoretical study to see
is possible to obtain a realistic caloric curve using kno
features of nuclear dynamics.

In the past, many theoretical attempts have been mad
study the thermostatic properties of hot nuclear matter us
a nucleon-nucleon interaction in the framework of Thom
570556-2813/98/57~1!/35~4!/$15.00
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Fermi models@9–11# and temperature dependent Hartre
Fock @12,13# models. Using the equation of state so o
tained, critical temperatures in the range 15 to 20 MeV fo
liquid-gas phase transition in infinite nuclear matter ha
been found. It must be emphasized here that such calc
tions deal with a process in which nuclear liquid goes in
nucleonic gas. This gas is supposed to have only pure nu
ons without any clusters. However, in the realistic situatio
besides the nucleons, many fragments of varying mass n
ber will also be produced. Hence in the theoretical calcu
tion of a caloric curve, the emission of heavy-mass fragme
need to be taken into account. A possible way for relia
calculation may be through the statistical multifragmentat
model, where the production of such fragments together w
pure nucleons can be conveniently considered. However
key question is how reliably one can calculate the excitat
energy dumped into the system and the consequent ris
temperature. When some energy is imparted to a nucl
there are several modes through which the nucleus will
ceive the energy. The part of the energy which goes to
compression or collective modes will not contribute to t
rising of temperature of the system. Further the precise r
tion between the bombarding energy and the excitation
ergy must be known in order to make contact with the e
periments in the laboratory. The identification of the tr
mechanism of energy deposition and consequent rise of t
perature depends upon the nucleon-nucleon collisions
microscopic level, which requires undoubtedly the soluti
of an extremely involved many-body problem. Therefore
mechanism is invariably supposed for the calculation, wh
has to bea posteriorijustified through experimental suppor

Recently we have developed a model, called the dyna
statistical multifragmentation~DSM! model @14,15#, for the
intermediate energy heavy-ion collisions, where the entra
channel characteristics like incident energy, impact para
eter, and masses of colliding nuclei are taken into acco
The model is based on a spectator-participant picture
envisages the tripartition of the whole system into the fi
ball, the projectilelike and targetlike spectators. Well-defin
mechanisms for the excitation of the three parts are cle
recognizable in this model. The excitation of the specta
parts originates from the distortion of their shapes and tha
the fireball due to the fusion of the participant regions of t
R35 © 1998 The American Physical Society
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FIG. 1. Caloric curve for the fireball withA
584, 150, and 196. The solid and dashed lin
are for densities 0.22r0 and 0.115r0 , respec-
tively.
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two colliding nuclei. So the excitation energy of the fireb
could be calculated using relativistic kinematics and that
the spectators from the geometrical considerations. Then
decay of the three systems are calculated in the framewor
statistical mechanics using a grand canonical picture. T
model explains well the central collision data of40Ar in-
duced 45Sc reactions@16#, and also the noncentral collisio
data of 40Ar induced 40Ca and 197Au reactions@17#, with
incident energies in the intermediate range of 30 to 1
MeV/nucleon. This success gives us the impetus to calcu
the caloric curve in the DSM model, for reactions which w
feel will correspond to the realistic situation and can be co
pared with experimental observations.

In the present work, we report our calculation of a calo
curve in the197Au1197Au reaction obtained by varying th
incident energy from 35 to 130 MeV/nucleon. Our notatio
are similar to Refs.@14,15#. The spectators, being severe
from the target and projectile nuclei are relatively cold, a
not amenable for the adequate deposition of energy from
projectile. So it is the fireball only, in which differen
amounts of energy can be deposited by varying the incid
energy. Further, experimentally this part can be isolated
nematically from the spectators ones and its decay can
studied. So the fireball offers a convenient system to ob
the caloric curve and study its features. For a given imp
parameter we can find@14,15# the number of constituting
nucleons in the fireball from the geometry of the collisi
and the excitation energyE* from the incident energy,Elab.
For different impact parameters we can have fireballs hav
different mass (A) and charge (Z) numbers. Then we con
sider the decay of the fireball into all possible fragments
varying mass and charge numbers detected by the avai
phase space in various channels. The temperature of the
ball is determined by simultaneously solving the bary
number, charge number, and energy conservation equat
as given in Ref.@15#. We would like to stress here that, i
our calculation we have taken both the interfragment C
lomb and nuclear interactions together into account thro
a statistical prescription@14,15,18–20#,

In the DSM model, the freeze-out density of the fireball
the only parameter. Here we have performed our calcula
with two different densities, namely 0.22r0 and 0.115r0, r0
being the density of nuclear matter at ground state. In Fig
we have plotted the caloric curve for the197Au1197Au col-
lision at three different impact parameters, 5.8, 6.95, a
8.8 fm, which correspond to fireballs of mass and cha
l
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numbers~84, 32!, ~150, 60!, and~196, 78!, respectively. The
upper scale shows the incident energy of the projectile. In
figure, the solid and dashed lines represent the caloric cu
obtained with two freeze-out densities 0.22r0 and 0.115r0 ,
respectively. We find for the two heavier systems, the te
perature rises faster for a very low-excitation energy, up
;3 MeV/nucleon, and then the rise is slower. Between 3
8 MeV/nucleon excitation energy, the temperature rema
rather constant at 5 to 6 MeV in these cases. A kink is s
in each of the four curves at an excitation energy of ab
;8 MeV/nucleon. Depending on the mass and the freeze
density, the corresponding temperatures lie within;6 to 6.5
MeV. Then with the increase in incident energy, the te
perature rises monotonically. This is comparable with
experimental finding of Pochodzallaet al. @8#, where they
observe the temperature to remain constant at 5 MeV w
the excitation energy increases from 3 to 10 MeV/nucle
and a kink is seen at 10 MeV/nucleon. Remarkably, th
characterize the density where this phenomenon is obser
to be in the range 0.15r0 to 0.3r0 which includes the density
0.22r0 used in the present calculation. It may be noted th
in our calculation, this kink is missing in the case of a light
mass systemA584. This suggests that in the lighter system
this phenomenon is not likely to be manifested. We cal
lated the caloric curve for a series of systems with vary
mass numbers and found that the constancy of tempera
over a certain range of excitation energy, the kink in t
caloric curve starts showing up only when the number
nucleons in the system is more than;120, which is in agree-
ment with Gross@21#. However, Bondrofet al. @22# gets
such behavior even for a low mass systemA5100. Deet al.
have also attempted to calculate the caloric curve for a150Sm
nucleus in the Thomas-Fermi model@23#. However, they
find a kink at a much higher-excitation energy of about;18
MeV/nucleon with a corresponding temperatureT;10 MeV
for the density 0.125r0. They do not find such behavior fo
higher densities.

To see what effect the nature of interfragment interact
has on this result, we have calculated these caloric cu
with switching on and off the nuclear interaction which
normally not taken into account in many calculatio
@21,22#. In Fig. 2, we have presented the caloric curves o
tained with interfragment Coulomb plus nuclear interacti
and Coulomb interaction only by solid and dashed lines,
spectively, for the density 0.22r0. We find, when the nuclea
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interaction is switched off, the kink gets shifted to a high
value of excitation energy of 12 MeV/nucleon with a tem
perature of;8 MeV. This takes us substantially away fro
the experimental result. The coming down of the tempera
of the fireball to the realistic value when nuclear interact
is included is in accord with our earlier studies. Such low
ing is expected as the nuclear interaction being attractiv
nature, tends to reduce the kinetic energy of the fragmen
the assembly and consequently the temperature. Gross i
model study of decay of hot nuclei@21# in the framework of
microcanonical formalism, finds the temperature to rem
constant for a very short range of excitation energy. T
may be because he does not take the nuclear interfrag
interaction into account and also treats the neutron cha
separately. However, in the present study using the D
model, all the channels are treated on an equal footing du
the inclusion of interfragment nuclear interactions. Th
leads to a more realistic caloric curve with the appropri
value of excitation energy and temperature comparable w
the experiment.

With a view to see whether the kink found in the calo
curve is related to a phase transition, we have calculated
specific heat of the system from the caloric curve. It is
relevant observable of the system, defined as

Cv5~dE* /dT!v . ~1!

FIG. 2. Caloric curve for the fireball withA5150 and 196. The
solid and dashed lines are the calculation with Coulomb p
nuclear and only Coulomb interfragment interaction, respective
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In Figs. 3 and 4 we have plotted the calculatedCv versus the
temperature for the density 0.22r0, the fireballs of masses
A5150 and 196, respectively. We find a well-defined peak
structure signaling the possible existence of a liquid-g
phase transition atT;6 MeV for A5150 andT;6.5 MeV
for A5196. This transition is expected in the nuclear syst
with the excitation energy in the range 8 to 10 MeV/nucleo

In summary, we have obtained the caloric curve for t
system A584, 150, and 196, likely to be produced
197Au1197Au collision. It is found that the mechanism o
energy deposition through the tripartition picture of the DS
model and the interfragment nuclear interaction play the
cisive role in producing a realistic caloric curve. The tem
perature is shown to remain nearly constant at 5 to 6 M
for the range of excitation energy 3 to 8 MeV/nucleon, whi
is close to experimental observation. We find such beha
is only seen when the mass of the system is more than;120.
A kink is seen at an excitation energy of 8 MeV/nucleo
corresponding to a temperature of;6 to 6.5 MeV, which is
speculated to be related to a liquid-gas phase transition.

s
.

FIG. 3. Specific heat distribution for fireball withA5150.

FIG. 4. Same as Fig. 3, but forA5196.
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possible signature of phase transition is more clear from
specific heat distribution which shows a peak structure at
temperature. Hence this temperature may be treated
critical temperature of a liquid-gas phase transition in fin
. C

t.
e
is

a

nuclear matter. However, the determination of the order
this transition and finding out proper critical exponents a
quite important factors for establishing this liquid-gas pha
transition.
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