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Experimental studies have obtained the caloric curve of nuclear matter from heavy ion collisions as well as its
dependence on the size of the fragmenting source. In particular it has been determined that smaller systems
have caloric curves with higher plateau temperatures than larger systems. This work uses molecular dynamics
simulations to study the thermodynamics of heavy ion collisions and to identify the main factors that determine
the caloric curve. The simulations indicate that the reaction is composed of three stages: 1) an initial collision
that transforms the nuclei from normal density and zero temperature and entropy, to a hot and dense blob
of matter with higher values of density, temperature and entropy; 2) this is followed by a constant-entropy
expansion that takes the system to the spinodal of the phase diagram; 3) where the system rapidly disassembles
into fragments by the process of spinodal decomposition, and not by nucleation. These findings indicate that
the plateau temperature of the caloric curve is nothing more than the temperature of the phase change and it is
set by the intersection of the isentropic expansion and the spinodal. In other words, the plateau temperature is
simply the temperature at which the system breaks as it enters the spinodal. This transition temperature is thus
set by the entropy generated during the initial part of the collision.

1 Introduction

The caloric curve (CC) of nuclear matter,i.e. the rela-
tion between the system’s temperature and its excitation en-
ergy at fragmentation time, has been studied experimentally
and theoretically for almost a decade now [1-10]. Recently,
these studies have turned into an analysis of the size depen-
dence of theCC [11].

Combining data from several experimental measure-
ments, the colleagues from the Texas A&M University
found various values of the plateau temperature,Tp, of CC ’s
obtained for systems of different sizes [11]. Caloric curves
from systems with masses between30 to 60 nucleons have
a Tp ≈ 9 Mev, while systems with masses between180
to 240 yield a Tp ≈ 6 MeV . In explaining this effect,
the study draws a similarity between these temperatures and
the Coulomb instability limiting temperatures [12], although
molecular dynamics simulations of disassembly of excited
Lennard-Jones drops show that Coulomb does not play a de-
ciding role in the breakup [13].

Using theoretical analysis and molecular dynamics sim-
ulations, a more recent study [14] investigated the question
of what really determines the transition temperature in nu-
clear reactions. This article submits more supporting evi-
dence to the premise advanced in that previous study.

2 The transition temperature Tp

Following the arguments presented a decade ago by Bertsch
and Siemens [15,16], now supported by molecular dynam-
ics calculations [17], a heavy ion collision can be visualized

as a collision in which the originally cold nuclei fuse into a
blob of nucleons that reaches some maximum density and
temperature. In the density-temperature phase diagram of
the equation of state of, for instance, [18,19] this can be rep-
resented as a displacement from normal saturation density
and zero temperature.

This initial compression is followed by an isentropic ex-
pansion that cools and reduces the density of the blob. This
expansion drives the system into lower density and cooler
temperatures until the system enters the spinodal line where
mechanical instabilities grow breaking the system by spin-
odal decomposition. This breakup is identifiable by the exis-
tence of an imaginary speed of sound. This scenario, for an
entropy ofS = 1.5, can be represented in the phase diagram
of nuclear matter as shown in Fig. 1.
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Figure 1. Possible trajectory of a heavy ion collision plotted on the
phase diagram of reference [18]. The solid semi-circle represents
the boundary of the phase coexistence region, the dashed line is
the spinodal line, and the traverse line represents the trajectory of
aS = 1.5 isentropic expansion.
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According to this scenario, the breakup occurs when the
system, expanding along a constant entropy curve reaches
the spinodal. As this disassembly into clusters occurs very
fast, the breakup temperature,i.e. the plateau temperature of
theCC, is the temperature the system has when it reaches
the spinodal. In other words, theTp of a reaction is deter-
mined by the entropy generated in the initial stage of the
collision, and not necessarily by the size of the compound
nucleus.

2.1 Molecular dynamics simulations

As the initial generation of entropy occurs out of equi-
librium, we study it using the molecular dynamics (MD)
code “LATINO” [17]. This model combinesMD with a
fragment-recognition algorithm, that has been applied suc-
cessfully to study, among other things, phase transitions [20]
and critical phenomena [21] in nuclear reactions.LATINO
uses a potential [22] that reproduces nucleon cross sections
and the binding energies and densities of real nuclei, along
with a Coulomb term. Using thisMD code, central colli-
sions were performed for several reactions. In this study we
present results for the reactionNi + Ni at beam energies
of E = 2251 MeV ; other aspects of these simulations have
been published elsewhere [14,21,23]. Fig. 2 shows a the
caloric curve obtained from hundreds ofNi + Ni reactions
at varying energies.
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Figure 2. Caloric curve obtained for the reactionNi + Ni at vary-
ing energies.

During the collision, the density and temperature of the
50% most central particles was determined as a function of
time, and this information was then used to study the genera-
tion of entropy. To track the entropy generated at the “quasi-
classical” hot and dense stage of the reaction we estimate it
as if dealing with a classical gas [24], namely

S = log

[
1
n

(
3T

2

)3/2
]

+ So , (1)

wheren is the particle density,S the entropy per particle in
units of Boltzmann’s constant, andSo is a constant that de-
pends on the nucleon mass. Fig. 3 shows the time evolution
of the square of the speed of sound, temperature, density
and entropy of one reaction ofNi + Ni at2251 MeV . The
square of the adiabatic speed of sound is obtained using
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with εk denoting the kinetic energy per nucleon,ρ the mass
density,a = −358.1 MeV , b = 304.8 MeV andσ = 7/6.
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Figure 3. Time evolution of the speed of sound squared,v2
s (in

units ofc2), temperature (inMeV ), nucleon density (fm−3), and
entropy per particle of a central collision ofNi+Ni at2251 MeV .

The scenario of section 2 is apparent from the bottom
panel. Starting from zero entropy (near pointA), the com-
pound nucleus generates entropy and reaches a maximum
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rapidly at (B), expanding then with a constant value ofS,
entering the coexistence region (aroundC), and continuing
until the spinodal (D) whereS increases due to the phase
change. The time whenv2

s becomes negative (as marked by
the arrows), indicates when the nucleus reaches the spinodal.

Since it is only an expression for a classical gas, equa-
tion (1) does not yield correct numerical values forS. To
correct this, we use the values ofn andT at the time when
v2

s becomes negative, and use them to determine the value
that the entropy should have at that point.So is then set to
the value needed to have equation (1) yield the appropriate
value ofS at pointD (see [14] for details).

3 Conclusions

The MD simulations presented provide further support to
the scenario collision - isentropic expansion - spinodal de-
composition put forward in [14]. The main results of this
study is that the entropy produced in the initial stage of the
reaction defines the trajectory that is followed by the com-
pound nucleus in its expansion into the spinodal line where
it disassembles. Therefore, the transition temperatureTp is
defined by the intersection of the isentrope and the spinodal.
The remaining question to be answered is what is the exact
role of the system size in producing more or less entropy.
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