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Abstract

Nuclear thermodynamics studies evidenced the existence of a
liquid-gas type phase transition, that manifests through multifragmen-
tation and may originate from spinodal instabilities. Several signals
typical of finite systems were experimentally observed. The spinodal
region of the phase diagram is theoretically predicted to shrink for sys-
tems away from the valley of stability. What happens to the signals of
phase transition for such systems should thus bring further information
on the symmetry energy term of the nuclear equation of state.

1 Introduction

During the last decades nuclear thermodynamics was widely studied through
heavy-ion collisions during which a nucleus (or a nuclear system) can be
heated, compressed, diluted ... These systems are expected to undergo a
liquid-gas type phase transition, due to the analogy between the nuclear
interaction and the force acting on Van der Waals fluids, that manifests
through nuclear multifragmentation. Finite systems such as nuclei show spe-
cific behaviours in the transition region. Most of the predicted specific sig-
nals were experimentally evidenced, they indicate that multifragmentation
may be induced by spinodal instabilities [1, 2]. This happens when the sys-
tem evolves through the mechanically unstable spinodal region of the phase
diagram, located at densities ρ ≤ ρ0 and temperature below the critical tem-
perature. Such conditions are explored in central and mid-peripheral nuclear
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collisions around the Fermi energy. Theoretical works show that chemical
and mechanical instabilities are closely related in the spinodal zone, the ex-
tension of which depends on the isospin of the nuclear system [3]. Therefore,
thanks to the advent of exotic beams, present experimental and theoretical
works focus on the role of isospin on nuclear thermodynamics, probing that
way the symmetry energy term of the nuclear Equation Of State (EOS). Be-
sides basic knowledge on the nuclear EOS, such experiments are important
for studying the structure of exotic nuclei, neutron star crust, supernova
explosions ...

In this paper, after a brief review of the nuclear phase transition sig-
nals we shall discuss some experimental results showong the influence of
isospin on the caloric curve, on isospin distillation and on the level density
parameter.

2 Phase transition in finite systems

Because in finite systems surface effects are not negligible with respect to
bulk properties, the entropy of finite nuclear systems presents an abnor-
mal convexity in the phase transition region; this behaviour induces specific
transition signals:

• a bimodal distribution of extensive variables, for example the energy,
or the charge of the largest fragment (Zmax) of the multifragmentation
partitions. Bimodality was observed in 60-100 AMeV Au+Au semi-
peripheral collisions, allowing to estimate the latent heat for nuclei
close to gold around 8 MeV [4].

• the dynamics of the phase transition proceeds through spinodal insta-
bilities; the extra production of equal-sized fragment partitions sup-
ports this hypothesis [5, 6]. In that case multifragmentation should
be an aggregation phenomenon; this was proved by the observation of
a universal (∆)-scaling law of the fluctuations of Zmax, which is thus
related to an order parameter [7, 8].

• entropy convexity is necessarily accompanied by a backbending of the
caloric curve T = f(E∗) and a negative heat capacity in the spinodal
zone. The latter signal was early observed in 35 AMeV Au+Au semi-
peripheral collisions [9].

• experimentally determined caloric curves all present a similar shape
whatever the mass of the system (A=30-240), namely a Fermi gas



Figure 1: Caloric curves determined
for heavy systems produced in central
Xe+Sn collisions for selected pressure in-
tervals. Adapted from [14]

Figure 2: Limiting temperature vs the
mass of Sn nuclei, calculated from EOS
with different SkzN forces, characterized
by the slope L of the symmetry term.
Adapted from [15]

behaviour at low energy (T∝
√
E/A), followed by a plateau in the

transition region then by a classical gas law (T∝ (E/A)) at high en-
ergy. The temperature at the plateau, Tlim, decreases and is reached
at lower energy when the system mass increases [10, 11]. The shape of
the caloric curve depends however on the path followed by the system
in the potential landscape, and a backbending can only be observed for
a transition at constant pressure [12]. This was evidenced recently for
central 32-50 AMeV Xe+Sn collisions, thanks to a simulation based
on experimental data in which a quantal temperature was calculated
from the momentum fluctuations of protons present at freeze-out [13].
Pressure-constrained caloric curves could be built that exhibit the ex-
pected backbending [14], as shown in fig. 1.

3 Equation of state of asymmetric nuclear matter

The neutron to proton ratio of the studied nuclear systems may influence
nuclear dynamics and thermodynamics through the symmetry energy term
of the nuclear EOS :

ε(ρ, I) = ε(ρ, I = 0) + εsym(ρ)× I2 +O(4)



with I = (ρn− ρp)/ρ = (N −Z)/A and ε = E/A. A second order expansion
of the symmetry term around normal density ρ0 reads:

εsym(ρ) = a4 +
L
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The slope L characterizes the (asy)-stifness of the EOS. Isospin effects are
expected to be small, as I is always smaller than 1; I in the range 0-0.2
for stable nuclei. In theories, spinodal instabilities arise from mechanical
(density) and chemical (isospin) instabilities, both strongly tangled [16].
The spinodal zone is predicted to shrink for increasing isospin asymmetry,
reducing both the critical density and temperature [17, 3]. As spinodal
instabilities are most probably at the origin of the phase transition (mul-
tifragmentation) any change in the spinodal domain of the phase diagram
should affect the signals described in the previous section.

4 Effects of isospin on . . .

In this section I will briefly review some isospin effects on phase transition
signals that were experimentally observed in the past years.

4.1 The caloric curve

A few experiments studied the effect of isospin on caloric curves, con-
sidering semi-peripheral collisions. Sfienti et al. for 600 AMeV
(124Sn,124La,107Sn)+Sn [18] and Wuenschel et al. for 35 AMeV 78Kr+58Ni,
86Kr+64Ni [19] found tiny dependence on the system isospin, with slightly
higher temperatures for the neutron-richer systems; conversely McIn-
tosh et al., for light quasi-projectiles of known A and Z formed in
35 AMeV70Zn+70Zn, 64Zn+64Zn, 64Ni+64Ni observed measurable effects,
with lower temperatures for neutron-richer nuclei [20]. Note that, un-
like the ensemble of caloric curves presented in [11], none of those derived
in [18, 19, 20] exhibits a plateau. In [20] the temperature linearly increases
with energy between 2 and 8 AMeV, reaching 12 MeV at E∗=8 AMeV,
well above the empirical value of Tlim for light nuclei estimated in [11].
On the theoretical side, the SMM model, as well as calculations considering
a nucleus in equilibrium with its vapor, predict an increase of Tlim with
isospin [21, 22], whereas in calculations dealing with isolated mononuclei,
without surrounding vapor, the reverse trend is obtained [23]. In all cases
the temperature variation with isospin is small. Recently Li Ou et al. stud-
ied isobar distributions of Tlim for tin nuclei. They use Skyrme forces with



Figure 3: Evolution of N/Z of primary
fragments vs that of the composite sys-
tem for Xe+Sn reactions at 45 AMeV,
calculated with the SMF model using
two asy-stiffnesses for the EOS

Figure 4: Evolution of the fragment (Z >
3) N/Z vs their centre of mass kinetic en-
ergy per nucleon for Xe+Sn reactions at
32 and 45 AMeV. Data from the INDRA
Collaboration

different asy-stiffnesses [24], in the framework of a nucleus in equilibrium
with its vapor [15]. Results are shown in fig. 2. It clearly appears that the
influence of the asy-stiffness of the EOS is small as long as Sn nuclei are
”proton-rich” (A ≤120, i.e. the average stable Sn mass) and becomes size-
able on the neutron-rich side. Due to the combined effects of Coulomb and
symmetry energy, Tlim first increases with A for low masses, before decreas-
ing for very neutron-rich nuclei. This figure demonstrates how important
it is to precisely know the isospin of the studied nuclei when establishing
caloric curves.

4.2 Isospin distillation

In the phase transition domain, the liquid and gas phases coexist but have
different n/p ratios, because the gradients of the neutron and proton chemi-
cal potentials vs density are opposite: this effect is called isospin distillation
and signs the occurrence of the phase transition. An example is shown in
fig. 3, obtained for Rf composite systems using the Stochastic Mean Field
- SMF - simulations described in [25]. The difference between gas and liq-
uid concentrations is larger when the EOS is asy-soft (L=49) than when the
symmetry energy potential linearly varies with density (asy-stiff, L=75). For
heavy systems, the gas is more neutron-rich than the liquid when their n/p
ratio is large; conversely for less neutron-rich systems (N/Z=1.25-1.3) the
two phases present almost the same N/Z. As for caloric curves, we observe
that more information on isospin effects can be expected from the study of



very neutron-rich systems.
Studying the N/Z of the fragments produced through multifragmenta-

tion in central collisions vs their kinetic energy should allow to quantify
the strength of the symmetry term: the slope of (N/Z)frag vs Ekin is gov-
erned by the competition between Coulomb force - that accelerates more the
proton-rich fragments, giving a negative slope - and the symmetry energy -
more repulsive for neutron-rich fragments, positive slope. In SMF simula-
tions a negative slope is observed for 50AMeV 112,124Sn+112,124Sn while a
null or slightly positive one shows up for 132Sn+132Sn. The effect, although
attenuated, survives secondary decay [26]. Again a significant effect is vis-
ible when going to very neutron-rich systems. This variable was tested by
the MSU group on 50AMeV 112,124Sn+112,124Sn reactions [27] and by the
INDRA collaboration for 32, 45 AMeV 124,136Xe+112,124Sn systems. Both
series of data are in agreement at 45, 50 AMeV, in shape and magnitude.
Fig. 4 shows the INDRA data, which, as predicted, display a less negative
slope for the neutron-rich system. For the “proton-rich system” 124Xe+112Sn
the values of (N/Z)frag are much smaller at 32 AMeV than at 45 AMeV
, with a more negative slope, confirming the importance of the Coulomb
force with little flow. Conversely the results for the neutron-rich system
136Xe+124Sn are rather similar in magnitude at both energies, again with a
slightly more negative slope at 32 AMeV. A quantitative comparison with
SMF results is not relevant, as this simulation underestimates the fragment
kinetic energy [28]. New calculations should be performed with the more
advanced simulation BLOB [29].

4.3 Level density parameter

The last point I want to discuss is the evolution of the level density param-
eter with isospin. This parameter, a, is a direct property of the EOS, and
was shown to depend on the temperature of the nucleus. An additional, and
small, isospin dependence is also expected from the Fermi gas model and
Thomas-Fermi calculations. A larger dependence may arise from the effec-
tive nucleon masses, and also for nuclei at large excitation energy or close
to a drip line. Yet when isospin-dependent dynamical simulations are cou-
pled to the de-excitation of hot primary products with a statistical code, the
dynamical EOS and the level density in the after-burner are disconnected.

Empirical evolutions of a with isospin on a large nucleus range were
derived by Al-Quraishi et al. in 2001 and 2003 [30, 32]. They fit the body



Figure 5: Evolution of the level den-
sity vs the atomic number for different
masses, following equations A and C.
From [30]

Figure 6: Average charge of evap-
oration residues as a function of
their neutron number, calculated within
LILITA N97(see text) for de-excitation
of 139Eu at E∗=60, 90 and 105 MeV.
Dashed lines indicate the experimental
data. Adapted from [31].

of measured level densities with different formulae:

a = αA (A)
a = αA/ expβ(N − Z)2 (B)
a = αA/ exp γ(Z − Z0)

2 (C)

Form (A) has no isospin dependence, (B) presents a moderate dependence
on the neutron excess while form (C) rapidly decreases for isotopes out of
the valley of stability and even cancels for very exotic nuclei, as appears in
fig. 5. The best value of α was 0.1 in the three cases.

In a recent experiment Moro et al. studied the de-excitation of the
proton-rich nucleus 139Eu formed at an excitation energy of 90 MeV; they
measured the cross-sections of evaporation residues and the multiplicities of
evaporated protons and α-particles. They compared the data with the re-
sults of the statistical code LILITA-N97, implemented with the three forms
of level densities proposed above [31]. Experimental and calculated results
for residues are shown in fig. 6. The conclusion was that form (C) is com-
pletely ruled-out while forms (A) and (B) lead to close results compatible
with experiment; proton and α multiplicities add a further constraint that



slightly favours form (B). The same conclusion was derived by Charity et al.
when studying Yb nuclei excited between 90 and 250 MeV [33]. Results con-
cerning 92−104Pd nuclei excited at 2.9 AMeV obtained from a fully exclusive
experiment should bring additional information [34, and G. Ademard this
conference].

5 Conclusions

Isospin effects on nuclear thermodynamics at subnormal densities and inci-
dent energies lower than 100 AMeV are theoretically predicted; they should
be more visible for neutron-rich nuclei as Coulomb effects impede those
of the symmetry potential. The hot nucleus asymmetry is however uncer-
tain in experiments, due to preequilibrium emission and evaporation, which
lead for instance to contradictory observations concerning isospin effects on
caloric curves. It appears important to master the variation of the level
density of nuclei with asymmetry. Indeed in theoretical calculations there
is no consistency between the nuclear EOS (in transport codes) and the
EOS-dependent level density parameter (de-excitation codes). Experimen-
tal results are scarce, new information would be welcome.

In this context, to really gain information it is mandatory to have avail-
able facilities accelerating exotic neutron-rich nuclei (namely fission frag-
ments of uranium) up to at least 50 AMeV.
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