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The thermodynamic (statistical) description of the atomic nucleus
works well at low excitation energies. Difficulties appear at higher exci-
tations, where phase transitions are expected.
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In my talk I will discuss certain problems of nuclear thermodynamics at
medium energies, where sub-nucleonic degrees of freedom may be neglected.
Thermodynamics has been used in nuclear physics since the early days.
The concept of nuclear temperature, T', was introduced by Weisskopf, Lan-
dau and Frenkel more than sixty years ago [1]. For an equilibrated system
(atomic nucleus):

S
,1 _
= OE’ (1)

where entropy S can be calculated from the density of nuclear states, pg:
S = Inpy (E). )

To be quite accurate, one should take for pg (E) the number of states in the
energy range equal to the square root of the mean square value of the energy
fluctuation [2]. In the Fermi gas approximation (no spin) :

puu(E) ~ exp [2(aB)1V?] . (3)
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For a moderate excitation energy, E, below about 1 MeV /nucleon, one has
a =~ A/8 MeV~! [3]. The temperature of a nuclear droplet is now:

8E
T ~ \/; [MeV], (4)

and roughly T' &~ (E//n), where n denotes the number of excited nucleons
[4]. In fact pg also depends on the shell, on pairing effects and slightly on
the excitation energy.

The thermodynamic (statistical) description of the atomic nucleus works
remarkably well. See, for example the sequential evaporation spectra of 'H
and ‘He particles from the F+5%4Ni reaction at 120 MeV [5] (Fig. 1). In
the logarithmic plot, the nuclear temperature is given by the slope of the

——r——————————

T

1
12

nl

o 120-Mey T‘:m

|49

.' A 111! o sl g

aloo
1

(d3laLdE) , (mb/se MY}

B \
N Lo

9 |02‘0304050W
(Eh p(MeY) (Ep) jab{MeY)

Fig. 1. Energy spectra of protons and alpha particles emitted from the hot 82Rb
nucleus excited to the energy 103 MeV.
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energy distribution. Using the sequential particle evaporation picture based
on the models of Bohr [6] and Weisskopf [7] one should keep in mind that,
besides the statistical equilibrium of the nucleus before and after each emis-
sion of a fragment, the second assumption of Weisskopf is important. Each
emission should be independent of the previous one, in the sense that the
particle emission time, 7Temission, 1S long in comparison to the characteristic
time-scale of variations of the Coulomb barrier caused by the previously
emitted fragment. This characteristic time-scale, Tggy, is on the order of
10721 sec [8].

The situation is not so simple at higher excitation energies up to 10
MeV /nucleon. Can these nuclei still behave as thermally equilibrated sys-
tems? This is a controversial problem. Hot nuclei are produced in nuclear
collisions. The shape relaxation time of the created system (e.g. of the
electric quadrupole moment) is on the order of 1072% sec, while the nucleon
emission time varies from about 107 '8sec at T = 1 MeV down to about
10722 sec at T =5 MeV [9]. An optimist might say that we are on the safe
side, as long as Trelaxation < Temission-

A pessimist might additionally ask if one can apply thermodynamics
and statistical physics for such small systems as atomic nuclei. But the
corresponding number of microstates is not so small, e.g. for P'Xe at
T ~ 5 MeV the entropy S = Inng ~ 75 and ng ~ 102° [10].

1. First order phase transition in a macroscopic fluid

For a macroscopic fluid, evaporation of atoms (molecules) by a liquid
or condensation of a vapor is under certain conditions described as the
first order liquid—vapor (vapor-liquid) phase transition. It proceeds through
metastable states and is a stochastic process. Fig. 2 presents the location
of the metastable regions on the van der Waals isotherm. Here AD and EB
delimits the vapor and the liquid metastable region, respectively. Let us
assume a homogenous vapor transferred to some point X of the metastable
region. Due to chaotic collisions a cluster (droplet) of n molecules may ap-
pear in the vapor. This may immediately decay or survive depending upon
its size, n, and the work, W,,, necessary for its creation [11].

W = (1 — p)n + 4xr’o = ( — p)n + an®/?. (5)

Here p; and p, denotes the liquid and vapor chemical potential, respec-
tively, r is the cluster radius and o the surface tension. The proportionality
coefficient « is positive. In the undersaturated vapor (e.g. at point F')
(u; — py) > 0, W, increases monotonously with n and consequently there
is no spontaneous condensation of the vapor. At point X, in the supersat-
urated vapor, (u; — py) < 0 and W, reaches a maximum, and then goes to
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Fig. 2. The van der Waals isotherms calculated in the mean field approximation.

negative values for increasing n. In this case, for a density fluctuation large
enough to pass the W} threshold (see Fig. 3) the spontaneous condensation
of vapor continues. At the same time, due to an analogous mechanism, bub-
bles of vapor appear in the metastable liquid (point Y in Fig. 2). Again, for
large enough density fluctuations spontaneous evaporation of liquid occurs
until the liquid-vapor equilibrium is attained (see the Maxwell construction
line, Fig. 2). The droplet and bubble metastable states have definite life
times. Their values depend on the intrusion distance into the metastabil-
ity region and may be measured using e.g. special Wilson or bubble type
chambers [12|. The DE section of the van der Waals isotherm is located
inside the instability (spinodal) region. For the macroscopic liquid—gas sys-
tem, the critical point, which belongs to the spinodal region, is the only one
accessible experimentally (Fig. 4). The line of the maximal temperature of
the superheated liquid is measured with great accuracy and is used as a test
of models predicting position of the spinodal line, the border between the
metastable and unstable spinodal regions [12].

Sequential evaporation of particles by atomic nuclei (E <1 MeV /nucleon)
also proceeds through metastable states and is a stochastic process, although
its mechanism is rather different. As the nuclear temperature rises, nucle-
ons increasingly occupy the continuum unbound states and escape from the
nucleus. For a very short while there appears here something like a “vapor”
of nucleons surrounding a “liquid drop”. Nucleon density of such a “liquid
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Fig. 3. Reversible work, W, of formation of a cluster containing n molecules [11].
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Fig.4. Maximal temperatures Tmax of different superheated liquids (the spinodal
line) and temperatures T of saturated vapors (the binodal line) [12].

drop” is close to the saturation density, pg, of cold nuclear matter. One may
speak in this case of a latent heat, related to the particle separation energy,
and certainly S(“liquid drop”) < S(“vapor”). However, the liquid-gas phase
equilibrium does not exist here. The nuclear particle evaporation resembles
rather the evaporation into vacuum of a macroscopic liquid.

2. Nuclear caloric curve

At higher excitation energies the measurement of the nuclear tempera-
ture is a difficult task. It may be done in several different ways [13], and I
shall not discuss that subject here. The dependence of the nuclear tempera-
ture on the excitation energy, the so-called caloric curve, has been measured
[14] and is the subject of heated discussions. The caloric curve obtained for
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the 197 Au+197Au system at 600 MeV /u, together with the 12C,'80+"atAg,
197Au at 30-84 MeV/u, and 22Ne+'81Ta at 8 MeV /u data is presented in
Fig. 5. The He Li thermometer [15] was used here.
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Fig.5. The nuclear caloric curve [15].

In the Au+Au reaction properties of projectile-like fragments (gold like)
were studied. For the others, the properties of composite systems formed by
incomplete fusion were investigated.

Three different regions may be noticed in this caloric curve. For low
excitation energies, smaller than about 2 MeV /u, the temperature varies in
agreement with formula (4), with the density of state parameter a = A/10
MeV~!. One can speak here of warming up a liquid drop of nuclear mat-
ter. For high energies, larger than about 10 MeV /u, the caloric curve re-
sembles heating up an ideal gas. Here the temperature increases as the
2/3(E /A — 2MeV) function. In that region of excitation energies, one ob-
serves a growing vaporization of nuclei. The most intriguing is the inter-
mediate region of the caloric curve, between 2 and 10 MeV /u. In fact this
corresponds to the previously known limiting temperature line [16]. The lim-
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iting temperature, the maximum temperature accessible for stable nuclei, is
smaller than the critical temperature. It decreases with the nucleus mass,
which may be noticed in the caloric curve of Fig. 5, where, due to the prequi-
librium emission of particles in the early reaction stage, the observed mass
of hot nuclei decreases with the excitation energy (see the average mass scale
in the upper part of Fig. 5). As the temperature does not change too much
in this excitation energy region, some have interpreted the corresponding
part of the caloric curve as nuclear boiling [17], which has met with strong
criticism [18].

Is it possible to find in the caloric curve some indication of a phase
transition of the first kind? Before trying to answer this question I would
like to attract your attention to some experimental facts.

There is experimental evidence indicating that at a high enough excita-
tion energy, the sequential emission (SE) of particles is replaced by prompt
multifragmentation (PM). It seems that one is observing here a Coulomb
explosion of a set of fragments contained inside some volume, called the
freeze-out volume. The freeze-out volume is, according to definition, the
smallest volume, usually a sphere, in which constituents of the breaking up
nucleus do not interact via nuclear forces. The Coulomb explosion time scale
is expected to be definitely shorter than the sequential emission time scale.

The experimental search for differences between SE and PM is usually
based on particle-particle correlations measured at small relative angles [19].
The relative velocity, vyel, of observed fragments is influenced after emission
by the Coulomb repulsion, diminishing the number of particle-particle co-
incidences at small relative velocity. The degree of this effect (the size of
the so called “Coulomb hole”) is larger when the decay time is shorter. It
may be observed in the correlation function, R, for pairs of fragments having
charges Z; and Z;, respectively:

true

(Ured)

_ Y

R R )
ij red

(6)

where the reduced velocity of fragments, veq = va/(Zi + Z;)'/?, Njve

denotes the number of measured coincidences, and N;}‘ix the number of ar-
tificially produced random coincidences.

As an example, Fig. 6(a) presents the R correlation function measured
for hot Ca-like nuclei produced in the *°Ca+*0Ca reaction at 35 MeV /u
[20]. The broken and solid lines represent here predictions of the SE and
PM decay scenarios, respectively. As one can see, the SE scenario explains
the experimental data at low excitations only, below about 3 MeV /u. At
higher excitations one has to use a correlation function calculated according
to the PM scenario. At the lowest excitation energy the average lifetime,
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Fig.6. R correlation functions of particles emitted from hot projectile-like frag-
ments, produced in the 1°Ca+4°Ca reaction at 35 MeV /u (a), and corresponding
distributions of p? (b), taken from [20].

7, of the excited Ca-like nucleus decaying by sequential emission is about
5.7 102! sec. At the highest excitation energy, the 7 characteristic of the
sequential decay drops down to about 2.2 102! sec, which is not enough
to match the measured size of the “Coulomb hole”. On the other hand the
prompt decay of the hot system from the freeze- out volume gives the proper
size of the “Coulomb hole”.

Beside the R correlation function one can apply two different signatures
of prompt multifragmentation, which make use of different features of the
decay from the freeze-out volume. These are: (i) the shape of the distri-
bution of squared momentum, p?, of the heaviest fragment emitted from
the hot source, and (i) the focusing of fragments of the hot source by the
Coulomb field. It has been shown that the mean square momentum of the
residue is always smaller than the mean of the sum of the squares of the
momenta of sequentially emitted particles [21]. The situation is different for
prompt multifragmentation, where a collective Coulomb “kick” received by
the heaviest fragment from other particles of the freeze-out volume leads to
the increase of the recoil momentum [22]. Fig. 6(b) displays the measured
distribution of p? for different bins of the excitation energy of the hot Ca-like
nucleus. The distributions are distinctly broader for energies higher than 3
MeV /u, in agreement with the PM decay scenario, and suggest the sequental
emission of particles only below 3 MeV /u [20].
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The Coulomb focusing effect is observed in the distribution of interme-
diate mass fragments, IMFs, displayed in a reference frame defined by the
relative velocity of the two heaviest fragments [23]. The two heaviest frag-
ments generate a Coulomb field strong enough to focus the velocities of
IMFs around a 90-degree angle. This can be seen (Fig. 7) for a hot system
((A) = 70) produced in the incomplete fusion of the °Ca+4°Ca reaction at
35 MeV /u, and excited to an energy (E/u) ~ 7 MeV /u [20]. For the sequen-
tial decay the distribution is distinctly flatter. In Fig. 7 we also see the R and
p? distributions. All three signatures indicate prompt multifragmentation
from the freeze-out volume.
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Fig.7. R correlation function (a), p? distribution (b), and IMF angular distribution
measured in the reference frame defined by the relative velocity of the two heaviest
fragments (c), for the hot system ((A) = 70), produced in the incomplete fusion of
the 40Ca+%°Ca reaction at 35 MeV /u [20].

What is the mechanism leading a nuclear system towards the freeze-
out configuration? A different type of microscopic calculations [24], based
on semi-classical kinetic equations with the collision term of Uehling and
Uhlenbeck [25] and long range interactions included in the way proposed by
Landau and Vlasov [26], suggests that in the dynamic process of a heavy
ion collision, a hot and compressed nuclear system is created, which after-
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wards expands and cools down. This process is accompanied by density
fluctuations and depends on the final density p of the hot nuclear system
(see Bondorf et al. [27] and references cited therein). At pg/2 < p < pg the
“bubble phase” (with nucleon gas inside) is energetically more preferable,
while at p < pg/2 the phase of droplets surrounded by nucleons is realized.
One is tempted to say that for a very short time we have here vapor-liquid
equilibrium. This picture resembles the first order phase transition of the
macroscopic fluid described in the preceding section as condensation or evap-
oration. In principle it can also be a spinodal decomposition, which here is
also the first order phase transition (see Fig. 2).

Unfortunately there is evidence of a different kind that seems to contra-
dict the above conclusion.

3. Validity of the mean field description — critical phenomena

For macroscopic matter as well as for nuclear, the equation of state
is based on the mean field approximation. This approach fails at some
distance from the critical point, where fluctuations grow together with their
correlation length [28]. Let us look at the shape of the macroscopic liquid—
vapor coexistence line for ¢ — 0 (Fig. 8). Here t = (T — Tty) /Ter (Ter is the
critical temperature). In the vicinity of the critical point the coexistence
line may be approximated by:

Pliq — Pvap ™~ |t|ﬂ . (7)
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Fig.8. The coexistence curve (solid line), and the spinodal curve (broken line) of
a macroscopic liquid—vapor system.
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For the mean field approximation § = 1/2, which means that for ¢ — 0
we have got a parabola. Measurements performed for two very different
substances, xenon and sulphur hexafluoride in the range 3 - 1072 < t <
3-1075, show that one should use here 8 = 0.32 [29] and not 8 = 1/2.
Similarly: the heat capacity

v -1 (2E). .

where F' = E — TS denotes the Helmholtz free energy, and the isothermal
compressibility

10V
- - 9
=5 )
For ¢ — 0 one can write:
Cv ~ [t|™, (10)
and
Kp ~ |t|77. (11)

In the mean field approximation Cy has a jump at ¢ = 0 (see Fig. 9) and
v = 1.0. However, the experiment suggests here o = 1/8-1/9 and vy = 1.23,
respectively [28, 30].
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Fig.9. Variation of the specific heat through the liquid—gas critical point [28].

The coefficients: «, £, <y, and several others not mentioned here, are
called the critical indexes (critical exponents). In the vicinity of the critical
point the mean field approximation fails to reproduce their correct values,
and one has to apply here some more sophisticated theoretical tools, such
as the scaling models or the renormalization group theory [28].
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4. How to study critical phenomena for atomic nuclei

It was suggested by Campi in 1986 [31] that, by analogy to large per-
colation lattices, one may study here moments of charge distributions of
multifragmenting hot nuclear systems. For that purpose one has to mea-
sure, event by event, for a given multiplicity, m, of charged particles the
numbers of fragments, nz(m), having an electric charge Z. Now the charge
moment of the order k£ can be defined:

My(m) =" ZFnz(m) — (Zmax)"- (12)
Z

Here Z,ax corresponds to the largest “cluster” representing the “bulk liquid”.
For a certain critical multiplicity, .., one can now expect critical behavior.
For instance:

My ~ |m —me|>™, (13)
My ~ (m—me)’, m>me (14)
My ~ |m—me| 7. (15)

At the critical point, m = mg;, the distribution of the fragment charge
should obey the power law:

nz(m)~2Z"". (16)
The critical indexes are not all independent, since e.g.:

S (17)

B+

Owing to the universality of the critical phenomena, the values of a, 3, 7y
and 7 measured here for the nuclear system should be the same as for the
macroscopic liquid-vapor system, because both systems belong to the same
universality class. Of course, due to the finite size of hot nuclei, My shows
a maximum for m = m,, instead of a singularity.

Table I presents the values of 3, v, and 7 measured in the Au+C reaction
(Gilkes et al. [32], the EOS Collaboration) and in the 3He+Au reaction
(Brzychcezyk et al. [33]).

5. Problems

As can be seen in Table I, the critical indexes measured for hot nuclei have
values close to those obtained for the macroscopic liquid—vapor system and
are different from the predictions of the mean field calculations. It should be
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TABLE 1

Values of 3, «, and 7, measured for the nuclear and macroscopic systems. E/u
and T denotes the evaluated excitation energy and temperature, respectively.

E/u (MeV) T (MeV) B 0 T
Experiment:

Au+C 5.0 4.7 0.29+0.02 14+0.1 2.14+0.06
3He+Au 5.5 6.0 2.17+0.07
Macroscopic liquid-gas system
Experiment: 0.32 1.23 2.21

Mean field
calculation: 0.5 1.0 2.33

noticed that for all three critical indexes the “mean field” values are located
outside the range delimited by the “nuclear” and “macroscopic liquid—vapor”.
But hot systems produced in the Au+C and *He+Au reactions lie on the
caloric curve (see Fig. 5) which, as we know, is identical with the maximum
temperature line, Tinax = 4.5-6 MeV. This temperature is much lower than
the critical temperature calculated for hot nuclei, Ty &~ 8 MeV [34]. It has
been argued that Tiax is smaller than Tt because of the long range Coulomb
interaction, and should be called the crack temperature. However, this does
not explain the critical phenomena observed in the vicinity of T ax-

It has been suggested recently that the maximum heat capacity has been
found in the Au+Au collisions at 35 MeV /u [35], which could be direct ev-
idence for the second order phase transition. This result is based on cal-
culations [36] indicating the existence of large fluctuations along the caloric
curve. Temperatures and temperature fluctuations inside the freeze-out vol-
ume were obtained from the energies and masses of the contained particles.
The authors suggest a phase transition in the region of the excitation energy
of about 5 MeV /u and at the critical temperature 4-6 MeV, in disagreement
with earlier calculations [34]. It is not clear why the second order phase
transition takes place at the excitation energy of about 5 MeV /u and not in
other places along the caloric curve which show similar multifragmentation
properties, also indicate large T' fluctuations and belong to different mass
nuclei (see [35] and comments on Fig. 5).

Some more accurate measurements and new theoretical ideas are evi-
dently necessary in order to solve these difficulties. Then new 4w multide-
tector systems constructed at Texas A.& M. University, College Station, and
at the Laboratorio Nazionale del Sud, Catania will be very useful.
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It was suggested recently that the isospin degree of freedom may influ-
ence the values of the critical indexes and even more the value of the critical
temperature [37]. The enrichment of the gas phase in neutrons, in com-
parison to the liquid phase (bound fragments), in the coexistence freeze-out
volume seems to support this conjecture [38].

It would be interesting to check the vicinity of the eventual critical point
using the Ginzburg criterion [39] known in condensed matter physics. Ac-
cording to this criterion there exists a finite region in the space of thermo-
dynamic variables where, due to fluctuations, the mean field approximation
does not work, and where critical phenomena may appear. How large is this
region in the nuclear case, and does it correspond to the region where we
suspect the existence of critical phenomena?

This work was supported by the Committee of Scientific Research of
Poland (KBN Grant No 2P03B13941) and by the M. Sktodowska-Curie Fund
(MEN/DOE-97-318).
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