
PHYSICAL REVIEW C 67, 064607 ~2003!
Model of multifragmentation, equation of state, and phase transition
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We consider a soluble model of multifragmentation which is similar in spirit to many models that have been
used to fit intermediate energy heavy-ion collision data. We draw ap-V diagram for the model and compare
with a p-V diagram obtained from a mean-field theory. We investigate the question of chemical instability in
the multifragmentation model. Phase transitions in the model are discussed.
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I. INTRODUCTION

Statistical models of multifragmentation have long be
used to explain data from heavy-ion collisions. Such a mo
was first invoked for Bevalac results@1,2#, and similar physi-
cal ideas, but with many substantial variations, were sub
quently used for intermediate energy heavy-ion collisio
@3–5#. In this work we consider a model of multifragment
tion, variations of which have found many applications in t
literature@6–11,13#. Thermodynamic properties of a simple
version of this model have also been discussed@15–17#. The
model we use here has two kinds of particles but no C
lomb interaction. Throughout the rest of this paper we w
refer to this model as the thermodynamic model. Typica
the number of particles in our model is 200, although we a
use systems containing as many as 1000 particles. While
could have easily included a Coulomb interaction term,
objective here is different. The aim here is to test if beca
of two kinds of particles two features that have been d
cussed widely in recent literature~from studies in mean-field
theory! persist in the thermodynamic model. These featu
are chemical instability~analogous to mechanical instability!
and first order transition turning into second order. We the
fore need to highlight some features that are present bot
the thermodynamic model and in mean-field theories w
mean field theories are applied to intermediate energy he
ion physics. Typically, mean-field theories use homogene
infinite matter~hence no surface energy terms! and no Cou-
lomb interaction. Finite systems with Coulomb and surfa
terms have also been included@14# in mean-field models, bu
this makes discussions more complicated and we wan
stay at the simplest level. As shown in Ref.@6#, surface en-
ergy terms play an important role in a thermodynamic mo
and are included. Moreover, since we will concentrate
two component systems, symmetry energy terms are
cluded as they are also in mean-field theories.

II. THE THERMODYNAMIC MODEL

The thermodynamic model has been described in m
places@6,7,11#. For completeness and to enumerate the
rameters we provide some details.

Assume that the system that breaks up after two ions
each other can be described as a hot equilibrated nuc
system characterized by a temperatureT and a freeze-ou
0556-2813/2003/67~6!/064607~6!/$20.00 67 0646
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volume V within which there areA nucleons (A5Z1N).
The partition function of the system is given by

QZ,N5( )
i , j

v i , j
ni , j

ni , j !
. ~2.1!

Hereni , j is the number of composites with proton numbei
and neutron numberj andv i , j is the partition function of a
single composite with proton, neutron numbersi , j , respec-
tively. The sum is over all partitions ofZ,N into clusters and
nucleons subject to two constraints:( i , j in i , j5Z and
( i , j jn i , j5N. These constraints would appear to make
computation ofQZ,N prohibitively difficult, but a recursion
relation exists which allows the computation ofQZ,N quite
easy on the computer even for largeZ or N @12#. Three
equivalent recursion relations exist, any one of which co
be used. For example, one such relation is

Qz,n5
1

z (
i , j

iv i , jQz2 i ,n2 j . ~2.2!

The average number of particles of the speciesi , j is given
by

^ni , j&5v i , j

QZ2 i ,N2 j

QZ,N
. ~2.3!

All nuclear properties are contained inv i , j . It is given by

v i , j5
Vf

h3
@2p~ i 1 j !mT#3/23qi , j ,int . ~2.4!

HereVf is the free volume within which the particles mov
Vf is related toV through Vf5V2Vex , where Vex is the
excluded volume due to finite sizes of composites. This is
only interaction between clusters we try to simulate. Thus
thermodynamic model is not an exact description of the s
tem considered here but another approximation to it wh
has some interesting features that we hope to show. T
restricts the validity of the model to low density~i.e., large
V). Further, we takeVex to be fixed, independent of multi
plicity. In reality, Vex should depend upon multiplicity@18#.
We take it to be constant and equal toV05A/r0, wherer0 is
the normal nuclear density andA is the number of nucleons
©2003 The American Physical Society07-1
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of the disassembling system. As in previous applications,
restrict the model to freeze-out densities less thanr/r0
50.5, that is,V>2V0. The factorqi , j ,int is the internal par-
tition function of the composite. Definea5 i 1 j . Then

qi , j ,int5expFWa2sa2/32s
~ i 2 j !2

a
1aT2/e0G Y T.

~2.5!

Here W515.8 MeV, s518 MeV, s523.5 MeV, and e
516.0 MeV. The reader will recognize the volume, surfa
and symmetry energy of the clusteri , j and the contribution
to the internal partition function from excited states in t
Fermi-gas formulation. Fora(5 i 1 j )>5 we use this for-
mula. For lower masses we simulate no Coulomb case
setting the binding energy of3He equal to the binding en
ergy of 3H and binding energy of4Li equal to the binding
energy of 4H. In the weight of Eq.~2.4! we have not in-
cluded a Fisher droplet modelt which is a power law pref-
actor that is important around the critical point. Away from
critical point, exponential terms dominant the weight and t
is the region we study in this paper. Such a term can
included, but our main focus is on the role of the symme
energy in two component systems and related question
chemical instability.

For a givena, what are the limits oni ~or j 5a2 i )? This
is a nontrivial question. In the results we will show, we ha
taken limits by calculating the drip lines of protons and ne
trons as given by the above binding energy formula. Limiti
oneself within the drip lines is a well-defined prescriptio
but is likely to be an underestimation since resonances s
up in particle-particle correlation experiments. On the ot
hand, for a givena, taking the limits of i from 0 to a is
definitely an overestimation.

There is another consideration that restricts the validity
the model. We have assumed@Eq. ~2.1!# that the standard
correctionni , j ! takes care of antisymmetry or symmetry
the particles. In the rangeT.3 MeV andr/r0,0.5 this is
usually true. At low temperatures where one might app
hend the usual correction to fail, it survives because m
composites appear, thus there is not enough of any partic
species to make~anti!symmetrization an important issue. A
much higher temperature the number of protons and neut
increase but as is well known, then! correction takes the
approximate partition function towards the proper one
high temperature. We definey[Z/(Z1N), whereZ and N
are the total proton and neutron numbers of the disintegra
system and the theory works even at low temperatures ify is
in the vicinity of 0.5. But, for example, atT55.0 MeV and
y50 ~neutron matter!, this is a terrible model. Now the num
ber of neutrons is large and the temperature is not high
Fermi-Dirac statistics must be enforced. This was stud
quantitatively in Ref.@19#. In our applications of the thermo
dynamic model we will confiney to be between 0.3 and 0.
andT>3 MeV. This is indeed not very restrictive since th
encompasses the drip lines and so the model, which
devised for intermediate energy heavy-ion collisions, will
applicable. For124Sn1124Sn collisions, a much studied cas
the value ofy is 0.4.
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By equation of state~EOS! we meanp2V diagrams for
fixed temperatures. This can be obtained by exploiting
equationp5T(] ln QZ,N /]Vf). From Eqs.~2.1! and~2.3!, this
reduces top5(T/Vf)((^ni , j&21), where21 within the pa-
rentheses corrects for center of mass motion. The simpli
of this formula suggests that we just have a noninterac
gas with many species withV being replaced byVf . But this
is deceptive. In fact,(^ni , j& ~which is the multiplicity! is not
fixed but varies as a function of both temperatureT and
volumeV, thus this is not anything as simple as a mixture
noninteracting species. It is indeed interactions that mak
break clusters to produce the final equilibrium or statisti
distribution of fragments. In this sense interactions are a
included.

Since ours is a canonical model, we do not need
chemical potentialsmp ~proton chemical potential! andmn ,
but we compute them anyway from the relationm
5(]F/]n)V,T . We know the values ofQZ,N ,QZ21,N , and
QZ,N21. SinceF is just 2T ln Q, we computemp from mp
52T(ln QZ,N2ln QZ21,N) and mn from 2T(ln QZ,N
2ln QZ,N21). Indeed, the grand canonical version of the th
modynamic model we are solving has been known for a lo
time in heavy ion collision physics@2#. There themp andmn
arise naturally. We have checked that the grand canon
values ofmp and mn are indeed very close to the ones w
derive by exploiting the canonical partition functions who
values we know numerically. Throughout this work, whe
ever we plotm ’s we have obtained the values from a cano
cal calculation. One might think that since our model h
many species there should be manym ’s, but, in fact, allm ’s
can be expressed in terms of onlymp and mn . Since our
model is based solely on phase space, chemical equilibr
is, in fact, implied.

III. A MEAN-FIELD MODEL

We want to contrast the model above with mean-fie
theories. Our mean-field calculation uses the simplest mo
consistent with nuclear matter binding energy, saturat
density, compressibility, and symmetry energy for asymm
ric matter. The potential energy density is taken to be

V~rn ,rp!5
Au

r0
rnrp1

Al

2r0
~rn

21rp
2!1

B

s11

rs11

r0
s

.

~3.1!

Here r050.16 fm23 and rn and rp are neutron and proton
densities andr5rn1rp . The dimensionless constants and
Au , Al , B ~all in MeV! are chosen to reproduce nucle
matter binding at 16 MeV per particle, saturation density
0.16 fm23, compressibility at 201 MeV, and symmetry e
ergy at 23.5 MeV. The energy per particle~including kinetic
energy! at T50 is

E/A5Au

rnrp

rr0
1

Al

2rr0
~rn

21rp
2!1

B

s11 S r

r0
D s

122.1353Frp

r S 2rp

r0
D 2/3

1
rn

r S 2rn

r0
D 2/3G . ~3.2!
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MODEL OF MULTIFRAGMENTATION, EQUATION OF . . . PHYSICAL REVIEW C 67, 064607 ~2003!
The values of the constants are:s57/6, Au
52379.2 MeV,Al52334.4 MeV, andB5303.9 MeV.

The Hartree-Fock energy of an orbital is given by

e5p2/2m1Au~ru /r0!1Al~r l /r0!1B~r/r0!s. ~3.3!

The value ofmp is found by solving for a givenrp and b
51/T,

rp5
8p

h3 E0

` p2dp

exp@b~ep2mp!#11
. ~3.4!

Similarly mn is extracted fromrn . The pressure has contr
butions from kinetic energy and potential energy. The con
bution from kinetic energy is calculated from well-know
Fermi-gas model formula. Contribution to pressure from
teraction is

pSkyrme5
Au

r0
rnrp1

Al

2r0
@~rn!21~rp!2#1

s

s11
BS r

r0
D s

r.

~3.5!

IV. EOS IN THE THERMODYNAMIC MODEL

Figure 1 shows thep-r diagrams at constant temperatu
for the thermodynamic model. We restrict the value ofy
5rp /(rp1rn) between 0.3 and 0.5 andr/r0 between 0 and
0.5 because outside these ranges the validity of the ther
dynamic model is significantly reduced. For the casey
50.5 we also show the EOS obtained from the mean-fi
theory. Two curves are drawn for the mean-field model. O

0.5

0.3

0.1

T = 7 MeV

0.35

0.2

0.05

p 
(M

eV
 fm

3
)

0 0.4 0.8
ρ/ρ0

0.2

0.1

0

0.1

0.2

0.1

0

0.1

0.2
T=10 MeV

0.15

0.05

0.05

0.15

0 0.4 0.8
ρ/ρ0

0.05

0.05

0.15

y=0.5

y=0.4

y=0.3

FIG. 1. The EOS in the thermodynamic model at different te
peratures 7 and 10 MeV~left and right panels, respectively! and
with different proton fractions. The dotted lines represent the E
in the thermodynamic model. The dashed lines are the straigh
ward EOS in the mean-field model. Fory50.5 a Maxwell construc-
tion is also done in the mean-field model~solid line!. For the cases
y50.4 andy50.3, the coexistence line in a mean-field theory is
longer horizontal but has a slope with the liquid endpoint at a so
what higher pressure than the gas endpoint, as shown in R
@21,22#.
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is the straightforwardp-r diagram, the other one is with
Maxwell construction. We notice that without the Maxwe
construction, the mean-field EOS is widely different from t
one obtained from the thermodynamic model. Thep-r dia-
gram with Maxwell construction is much closer specially
temperature 7 MeV. Thep-r diagrams atT510 MeV in the
two models are not that close. At least part of the reaso
that the thermodynamic model is drawn for exactly 2
nucleons but the mean-field theory uses a grand canon
ensemble and hence is applicable to infinite systems o
We have checked that for a system of 500 nucleons,
thermodynamicp-r diagram is closer to the Maxwell con
structedp-r diagram. Fory50.3 andy50.4 we have drawn
merely the straightforwardp-r diagram. In these cases, th
coexistence line in a mean-field theory is no longer horiz
tal but has a slope with the liquid endpoint at a somew
higher pressure than the gas endpoint as shown in R
@21,22#.

We want to point out that regions of negative compre
ibility ( dp/dr,0) which are common in mean-field theor
~Maxwell construction eliminates these! are almost absent in
the thermodynamic model~they are present when plotted i
an expanded scale, see Fig. 3! and one would be tempted t
conclude that the thermodynamic model is a good low
order approximation. The thermodynamic model includes
inhomogeneous distributions of matter from single nucleo
and light clusters with gaslike behavior to very large liqui
like clusters. This feature approximates the Maxwell co
struction incorporated into a mean field theory which sp
the system into two parts with liquid and gas densities. T
very small region of negative compressibility left over has
origin probably in the finite particle number effect and is n
an inherent error in the model. This is dealt with again
Sec. VII. Mean-field theory descriptions of two compone
systems introduce new features into the description
present in one component systems. Specifically, a new v
able has to be introduced, such as the proton fractiony,
which can be different in the two phases. The liquid pha
can have one value ofy, with the gas phase having anoth
value, while still maintaining the total number of protons a
neutrons. With a new variable, the coexistence curve
instability curve of one component systems become surfa
in p, T, and y for two components. In mean-field descrip
tions, the first order phase transition of one component s
tems becomes a second order phase transition in two c
ponent systems. Moreover, mechanical instability a
chemical instability no longer coincide. We now turn o
attention to features associated with chemical instability
our model.

V. ISOSPIN FRACTIONATION

Isospin fractionation is a well-established experimen
phenomenon@20#. If the disintegrating system has a give
N/Z.1 then, after collision, the measurednn /np ratio
~wherenn ,np are measured single neutron and proton yiel
respectively! is higher thanN/Z. Similarly, the ratio of mea-
sured̂ n1,2&/^n2,1& is higher than what one might expect fro
the N/Z ratio of the disintegrating system. This then impli
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fs.
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that if there is a large chunk left after the breakup it m
have an/z ratio lower than originalN/Z since the total num-
ber of neutrons and protons must be conserved. If we c
acterizen/z ratio, etc., in terms of the parametery we have
been using, then ifysource is less than 0.5, theny of the large
chunk is greater thanysource and ^np&/(^np&1^nn&) is less
thanysource.

A priori, it would seem difficult to get this aspect out of
mean-field model but in a seminal piece of work Muller a
Serot have demonstrated how this might come about@21,22#.
In mean-field theory, analogous to mechanical instabi
(]p/]r,0) there appear regions of chemical instability, i.
]mp /]y,0 ~or ]mn /]y.0), when two kinds of particles
are involved. One can avoid this unphysical region of che
cal instability but then needs to consider splitting the syst
into two parts, each homogeneous but distinct from the ot
one belonging to the liquid phase with highery value and the
other to the gas phase with lowery value. One consequenc
of this is that the phase transition takes place neither at c
stant pressure nor at constant volume and what would h
been a first order phase transition, becomes a second o
phase transition.

In the thermodynamic model, isospin fractionation ha
pens naturally. In general, the model has, as final produ
all allowed composites,a,b,c,d, . . . , where the composite
labeleda hasya5 i a /( i a1 j a), wherei a , j a is the number of
protons and number of neutrons, respectively, in the comp
ite a. The only law of conservation isZ5(ai a3na and N
5(aj a3na . So a large chunk can exist with highery than
that of the whole system and populations of other species
adjust to obey overall conservation laws. Whatever partit
lowers the free energy will happen. The thermodynam
model is dramatically different from mean-field models. T
most significant difference is that, in the thermodynam
model, if we prescribe that dissociation takes place atr/r0
50.3 we still have only clusters with normal nuclear dens
and properties and also nucleons. It is just that there
empty spaces between different clusters and nucleons in
region of dissociation. But in mean-field modelsr/r050.3
will imply that the nuclear matter is uniformly stretched
this density. While this can happen as a transient phen
enon such as in transport calculation, whether this can
exist as an equilibrium situation is highly questionable.

An example of isospin fractionation in the thermod
namic model is shown in Fig. 2. The formalism developed
Sec. II can also be extended to calculate the average num
of nucleons and protons~or neutrons! in the largest cluster
For brevity, we do not write the formulas here, but these
straightforward extensions of Eqs.~2.7! and ~2.8! given in
Ref. @6#. Figure 2 shows results from such a calculation. Iy
of the disintegrating system is less than 0.5, they value of
the largest cluster is larger than that of the source. Co
spondingly, (̂np&)/(^np&1^nn&) is much smaller that
ysource. ~It should be mentioned that the number of proto
and neutrons will be augmented from decays of hot comp
ites, so what is plotted in Fig. 2 is not what will actually b
observed in experiments!. Further, the isospin fractionatio
happens whether the dissociation takes place at constan
ume or constant pressure.
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In this and many other aspects, the thermodynamic mo
is very similar to the lattice gas model~LGM! with isospin
dependence. For an accurate solution of LGM one has
give up the mean-field approach and obtain results by Mo
Carlo simulation. Here also many composites are produ
with many differenty values@23,24#. Isospin fractionation
happens naturally@24#.

VI. INSTABILITY IN THE THERMODYNAMIC MODEL

Figure 1 shows that compared to the mean-field mod
regions of mechanical instability with]p/]r,0 nearly dis-
appear in the thermodynamic model. In an expanded sc
they are more readily seen~Fig. 3! where we have drawnp-r
diagram for a constant temperatureT57.0 MeV but differ-
ent y’s.

We clearly have some regions of mechanical instabil
Chemical instability implies (]mp /]y)p,T,0. We investi-
gate that now. AtT57 MeV, we have drawnmp ~andmn) at
four pressures~Fig. 4!. To get an understanding of the be
havior, we need to also look at Fig. 3. At the lowest press
shown,p50.02 MeV fm23 ~Fig. 4!, the horizontal constan
pressure curve cuts the isothermals~Fig. 3! at the low density
side only ~betweenA and B) and mp rises monotonically
between y50.3 and y50.5. The next constant pressu
curve, atp50.025 MeV fm23 ~Fig. 4! cuts all isothermals
~Fig. 3! at low density side (r/r0,0.1) betweenC and D
and a few isothermals at higher density side. BetweenC and
D, y increases as doesmp . The points markedD andE have
the same values ofp andT but very slightly differing values
of mp . As we move to the right fromE along the linep
50.025 MeV fm23 the value ofy drops as also the value o
mp . We forego describing graphs at other pressures but
figure shows there is a very small region where]mp /]r is

0.3 0.3 0.4 0.5 0.5
ysource

10
 -5

10
-4

10
 -3

10
 -2

10
 -1

<n
P
>/

<(
n

N
+n

P
)>

0.3

0.35

0.4

0.45

0.5

y m
ax

T=4 MeV
T=7 MeV
T=10 MeV

A=200, ρ/ρ0=0.27

FIG. 2. Example of isospin fractionation in the thermodynam
model.y of the largest cluster~top panel! is plotted in the top panel.
This y is larger than they value of the whole system. The lower pa
of the figure shows that the gas of nucleons is very rich. For
ample, fory50.4 andT57 –10 MeV, ^nn&'10̂ np& while for T
54 MeV, ^nn&'100̂ np&.
7-4
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negative~Fig. 4, p50.035 MeV fm23). The not so obvious
feature is the appearance of two branches in bothmp andmn

~i.e., for example, thep50.025 MeV fm23 curve!. To dis-
cuss this in terms of simpler and well-known models
considery50.5, the case for which there is only onem
5mn5mp @for a generaly, one could considerm5ymp

1(12y)mn]. The behavior ofm at y50.5 and temperature
T57.0 MeV as a function ofr/r0 as given in our model for
200 nucleons is shown in Fig. 5. The model is inappropri
at high density so we cut offr at r/r0 at 0.5.

For they50.5 curve we also depict schematically wh
the behavior would have been if we had a Maxwell-correc
Van der Waals fluid. From some pointA, the chemical po-
tential would remain unchanged~shown by a horizontal line
ending atB which is the end point of our density!. A more
familiar plot is m against pressurep for a fixed temperature
This is shown in the right panel for our model. For a Van d
Waals fluid, the segment fromA to B would simply collapse
to the pointA.

0 0.1 0.2 0.3 0.4 0.5
ρ/ρ0

0.01

0.02

0.03

0.04

0.05

0.06
p

 (
M

eV
 f

m
3

)
y=0.50
y=0.45
y=0.40
y=0.35
y=0.30

A B

C D E

A=200, T=7 MeV

FIG. 3. EOS (p-r) in the thermodynamic model atT
57.0 MeV, but for differenty’s.

0.3 0.35 0.4 0.45 0.5
-35

-30

-25

-20

-15

-10

5

p=0.020 MeV fm3

p=0.025 MeV fm3

p=0.030 MeV fm3

p=0.035 MeV fm3

µ P
µ N

A=200, T=7.0 MeV

y

-

FIG. 4. mP andmN as a function ofy. HereT57 MeV.
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VII. SPECIFIC HEATS IN THE MODEL

In Ref. @6# where the thermodynamic model was fir
studied for phase transitions, it was pointed out that fo
given densityr, the specific heat per particleCV /A tends to
` at a particular temperature when the particle numbeA
tends to `. Since CV5(]E/]T)V5T(]S/]T)V
52T(]2F/]2T)V , a singularity inCV signifies a break in
the first derivative ofF, the free energy, and a first orde
phase transition. The model in Ref.@6# considered one kind
of particle although binding energy, surface energy, e
were chosen to mimic the nuclear case. We mention here
a similar model in the grand canonical ensemble predicte
large but finiteCV /A at boiling, although values are no
quoted@15#. We hope to address this issue further in a la
publication.

The growth ofCV /A with A is also seen in the case whe
we take into account two kinds of particles explicitly~Fig. 6,

0 0.1 0.2 0.3 0.4
ρ/ρ0

-18

-17

-16

-15

-14

-13

-12

µ

y=0.3
y=0.4
y=0.5

A B

0.01 0.015 0.02 0.025 0.03
p (MeV fm

3
)

-18

-17.5

-17

-16.5

-16

A

B

FIG. 5. m5ymp1(12y)mn as a function ofr/r0 for different
y’s ~left panel!. Fory50.5m5mp5mn . The temperature is 7 MeV
In the right panel the behavior ofm is shown as a function of
pressurep for y50.5 andT57 MeV.
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FIG. 6. CV /A as a function of temperature for systems of 20
500, and 1000 particles with different proton fractions.
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C. B. DAS, S. DAS GUPTA, AND A. Z. MEKJIAN PHYSICAL REVIEW C67, 064607 ~2003!
see also Ref.@7#!. The calculatedCV /A becomes progres
sively sharply peaked asA increases for ally values between
0.3 and 0.5. This behavior of the specific heat is very diff
ent from that of mean-field model of nuclear matter whe
the specific heat at constant volume varies smoothly fro
low temperature Fermi gas to an ideal gas asT increases. In
a thermodynamic model with fragmentation, this behavio
modified by the surface energies that arise in the multifr
mentation of the original nucleus into clusters of differe
sizes. The peak in the specific heat occurs at the point w
the largest cluster suddenly disappears. This behavio
nuclear boiling@25#.

Specific heat per particleCp /A in the model has not bee
considered before. We notice there are regions with]p/]r
,0 ~even though these regions are much less visible tha
the mean-field model!. Their presence might indicate finit
particle number effects or it may be a shortcoming of
model. Ongoing calculations suggest it is particle num
effect rather than an inherent problem in the model. Th
negative regions of compressibility can lead to negative v
ues ofCp . This is a contentious issue at the moment and
intend to deal with these issues fully in a future publicatio

VIII. SUMMARY

We looked at several features of a thermodynamic mo
~which has seen many applications in data fitting! and a
mean-field model. Equation of state in mean-field theory
large regions of mechanical instability even for infinite sy
.
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tems and one needs to do a Maxwell construction to eli
nate these. By contrast, the thermodynamic model has
rectly an EOS that becomes very flat with density a
volume and this behavior resembles a real system unde
ing a first order phase transition. In mean-field models, wh
the system enters the region of instability, it fragments in
pieces. This fragmentation is directly included in the therm
dynamic model and this is the reason for relative flatnes
the EOS. The cluster distribution readjusts itself w
changes inV or r to maintain a nearly constant pressur
Isospin fractionation seen in experiments can be also
tained in the mean-field model but it requires a bifurcation
the isotopic space. It also requires that during dissocia
neither pressure nor volume remain constant. By contr
isospin fractionation occurs naturally in the thermodynam
model and can happen either at constant volume or at c
stant pressure. Large differences between these two mo
also appear in the calculation ofCV . The thermodynamic
model has a strong peak inCV whose origin are surface
energy terms in the multifragmentation process which
lacking in a mean-field model of homogeneous nuclear m
ter. This peak is associated with the phenomenon of nuc
boiling and the sudden disappearance of the largest clus
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