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Isospin influences on particle emission and critical phenomena in nuclear dissociation
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Features of particle emission and critical point behavior are investigated as functions of the isospin of
disassembling sources and temperature at a moderate freeze-out density for medium-size Xe isotopes in the
framework of the isospin-dependent lattice gas model. Multiplicities of emitted light particles, isotopic, and
isobaric ratios of light particles show the strong dependence on the isospin of the dissociation source, but
double ratios of light isotope pairs and the critical temperature determined by the extreme values of some
critical observables are insensitive to the isospin of the systems. Values of the power law parameter of cluster
mass distribution, mean multiplicity of intermediate mass fragments~IMF!, information entropy, and Campi’s
second moment also show a minor dependence on the isospin of Xe isotopes at the critical point. In addition,
the slopes of the average multiplicities of the neutrons (Nn), protons (Np), charged particles (NCP), and IMFs
(NIMF), slopes of the largest fragment mass number (Amax), and the excitation energy per nucleon of the
disassembling source (E* /A) to temperature are investigated as well as variances of the distributions ofNn ,
Np , NCP, NIMF , Amax, andE* /A. It is found that they can be taken as additional judgements to the critical
phenomena.@S0556-2813~99!02108-1#

PACS number~s!: 25.70.Pq, 05.70.Jk, 24.10.Pa, 24.60.Ky
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I. INTRODUCTION

Isospin influence on the formation and decay of hot nuc
is an important subject in heavy ion collision physics now
days. Interest in this direction has been largely pushed a
with the development of the radioactive beam techniq
Many new impressive experiments aiming at exploring su
isospin effects can be performed by using the radioac
beams and/or targets with large neutron or proton exc
They offer the possibility to study the properties of nucle
matter in the range from symmetrical nuclear matter to p
neutron matter. Recently some theoretical investigations
the nuclear equation of state, chemical and mechanical in
bilites, as well as liquid-gas phase transition for isos
asymmetrical nuclear matter have been performed@1#. In ad-
dition, the study of the isospin-dependent nucleon-nucl
cross section@2–5# is also an important subject due to i
significant effect on the dynamical process of heavy ion
actions induced by radioactive beams. Experimentally so
new isospin-dependent phenomena have also been dis
ered. For examples, the isospin dependences of preequ
rium nucleon emission@6–9#, nuclear stopping@10#, nuclear
collective flow@11,12#, the total reaction cross section, rad
of neutron-rich nuclei@13–15#, and subthreshold pion pro
duction@16# have been studied by several groups. Howev
more experimental and theoretical studies are still neede
better understand the isospin physics.

On the other hand, the phase transition and critical po
behavior in a finite nuclear system is a topic open to deb
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Two kinds of important phase transitions of nuclear matt
namely, the liquid gas phase transition and the quark-gu
plasma phase transition which have been predicted to o
in HIC in the intermediate and ultrarelativistic energy d
mains, respectively, are attracting more and more nuc
scientists. Due to the manifest significance of both ph
transitions in clarifing the properties of nuclear matter in e
treme conditions, theoretical physicists are trying to pres
various possible judgements to characterize the phase tr
tion with diverse models. Experimentalists are searching
such evidence with the help of advanced and complica
setups.

In this article, we will investigate some isospin effects
cluster emission and the critical point behavior stemm
from the nuclear liquid gas phase transition in the framew
of the isospin-dependent lattice gas model. The paper is
ganized as follows. In Sec. II, a brief description of the is
spin-dependent lattice gas model is given. Results and
cussions for the disassembly of122,129,137,146Xe isotopes at a
fixed freeze-out density of;0.39r0 are presented in Sec. III
First, the multiplicities of particle emission are used to d
cuss the influence of the isospin. In addition, the slopes
some average quantities to temperature and the varianc
the distributions of some physical observables are argue
be the judgements to locate the critical point. Secondly,
isospin dependence of the ratios between two light partic
~LP’s! is investigated. Thirdly, the double ratios between tw
pair light isotopes are studied. Fourthly, critical observab
with different isospins are presented. Finally a summary
given in Sec. IV.

II. DESCRIPTION OF MODEL

The lattice gas model of Lee and Yang@17#, where the
grand canonical partition function of a gas with one type
©1999 The American Physical Society07-1
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atom is mapped onto the canonical ensemble of an Is
model for spin-1/2 particles, has successfully described
liquid-gas phase transition for atomic systems. The sa
model has already been applied to nuclear physics for iso
symmetrical systems in the grancanonical ensemble@18#
with an approximate sampling of the canonical ensem
@19–23#, and also for isospin asymmetrical nuclear matter
the mean field approximation@24#. In this article, we will
adopt a lattice gas model similar to that developed by P
and Das Gupta@20,21#. Some details and features of th
model can be found in their papers. In comparison with
earlier version of their model@20,21#, the differences in this
work are that the exact Metropolis sampling for placi
nucleons on the cubic lattice are adopted and the isos
dependent interaction potential is taken~which has also been
incarnated in their recent works@25,26#!. To better under-
stand the context of this work we will briefly describe th
model and Monte Carlo Metrolpois sampling technique.

In the lattice gas model,A nucleons with an occupatio
numbers which is defineds51 (21) for a proton~neutron!
or s50 for a vacancy, are placed on theL sites of lattice.
Nucleons in the nearest-neighboring sites have interac
with an energyesisj

. The Hamiltonian is written as

E5(
i 51

A Pi
2

2m
2(

i , j
esisj

sisj . ~1!

The interaction constantesisj
is fixed to reproduce the

binding energy of the nuclei. In order to incorporate the is
spin effect in the lattice gas model, the short-range inter
tion constantesisj

is chosen to be the difference between t

nearest-neighboring like nucleons and unlike nucleons:enn
5 epp 5 e2121 5 e11 5 0. MeV, epn 5 enp 5 e121 5 e211
5 25.33 MeV, which indicates the repulsion between t
nearest-neighboring like nucleons and the attraction betw
the nearest-neighboring unlike nucleons. This kind
isospin- dependent interaction incorporates, to a certain
tent, the Pauli exclusion principal and effectively avoids p
ducing unreasonable clusters, such as di-protons,
neutrons, etc. A three-dimensional cubic lattice withL sites
is used which results in an assumed freeze-out density o
disassembling systemr f5(A/L)r0, in which r0 is the nor-
mal nuclear density. The disassembly of the system is to
calculated atr f , beyond which nucleons are too far apart
interact.N1Z nucleons are put intoL sites by Monte Carlo
sampling using the exact Metropolis algorithm@19,27#.

As pointed out in Refs.@28,29#, one has to be carefu
treating the process of Metropolis sampling in order to ma
tain the detailed balance and therefore warrant the cor
equilibrium distribution in the final state. Speaking in deta
in this work, we first establish an initial configuration wit
N1Z nucleons. Second, for each event, we will test a su
cient number of ‘‘spin-exchange’’ steps, e.g., 20 000 steps
let the system generate states with a probability proportio
to the Boltzmann probability distribution with the Metropol
algorithm. In each spin-exchange step, we make a ran
trial change on the basis of the previous configuration.
example, we choose a nucleon at random and attemp
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exchange it with one of its neighboring nucleons or the
cancies at random regardless of the sign of its s
~Kawasaki-like spin-exchange dynamics@30#!. Then we
compute the changeDE in the energy of the system due t
the trial change. IfDE is less than or equal to zero, w
accept the new configuration and repeat the next s
exchange step. IfDE is positive, we compute the ‘‘transition
probability’’ W5e2DE/T and compare it with a random num
ber r in the interval@0,1#. If r<W, we accept the new con
figuration; otherwise we retain the previous configurati
and then start the next spin-exchange step. 20 000 s
exchange steps are performed to assure that we get the
librium state. Third, once the nucleons have been placed
bly on the cubic lattice after 20 000 spin-exchange steps
each event, their momenta are generated by Monte C
sampling of the Maxwell-Boltzmann distribution. Thus var
ous observables can be calculated in a straightforward f
ion for each event. One point that should be emphasized
is that the above Monte Carlo Metropolis spin-exchange
proach between the nearest neighbors, independent of
spin, is evidenced to be satisfied by the detailed balanc
noted in Refs.@28,29#. In other words, this sampling metho
will guarantee that the generated microscopic states form
equilibrium canonical ensemble.

One of the basic measurable quantities is the size di
bution of clusters. The definition of clusters has been ext
sively discussed in Refs.@20–22#. The first method is the
so-called Ising cluster method which combines all the c
nected sites as a cluster. However, it is not a proper appro
to define clusters in the lattice gas model since it does
fulfill the requirement that the correlation length should d
verge at the critical point@22#. In condensed matter physic
Coniglio and Klein@31# proposed to combine the above si
percolation with an addition bond percolation algorithm u
ing a temperature-dependent bonding probabilityp(T)51
2e2esisj

sisj /2T. In the lattice gas model, a similar way t
Coniglio and Klein’s prescription is extensively adopted
define the cluster@20–23#: i.e., two neighboring nucleons ar
viewed to be in the same fragment if their relative kine
energy is insufficient to overcome the attractive poten
Pr

2/2m2esisj
sisj,0. This results in a similar temperature

dependent bonding probability as in Coniglio and Klein
prescription.

III. RESULTS AND DISCUSSIONS

Four isotopes of Xe are chosen as examples to illust
the isospin effect with the help of the isospin-dependent
tice gas model. Their isospin parameters@ I 5(N2Z)/A# are
about 0.11, 0.16, 0.21, and 0.26 for122Xe, 129Xe, 137Xe, and
146Xe, respectively. The freeze-out densityr f has been cho-
sen to be close to 0.39r0, as extracted from the analysis o
Ar1Sc @20# and 35Cl1Au and 70Ge1Ti @32# with the same
model. There is also good experimental support that
value ofr f is significantly below 0.5r0 @33#. 343 sites with
73737 cubes result in 0.36, 0.38, 0.40, and 0.43r0 of the
freeze-out densityr f for 122,129,137,146Xe, respectively. Calcu-
lations were performed from 3 to 7 MeV with a step of 0
7-2
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ISOSPIN INFLUENCES ON PARTICLE EMISSION AND . . . PHYSICAL REVIEW C60 024607
MeV and 1000 events were accumulated at each tempera
for each isotope.

A. Cluster emission and its application to locate
the critical temperature

1. Multiplicity of clusters, the largest fragment mass, and
excitation energy

Before presenting the calculated results, we first introd
a definition of the excitation energy in this lattice gas mod
The excitation energy per nucleon can be written as@21#

E* /A5ET2Eg.s.5S 3

2
T1enp

Nnp
T

A D 2enp

Nnp
g.s.

A
, ~2!

whereNnp
g.s. and Nnp

T are the number of the bonds of unlik
nucleons in the ground state~zero temperature! and atT,
respectively. Experimentally the excitation energy of
nuclear system is generally given with respect to a coldT
50) nucleus at normal nuclear density. In this classi
model, we adopt a similar definition for the ground state, i
it corresponds to a cold nucleus at zero temperature and
mal nuclear density where there is no kinetic energy so
the ground state energy per nucleon is2enp(Nnp

g.s./A). Nnp
g.s. is

determined by the geometry and is taken as the maxim
bond number of unlike nucleons for a disassembling sou
as it approaches zero temperature and normal nuclear
sity.

Figure 1 shows the average multiplicites of the emit
neutrons, protons, charged particles, and intermediate m
fragments, the average values of the largest fragment ma
and the average excitation energies per nucleon of the d
sembling source as functions of temperature and isospin
the point of temperature dependence,Nn , Np , NCP, and
E* /A increase whileAmax decreases with temperature as e
pected. However,NIMF shows a rise and fall with tempera
ture as seen in previous studies@34–37#, which has been
explained by the onset of the multifragmentation. At t
point of isospin dependence,Nn shows a positive correlation
with I which is obviously reasonable due to the larger nu
ber of neutrons for isotopes with largerI. Similarly, NIMF and
Amax show minor positive correlation withI. Reversely,Np ,
NCP, and E* /A seem to have anticorrelation withI at the
same temperature even though the same number of pro
are started with in these dissociation isotopic sources.
perimentally, similar pictures for free neutrons and proto
were found in32S1144,154Sm reactions@38#. How do we un-
derstand these phenomena?

Two interpretations seem to be possible. On the one h
the symmetrical potential term in Eq.~1! will play an impor-
tant role in controlling the emission of nucleons and cluste
With the increase of the isospin of the sources, protons
feel a stronger attractive potential due to the neighbor
neutrons sharing similar increases which results in m
bound protons for disassembling sources with higher
spins. Vice versa, neutrons will, on one side, feel the str
ger repulsive interaction due to more neutron-neutron p
and, on the other side, feel a smaller attractive potential
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cause of the decrease of the average assortative numb
nearest-neighboring protons for a certain neutron with
increase of the isospins of the sources. Both reasons will
to the production of more unbound neutrons for disasse
bling sources with higher isospins. This explanation is sim
lar to the explanation of nucleon emission in the isosp
dependent transport model@1#. However, another
interpretation based on the excitation energy seems to
possible, too. In a previous work we explored the idea t
the excitation energy can be viewed as a scaling quantit
control nuclear disassembly@39#. We made the mapping
from T to E* /A @see Fig. 1~f!# and replottedNn , Np , NCP,
NIMF , and Amax as a function of excitation energy pe
nucleon instead of temperature in Fig. 2. Clearly, the rule
average multiplicity of neutrons is not changed, i.e., t
higher the excitation energy and/or isospin, the largerNn .
But for protons, charged particles, intermediate mass fr
ments, and the largest fragment masses, their average v
for four isotopes nearly merge into single curves. In th
case, the role of the symmetrical potenial is transferred to
excitation energy of different sources and the isospin dep
dence ofNp , NCP, NIMF , andAmax at the same temperatur
shown in Figs. 1~b!–1~e! is nothing but the excitation energ
dependence.

FIG. 1. Average multiplicities for emitted neutrons~a!, protons
~b!, charged particles~c!, intermediate mass fragments~d!, average
values of the largest fragment masses~e!, and of excitation energies
per nucleon~f! as functions of the temperature and isospin of X
7-3
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Y. G. MA et al. PHYSICAL REVIEW C 60 024607
2. Slopes of average values to temperature

In Fig. 1 the average values of most physical quantit
increase or decrease monotonically with temperature ex
for the IMF. Is it possible to obtain much information from
this figure? Figure 3 gives slopes ofNn , Np , NCP, NIMF ,
Amax, andE* /A to temperature. Obviously, each slope ha
peak or valley aroundT;5 MeV. At such a turning tem-
perature, some features appear.~1! The emission of light
particles and complex fragments increases rapidly withi
narrow temperature range, reflecting that the phase spa
opening in the largest extent in that time.~2! The decrease o
the largest fragment size reaches the valley value for su
finite system. Physically the largest fragment is simply
lated to the order parameterr l2rg ~the difference of density
in the liquid and gas phases!. In infinite matter, the infinite
cluster exists only on the liquid side of the critical point.
finite matter, the largest cluster is present on both sides o
critical point. In this calculation, a valley for the slope
Amax to temperature may correspond to a sudden disapp
ance of the infinite cluster~bulk liquid! near the critical tem-
perature.~3! The specific heatCv /A @i.e., ](E* /A)/]T] has
a peak value for such a finite system. All these features
consistent with the concept of phase transition and crit
phenomena according to the thermodynamical theo
Hence, these slopes can be viewed as a characteristic ju
ment of critical phenomena as other critical observables
be ~see Sec. II D!. Moreover, the fact that the turning tem

FIG. 2. The same as Fig. 1 but as a function of excitation ene
instead of temperature.
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peratures deduced from these slopes for the four isoto
disassembling sources are located at nearly the same
perature of;5 MeV, independent of the isospin, illustrate
that the critical temperature is insensitive to the isospin
the disassembling sources. This conclusion is consistent
the results deduced from other critical observables, as sh
below ~see Sec. II D!.

3. The largest fluctuations

The largest fluctuations are also found around the crit
temperature in the same calculation. Figure 4 illustrates
rms width (s) for the multiplicity distributions of neutrons
protons, charged particles, and intermediate mass fragm
for the distributions of the largest fragment masses and
citation energies per nucleon. The variances of multiplic
distributions of neutrons and protons have maximum val
or tends to saturation around 5–5.5 MeV, and the varian
for the distributions of CP, IMF,Amax, and E* /A show
peaks at the same critical temperature. The peaks in the c
cal point correspond to the cusp of the variances, i.e., t
first order derivations are discontinual across the critical te
perature which is also an indication of phase transition@40#.
Note that the fluctuation ofAmax is related to the compress
ibility of the system. These features are consistent with
critical point behavior where the largest fluctuation should
in terms of statistical theory. Similarly to the results

y FIG. 3. Slopes ofNn ~a!, Np ~b!, NCP ~c!, NIMF ~d!, andAmax ~e!
to temperature. The symbol is the same as in Fig. 1
7-4
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ISOSPIN INFLUENCES ON PARTICLE EMISSION AND . . . PHYSICAL REVIEW C60 024607
slopes, the deduced critical temperature from the largest fl
tuation is almost the same regardless of the isospin of
dissociation sources.

B. Ratios between two light particles

In addition to the multiplicity of emitted particles, th
ratio between two light particles is probably suitable for
vestigating the isospin effect. Figure 5 shows the tempera
dependences of the isotopic ratiosR(p/d) between the yield
of protons to that of deuterons andR(d/t) between the yield
of deuterons to that of triton and the isobaric ratiosR(t/3He)
between the yield of triton and that of helium-3 an
R(6He/6Li) between the multiplicity of helium-6 to that o
lithium-6, and the ratiosR(Z

AX/Z11
A11Y) between the light par-

ticles having one proton and mass number differen
R(d/3He) between the multiplicity of deuterons an
helium-3 andR(t/4He) between the multiplicity of triton to
that of helium-4 for the disassembly of Xe. For the isotop
ratios R(p/d) and R(d/t), the particle in the denominato
has one more neutron than that in the numerator, i.e.,
ratios could reflect how neutron poor the products a
Clearly, these ratios decrease with the increase of isospin
shown in Figs. 5~a! and 5~b!. It is consistent with theN/Z
systematics of the disassembling source.R(p/d) andR(d/t)
exist in a wide valley around 5 MeV and then increase w
temperature above 5 MeV~near the critical temperature!. A

FIG. 4. Variances for the distributions ofNn ~a!, Np ~b!, NCP ~c!,
NIMF ~d!, Amax ~e!, andE* /A ~f! versus temperature.
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similar result was observed experimentally in energe
Au 1Au collisions@41#. These results are qualitatively con
sistent with a rise and fall in the relative production of IMF
as shown above@see Fig. 1~d!# @34–37#. In a simple coales-
cence picture this is consistent with a lower baryon densit
freeze-out for the most violent collision and disassem
@41#. For the isobaric ratiosR(t/3He) andR(6He/6Li), the
particle in the denominator has one more proton than tha
the numerator, i.e., the ratio will indicate how neutron ri
the products are. Figures 5~c! and 5~d! illustrates that the
larger the isospin, the higher the ratios. TheN/Z of the emit-
ter has the same trend too. The values of the ratios satura
higher temperature. For the ratiosR(d/3He) andR(t/4He),
the particle in the denominator has the same number of n
trons as that in the numerator but has one more proton,
this ratio can show how proton deficient or neutron rich t
products are. Figures 5~e! and 5~f! show that these ratios ca
also imply the isospin of the emitted source. The depende
of temperature is similar toR(t/3He) andR(6He/6Li). In
addition to the above ratios, another understandable qua
is the ratio of the yield of emitted neutron to protonsR(n/p)
~not plotted here because both multiplicities of neutrons a
protons have been shown in Fig. 1!, which increases with the
isospin of the source and tends to saturate at higher temp
ture.

FIG. 5. Isotopic ratiosR(p/d) ~a! andR(d/t) ~b!, isobaric ratios
R(t/3He) ~c!, and R(6He/6Li) ~d!, and ratiosR(d/3He) ~e!, and
R(t/4He) ~f!, as functions of the temperature and isospin of Xe.
7-5
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FIG. 6. Isotopic ratios ofR(p/d), R(d/t), R(3He/a), and R(6Li/ 7Li) ~a! and double ratiosR(pd2He), R(pd2Li), R(dt2He),
R(dt2Li) and R(He2Li) ~b! as a function of the isospin (N2Z)/A around the critical temperature;5 MeV. The symbols are illustrated
in ~a! and ~b!, respectively.
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In order to display the isospin systematics of the abo
ratios clearly, we plot the isotopic ratios ofR(p/d), R(d/t),
R(3He/a), andR(6Li/ 7Li) as a function of the isospinI at a
fixed temperature, e.g., around the critical temperat
;5 MeV, in Fig. 6~a!. Obviously all the ratios decreas
with (N2Z)/A which is consistent with the isospin system
atics of disassembling sources.

C. Double ratios between two pair light isotopes

After investigating the multiplicities of LPs and the ratio
between one pair of LPs, it is interesting to study the dou
ratios between two pairs of LPs. With the assumption
thermal and chemical equilibrium, Albergoet al. @42# de-
rived a formula of temperature using the double ratios
isotopes. The double ratios of isotopes can cancel out ch
cal potential effects and offer a particularly promising tec
nique of temperature determination@43–50#. But due to side
feeding of light particles of excited primary fragments a
other complicated effects in experimental measurements
temperature from the double ratio must be determined c
fully @48,51–53#. However, here we restrict ourselves to
discussion of the double ratios between different light i
topes rather than the isotopic temperature.

Figure 6~b! shows the double ratios between two pair is
topic ratios, namely,R(pd2He) Np /Nd /N3He/N4He, R(pd
2Li) 5Np /Nd /N6Li /N7Li , R(dt2He)5Nd /Nt /N3He/N4He,
R(dt2Li) 5Nd /Nt /N6Li /N7Li , and R(He2Li) 5N3He/
N4He/N6Li /N7Li . In contrast to the isotopic ratios of Fig
6~a!, the isospin effect of double ratios is washed out
shown in Fig. 6~b!. The same picture was found experime
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tally in central collisions of112Sn1112Sn and 124Sn1124Sn
at 40 MeV/nucleon and intepreted with the expanding em
ting source model@54#. This independence of isospin is con
sistent with the attainment of full chemical equilibrium fo
each disassembling source at a common temperature, w
probably reflects that Albergo’s temperature is insensitive
the isospin of the system.

D. Fragment distribution and related critical observables

1. Fragment distribution

In light of previous studies on the fragment distributio
we will use observables based on the fragment to signal
onset of the phase transition, e.g., the effective power
parametert, the second momentS2 of fragment distribution,
and the informtaion entropy. Before presenting these crit
observables, the mass distribution of fragments are show
T54, 5, 6, and 7 MeV for129Xe in Fig. 7. Clearly the
disassembly mechanism evolves with the nuclear temp
ture. A few light clusters are emitted and the big resid
reserves are atT54 MeV which indicates a typical evapo
ration mechanism. With increasing temperature, the shou
of the mass distribution of clusters occurs due to the com
tition between the fragmentation and the evaporation. T
shoulder disappears and the mass distribution becom
power law shape atT56 MeV, corresponding to the multi
fragmentation region. When the temperature becomes m
higher, the mass distribution becomes much steeper ind
ing that the disassembling process becomes more vio
7-6
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ISOSPIN INFLUENCES ON PARTICLE EMISSION AND . . . PHYSICAL REVIEW C60 024607
Power law fitsY(A)}A2t for these mass distributions hav
been introduced in Fig. 7~shown by the lines!.

2. Effective power law parameter

It has already been observed that a minimum of pow
law parametertmin exists if the critical behavior takes plac
@55,56#. Figure 8~a! displays thet parameter as a function o
temperature for Xe nuclei with different isospins. The min
mums oft parameters in Fig. 8~a! are located close to 5.5
MeV for all the systems, which illustrates its minor depe
dence on the isospin. In other words, there could be a
versal scaling for the mass distribution regardless of the
of the disassembling source when the critical phenom
takes place. However,t parameters show different value
outside the critical region for nuclei with different isospin
e.g.,t decreases with isospin whenT.5.5 MeV ~multifrag-
mentation region!.

3. Campi’s second moment

In Fig. 8~b! we give the temperature dependences of Ca
pi’s second moment of the fragment mass distribution@57#,
which is defined as

S25

(
iÞAmax

Ai
2ni~Ai !

A
, ~3!

whereni(Ai) is the number of clusters withAi nucleons and
the sum excludes the largest clusterAmax, whereA is the
mass of the system. At the percolation pointS2 diverges in
an infinite system and is maximum in a finite system. Fig
8~b! gives the maximums ofS2 around 5.5 MeV for different
isotopes. Again, the critical behavior occurs at the same t
perature, independent of the isospin, ast reveals.

4. Information entropy

Figure 8~c! plots the information entropyH as a function
of temperature for Xe isotopes. The information entropy w
introduced by Shannon for the first time, in informatio
theory @58#. In high energy collisions, multiparticle produc
tion proceeds in the maximum stochasticity, i.e., they sho

FIG. 7. Mass distribution of129Xe at T54, 5, 6, and 7 MeV.
The lines are the power-law fit.
02460
r

-
i-
e
a

-

e

-

s

ld

obey the maximum entropy principal. This kind of stocha
ticity can be quantified via the information entropy. In th
different physical condition restraint, the information entro
can be defined with different stochastic variables. For
ample, the information entropy for particle multiplicity ca
be defined as

H52(
i

pi ln~pi !. ~4!

Herepi can be defined as an event probability havingi pro-
duced particles and the sum is taken over all multiplicities
products from the disassembling system.H reflects the ca-
pacity of the information or the extent of disorder. Here w
introduce this entropy for the first time into the search for t
liquid gas phase transition and critical phenomenon in
nuclear disassembly. Figure 8~c! shows that the entropyH
has peaks close to 5.5 MeV for all isotopes. These pe
indicate that the opening of the phase space in the crit
point is the largest. In other words, the system at the crit

FIG. 8. Critical observables:t parameter from the power law fi
to mass distribution~a!, Campi’s second moment~b!, and informa-
tion entropy~c! as functions of the temperature and isospin of d
assembling sources.
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temperature has the largest fluctuation and stochast
which leads to the largest disorder and particle produc
rate. Beyond the critical point, the information entropyH
increases with the isospin.

5. Caloric curve and specific heat

Other direct quantities to illustrate the phase transition
the caloric curve and specific heat. For ideal infinite nucl
matter the first order liquid gas phase transition will revea
temperature plateau in a wide range of excitation ene
which corresponds to an infinite specific heat at this cons
temperature. But for finite nuclear matter the plateau of
caloric curve and the sharpness of the specific heat wil
largely smoothed. We assume that the specific heat m
keep the imprint of the phase transition well and will pro
ably reveal a salience with the temperature when the ph
transition and critical behavior holds. Exchanging theX and
Y axes of Fig. 1~f!, the so-called caloric curves for Xe iso
topes are obtained. For such finite nuclear systems, ca
curves indicate that the temperature increases generally
the excitation energy but a temperature plateau domai
always absent in this lattice gas model. On the other han
a fixed temperature, the excitation energy per nucleon
creases with the isospin of dissociation isotopic sourc
which is related to the bond numbers of unlike nucleo
Qualitatively, the higher the isospin of the disassembling i
topic source, the larger theNnp

T and the smaller the excitatio
energy per nucleon in terms of Eq.~2!. Due to the fact that
the caloric curves are not linear, the slopes of excitation
ergy to temperature for these curves, i.e., the specific hea
nucleon at constant freeze-out volume~or density! Cv /A for
Xe isotopes is useful to locate the critical point. Figure 3~f!
shows that definite peaks ofCv /A exist around 5 MeV for
each disassembling source, corresponding to the onset o
critical point behavior. Due to the influence of isospin on t
caloric curves,Cv /A shows a similar anticorrelation with
isospin especially below the critical temperature.

IV. SUMMARY

In conclusion, the isospin effects of particle emission a
critical point behavior were explored for Xe isotopes a
fixed moderate freeze-out density in the framework of
isospin-dependent lattice gas model. Four probes were
to investigate such an effect. The first probe was the mu
plicities of LPs, such asNn and Np , the multiplicities of
charged particlesNCP and of intermediate mass fragmen
NIMF , and the average mass for the largest fragmentsAmax
and the mean excitation energy per nucleonE* /A. The sec-
ond probe was the ratio between two LPs, namely, isoto
ratios, such asR(p/d) andR(3He/a), isobaric ratios, such a
R(t/3He) andR(6He/6Li), or ratios of two light particls be-
tween which there exist one proton and mass number dif
ence, such asR(d/3He) andR(t/a). The third probe was the
double ratios between two isotope pairs, such asR(pd
02460
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2He), R(pd2Li), R(dt2He), R(dt2Li), and R(He2Li).
The fourth probe was the critical observables, such as
effective power law parametert, the information entropyH,
the Campi’s second momentS2, the caloric curves, and th
specific heat per nucleonCv /A. The calculation illustrates
thatNn , Np , and ratios of light particles show strong depe
dences on the isospin of the dissociation source, but th
not the case for the double ratios of light isotopes. T
former directly reflects the chemical composition of t
source and the latter indicates the chemical equilibrium
the source, which is not self-contradicting but reflects fe
tures of the sources on different sides. Meanwhile, the c
cal temperature for a chain isotopes determined by the
treme values oft, H, andS2 is also insensitive to the isospi
of sources. This conclusion does not contradict the previ
studies on the isospin dependence of critical tempera
such as that in Ref.@23#, where the span of isospins is from
symmetrical nuclear matter to pure neutron matter. If
only look at a small span of isospins for the experimenta
measurable medium size isotopes, such as1222146Xe, the
change of critical temperature is neglectable. This conclus
might indicate that it will be difficult to search for the isosp
dependence of the critical temperature which signals the
uid gas phase transition for medium size nuclei from an
perimental point of view. In addition, values of the pow
law parameter of the cluster mass distribution, the mean m
tiplicity of intermediate mass fragments~IMF’s!, information
entropy (H), and Campi’s second moment (S2) also show
minor dependences on the isospin of Xe isotopes at the c
cal point. In contrary, some isospin dependences of the
ues of t, H, and S2 will be revealed outside the critica
region. We note that the information entropy has, for the fi
time, been introduced into the search for the liquid gas ph
transition in this work. In addition, the slopes ofNn , Np ,
NCP, NIMF , Amax, and E* /A to temperature and the var
ances of the distributions of these quantities were argue
be additional judgements for critical phenomena. Becaus
the insensitivity of the critical temperature to the isosp
from the extreme values oft, H, and S2, the critical tem-
perature deduced from the above slopes and variances
shows independence on the isospin of the disassemb
sources. It will be interesting to confront these conclusio
with future experiments.
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