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Lattice gas model for fragmentation: From argon on scandium to gold on gold
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The recent fragmentation data for central collisions of gold on gold are even qualitatively different f
those for central collisions of argon on scandium. The latter can be fitted with a lattice gas model calcul
Effort is made to understand why the model fails for gold on gold. The calculation suggests that the
Coulomb interaction which is operative for the larger system is responsible for this discrepancy. Th
demonstrated by mapping the lattice gas model to a molecular dynamics calculation for disassembly
mapping is quite faithful for argon on scandium but deviates strongly for gold on gold. The molec
dynamics calculation for disassembly reproduces the characteristics of the fragmentation data for both g
gold and argon on scandium.

PACS number~s!: 25.70.Pq, 02.70.Ns, 05.50.1q, 24.60.Ky
s
i
u
h
t
d
e
l

u

i

a

e
r

e

i-
m
ced
in
he
V/

cts
l

his
ce
s a
se
e
ns.
ot
to
o
of
t.
cal
ng
on
ly
to
e
a

re-
We
u-
y
-
c-
n.

ges
n
r
rt-
I. INTRODUCTION

Recently we proposed a lattice gas model which was u
to calculate mass distributions seen in heavy ion collision
intermediate energy@1,2#. There are several features of th
model that are attractive. The model can be used to st
liquid-gas phase transition in mean-field theory and thus
links with Skyrme model studies of phase transitions. But
model can also be used to obtain cluster distributions an
this respect has close ties with percolation model of fragm
tation which has been used@3,4# with success in theoretica
studies of heavy ion collisions. However, the lattice g
model has both kinetic energy and interactions, thus
scope of the model goes beyond that of standard percola
model.

The model was used to fit the data obtained in Michig
State University for central collisions of Ar on Sc@5,6#.
There are several features of the model that are quite gen
and are also seen in experiments. First of all, there is a reg
of beam energy where the yield ofY(A) of fragments as a
function of the mass numberA of the fragment obeys a
power law first noted in pioneering experiments by the P
due group@7#. This feature emerges in theoretical calcul
tions also. In the lattice gas model the input in a calculat
is the temperature and on general grounds the higher
beam energy, the higher the temperature. In the lattice
model there is a temperature at which a power law w
emerge. If in the vicinity of this critical temperature the ma
distribution is fitted by a power law whose exponent is d
noted byt then we expect to see a minimum in the extract
value oft at the critical temperature. It is difficult to miss
minimum in t in percolation-type approach and also in th
lattice gas approach. This minimum was seen in the Mic
gan experiment and was found in the calculation of@1,2# at
the experimental beam energy. Such a minimum in the va
of t has also been seen in a recent experiment at Chalk R
Nuclear Laboratories@8# and the fit with a lattice gas mode
calculation is quite pleasing@9#. Thus it seems that the lattic
gas model simulates the fragmentation of nuclear matter
sonably well at least for medium mass collisions.

Very recent data for Au on Au central collisions@10# are
at variance with these general expectations. In the rang
53/96/53~3!/1319~6!/$10.00
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beam energy 35 MeV/nucleon to 100 MeV/nucleon no min
mum in t was seen. Since this is now a much bigger syste
and phase transition effects should become more pronoun
as we go to bigger systems, this absence of a minimum
t seems to cast serious doubts about the validity of t
model. The other remarkable result is that at 35 Me
nucleon of beam energy the deduced value oft is much
below 2; it is 1.25. Such a low value oft will be difficult to
obtain in the lattice gas model even including shape effe
as discussed in@11#. Thus if we apply the lattice gas mode
as proposed in@1,2# the calculation will not fit the data for
the central collisions of Au on Au.

The present work started as an effort to understand t
puzzle. Between Ar on Sc and Au on Au the main differen
is not only the sizes but also that in the latter case there i
huge Coulomb field whereas presumably in the former ca
the Coulomb field is merely a minor perturbation. Now th
lattice gas model is a model of nearest neighbor interactio
The Coulomb field is a long range force and thus is n
amenable to lattice gas type of approximation. One way
investigate the effect of the Coulomb field would be to try t
add the effect of Coulomb force in the lattice gas type
approach but we could find no obvious way of doing tha
We had provided a prescription, based on simple physi
reasoning, to decide if two nucleons occupying neighbori
sites, form part of the same cluster or not. When in additi
there is a long range force that distinguishes very strong
between neutrons and protons, this criterion clearly needs
be modified. There is no simple way of knowing how th
modification should be made. Hence to find what effects
strong Coulomb field may have on a lattice gas model p
diction, we need to try a somewhat convoluted approach.
first try to map the lattice gas model calculation to a molec
lar dynamics type calculation, both first done without an
Coulomb interaction. If the calculations match quite faith
fully then we can study the effects of the Coulomb intera
tion by adding that to the molecular dynamics calculatio
Hopefully we will find that for Ar on Sc the Coulomb inter-
action does not severely change results and that the chan
are very significant for the case Au on Au. We do not do a
ab initio molecular dynamics calculation but only use it fo
disassembly from a thermally equilibrated source. The sta
1319 © 1996 The American Physical Society
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1320 53SUBAL DAS GUPTA AND JICAI PAN
ing point of the lattice gas model is that matter has equi
brated at some temperatureT. There aren nucleons andN
lattice sites (N.n). Which particular lattice sites are occu
pied are entirely dictated by statistical mechanics. Each cu
lattice has a size 1.0/r056.25 fm3 and can, at most, be
occupied by a single nucleon. This starting point of calcul
tion will not be questioned in the present work but we wi
use two different prescriptions for obtaining the yieldY(A)
againstA. One of these two is our old prescription@1,2#.
Nucleons occupying neighboring sites will have attractiv
interactions2e and are considered to be part of the sam
cluster provided the kinetic energy of relative motion o
these two nucleons does not overcome their binding. This
enough information to deduce the yieldY(A). In the alter-
native prescription that we will carry out here we fall bac
upon a more standard many body calculation. At the starti
point when the nucleons have been initialized at their latti
sites and have their initial momenta, we will switch to
molecular dynamics calculation in which we will let the sys
tem evolve according to standard classical mechanics. Nuc
ons which stay together after arbitrarily long time are part
the same cluster. After a sufficiently long time the mass d
tribution is obtained. This can now be compared with lattic
gas model predictions. Obviously for this test to be ma
with the lattice gas model we should choose for disassem
by molecular dynamics an interaction which suits the latti
gas model the best. The potential should be deepest with
value2e when the two nucleons arer 051.842 fm apart and
should fall to 0 beforeA231.842 fm~the next nearest neigh-
bor interaction is zero in the lattice gas model!. For distance
less than 1.842 fm the potential should quickly become r
pulsive ~two nucleons cannot occupy the same site!. If the
two prescriptions match for the yieldY(A), then we have
linked the lattice gas model prediction for the yieldY(A)
againstA to a more well-known and better understood mo
lecular dynamics approach. Considering that the lattice g
model can be easily linked with percolation model this
itself is quite interesting; we have provided a connectio
between percolation model results and molecular dynam
which seem to address totally different scenario to start o
with. Second, in case the two results match in the absence
a Coulomb field, we can, in the molecular dynamics a
proach find out what a large Coulomb field, which cannot b
incorporated in the lattice gas model, can do to the yie
Y(A) since the Coulomb interaction is easily incorporated
molecular dynamics calculations. We will give the necessa
details of these two calculations in the next section.

We reiterate that our objective is not a molecular dynam
ics calculation as such@12,13#; we use disassembly by mo-
lecular dynamics with a nuclear force that produces resu
similar to those of lattice gas model. This work is focuse
towards one question only: we ask why the lattice gas mo
which worked reasonably well for Ar on Sc fails in the cas
of Au on Au and if we can relate this failure to the larg
Coulomb field which is present in the second case. We n
also that the Coulomb interaction can be incorporated in m
crocanonical models@14,15#.

II. DETAILS OF CALCULATION

Motivation and details of the lattice gas model are give
in @1,2#. For completeness some of these details are provid
li-
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in this section. The calculations all require numerical sim
lation involving Monte Carlo simulations. The starting poin
of all our calculations is this. For a system ofn nucleons we
considerN lattice sites whereN.n. N is a parameter chosen
in @1,2# by requiring the best fit. The quantityN/n5r0 /r
wherer0 is the normal density andr is the so called freeze-
out density. It will be seen in the following that in the lattice
gas calculation for fragments this freezeout density is t
actual density at which all clusters are calculated. For t
molecular dynamics calculation that we will performr is the
density at which the initialization is done according to pre
scription of equilibrium statistical mechanics. We then let th
system evolve in time and the cluster distributions are calc
lated much later. Thus strictly speakingr is not a freezeout
density for molecular dynamics calculation but merely d
fines the starting point for time evolution. However sinc
classical evolution of a many particle system is entirely d
terministic, the initialization does have in it all the informa
tion of the asymptotic cluster distribution. We will continue
to call r the freezeout density.

For initialization, we assume that the nuclear part of th
interaction is simply2e between nearest neighbors and ze
otherwise. To begin a calculation we have to determin
which of the sites nucleons occupy and what their momen
are. The two samplings can be done independently of ea
other. In a percolation model theN sites would be occupied
with an occupation probablityp5n/N by n nucleons in
which each site has an equala priori probability. Because of
interactions this is somewhat more complicated in our ca
Let us assume we are handling the case where we will ta
into account the Coulomb interaction explicitly in the initial
ization. Starting with all lattice sites empty, the first nucleo
~a proton or a neutron as dictated by a Monte Carlo decisio!
is put at a site at random. If this first nucleon is a neutro
then the probability of occupation of its nearest neighbors
proportional to exp(be) whereas all other sites have an occu
pation probability proportional to 1. As usual,b is the in-
verse ofkT. These probabilities are now used to put in th
second nucleon. If the first nucleon was a proton and t
second one is a neutron then again the same probability
occupation will be used. But if the second nucleon is a pr
ton also then the above occupation probabilities are chang
to proportional to exp(be2buc) for the nearest neighbors and
proportional to exp(2buc) for the other sites where
uc5e2/r , r being the appropriate distance between the tw
lattice sites. It is obvious how to repeat this procedure un
the prescribed number of protons and neutrons are obtain
It is also obvious how to obtain the initial configuration
when the Coulomb force is not explicitly included. In tha
case the prescription is identical with what was used in@1,2#.

We do some initializations where we take the Coulom
interaction explicitly and some initializations when the Cou
lomb interaction is not taken into account separately. T
nuclear part is always characterized by a strength2e which
is the nearest neighbor type and has the same value irres
tive of the isotopic spin. For a given nucleus the value ofe is
lower for the case when the Coulomb interaction is not e
plicitly added. This is required by demanding that the sam
binding energy is obtained in both the prescriptions. In th
other case when the Coulomb interaction is explicitly in
cluded the nuclear part of the interaction will lead to a larg
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53 1321LATTICE GAS MODEL FOR FRAGMENTATION: FROM ARGON . . .
binding which will be somewhat compensated by the rep
sive Coulomb part. For the cases dealt with heree changes
by roughly 1 MeV.

For disassembly by molecular dynamics we approxima
the nuclear part of the force by a well-known parametrizati
@16#:

v~r !

5 HA@B~r 0 /r !p2~r 0 /r !q#exp@1/~r /r 02a!#, for r /r 0,a,
0, for r /r 0>a.

~1!

Here r 0 is the distance between the centers of two adjac
lattices. We have chosenp52, q51, anda51.3. The other
constantsA andB are chosen so that the potential acquir
the prescribed value2e at r5r 0 . With this potential the
interaction between two nucleons is zero when they are m
than 1.3r 0 apart and the interaction begins to becom
strongly repulsive forr significantly less thanr 0; yet the
potential is smooth enough that accurate numerical solutio
of time evolution of nucleons can be obtained. The tim
evolution equations for each nucleon are, as usual, given
]pi /]t52( jÞ i“ iv(r i j ) and]r i /]t5pi /m.

The lattice gas predictions for cluster production can on
be calculated for the case where the Coulomb interaction
not explicitly included but only through a lower value ofe.
As mentioned already the cluster distribution is calculat
immediately after initialization. The lattice filling is done an
the momenta are then generated from a Monte Carlo sa
pling of a Maxwell-Boltzmann distribution with a prescribe
temperature. Nucleons in two neighboring cells are cons
ered to be part of the same cluster if the kinetic energy
relative motion is not large enough to overcome the attra
tive interaction, i.e.,pr

2/2m2e,0. Herem is the reduced
mass and is equal tom/2. This definition is the simplest tha
one can provide and is physically reasonable. It should
emphasized that it is by no means a unique one. The p
scription manages to reduce a many body problem of clus
production into a sum of independent two-body problem
One can easily construct scenarios where this prescript
may underestimate the size of a cluster and scenarios wh
this prescription may overestimate the size of a cluster.
should be pointed out that this formula for bond formatio
has the same structure as the one used in@6#. Since each
particle obeys the Maxwell-Boltzmann distribution, the di
tribution of relative momentum between two particles is al
a Maxwell-Boltzmann, i.e., P(pr)5@1/(2pmkT)3/2#
3exp@2pr

2/2mkT#. We can then write down a formula for
the bonding probability which is temperature dependent:

p512
4p

~2pmkT!3/2
E

A2me

`

e2pr
2/2mkTpr

2dpr . ~2!

Switching to a variableE5pr
2/2m we get

p512
*e

`e2E/kTE1/2dE

*0
`e2E/kTE1/2dE

~3!

which is identical with the formula of@6#.
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For molecular dynamics calculation after initialization we
do the time propagation long enough so that for cluster pr
duction the asymptotic time has been reached. Two nucleo
are part of the same cluster if the configuration distance b
tween them is less than 1.3r 0 . We stop the calculation after
the original blob of matter has expanded to 64 times it vo
ume at initialization. For low temperature this means doin
the time evolution as long as 1000 fm/c. We use a time step
of 0.1 fm/c and update positions and momenta half a tim
step apart~‘‘leap frog’’ method!. The energy conservation in
our calculation is accurate to within 1%. The program con
serves total momentum identically. Below we now conside
specific cases.

III. RESULTS

In Ref. @1# we found that a freezeout densityr50.39r0
gave the best fit with data. Here we present data with th
freezeout density. A few calculations with a higher value o
freezeout density were also performed but only to ascerta
that the trends of the results are not strongly dependent
the freezeout density employed.

Figure 1 shows the results of aY(A) –A plot of a lattice
gas calculation. This is a repeat of the type of calculatio
done in @1,2#. The value ofe used is 3.7 MeV. This curve
should be compared with a molecular dynamics calculatio
shown in Fig. 2. This calculation uses the samee and no
explicit Coulomb interaction. The similarity between Figs.
and 2 is quite striking and leads us to conclude that th
simple prescription of cluster counting is very reasonable.

FIG. 1. The mass yield distributions obtained from the lattic
gas model for lattice N563 and n585, at temperatures
T/TC50.5, 1.0, and 1.5. HereTC51.1275e is the thermal critical
temperature.
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1322 53SUBAL DAS GUPTA AND JICAI PAN
FIG. 2. The mass yield distributions obtained from molecu
dynamics calculations without the inclusion of the Coulomb int
action. The lattice size, number of nucleons, and temperatures
the same for the corresponding curves in Fig. 1.

FIG. 3. The same as Fig. 2, but the Coulomb interaction is ta
into account.
Fig. 3 we have done a molecular dynamics calculation whe
we explicitly put in the Coulomb interaction. Accordingly
the value ofe has been increased from 3.7 MeV to 4.7 MeV
There are now some changes from the results of Figs. 1 a
2, but not a great deal. Especially the deduced value of t
slopet is again the lowest atT5Tc and rises both below and

lar
er-
are

ken

FIG. 4. The value oft obtained from lattice gas model and
molecular dynamics calculations are plotted as a function of tem
perature forN563 andn585.

FIG. 5. The charge yield distributions obtained from the mo
lecular dynamics calculation with the Coulomb interaction ar
shown.
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above this temperature.Tc is 1.1275e and is the critical tem-
perature in the lattice gas model. The results fort are sum-
marized in Fig. 4 where it is seen that the explicit inclusio
of the Coulomb interaction has not modified the predomina
characteristics observed in calculations without explicit i
clusion of the Coulomb interaction. Heret was obtained
from linear fits of fragmentation distributions in lnY(A) vs
lnA plots. That is,t is determined by minimizing thex2

defined as

x25(
i

@F~Ai !2Fi #
2. ~4!

Here F(Ai)[ lnY(Ai)5 const2t lnAi is the fitted yield for
fragment of sizeAi , andFi[ lnYi is the corresponding simu-
lated yield. To maintain sufficient statistics and to exclud
the largest cluster, only fragments of sizes between 1 and
were used. In Fig. 5 for completeness we have shown
Y(Z) againstZ curve. This is the type of curve that is typi
cally presented as an experimental result.

Figures 6, 7, and 8 give our results for Au on Au. We pl
both Y(A) againstA and Y(Z) againstZ. For molecular
dynamics without explicit inclusion of the Coulomb interac
tion we have usede53.7 MeV and for calculation with ex-
plicit inclusion of the Coulomb interaction we have use
e54.7 MeV. However now the results are very different fo

FIG. 6. The mass and charge yield distributions for Au on A
collisions obtained from the molecular dynamics without the Co
lomb interaction.
n
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the two cases. In one~Fig. 6! there is a minimum int at
T5Tc . A second spike atT50.4Tc is indicative of a perco-
lating cluster. In Fig. 7 with explicit inclusion of the Cou-
lomb interaction, the percolating cluster has disappeared. W

u
u-

FIG. 7. The same as Fig. 6, but with the Coulomb interaction.

FIG. 8. The value oft in Au on Au collisions obtained from
molecular dynamics calculations with and without the Coulomb in
teraction are plotted as a function of temperature.
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1324 53SUBAL DAS GUPTA AND JICAI PAN
also see that below the critical temperature thet values from
the two calculations begin to diverge. With Coulomb explic
itly included the minimum int has disappeared and one ca
get a value oft much less than 2. These results are summ
rized in Fig. 8. Our results are in qualitative agreement wi
the experimental results for Au on Au. Experimental resul
are given as a function of the beam energy and thus we ne
a conversion from temperature to beam energy. This conv
sion needs to be done carefully because at initializatio
which is the starting point of our calculation, we can expe
that some energy is already in collective motion and does n
appear as thermal excitation. The model does not include t
aspect. In Ref.@1# a phenomenlogical mapping of tempera
ture to beam energy was deduced from@6#. As an estimate
only if we assume that at the initial time 3/8 of the initia
energy is stored in collective motion then a beam energy
35 MeV/nucleon would correspond to 0.3Tc . Our calculated
value oft is then 1.4 compared to the experimental value
1.25 @10#. As in experimental data the calculatedY(A)
againstA deviates from a power law with higher excitation
energy. We nonetheless deduce a effective value oft from a
very approximate fit and these are shown in Fig. 8. We r
gard t as a measure of global feature ofY(A), although
power-law fits are poor at high temperatures. To mainta
sufficient statistics, we used fragments of size between 1 a
20 for high temperatures (T>Tc) when heavier fragments
are rare. For low temperatures (T,Tc) larger fragments
were also included. Our calculation at about 1.1Tc fits the
data for beam energy 100 MeV/nucleon. For the calculatio
with Coulomb interaction included we useTc merely as an
energy scale; there is no implication thatTc is the critical
temperature of the system. The principal point we want
emphasize is that we have reproduced the most signific
features of the data for Au on Au as contrasted with those f
-
n
a-
th
ts
ed
er-
n,
ct
ot
his
-

l
of

of

e-

in
nd

n

to
ant
or

Ar on Sc, namely that in the former case there is no min
mum in the value oft and that the value oft can be signifi-
cantly below 2.

IV. CONCLUSION

This problem started out as an effort to understand w
the fragmentation data for Au on Au are so different from
that of Ar on Sc and if the data totally ruin all validity of the
simple concepts used in the lattice gas model. The calcu
tion done here suggests that the lattice gas model is reas
able for medium mass collisions; it probably would hav
been as valid for collisions of very large masses but for t
very large Coulomb force which begins to make its presen
felt and destroys the simple predictions. It has often be
assumed that the larger the system of colliding nuclei t
better is the chance of learning about phase transition
nuclear matter. However larger colliding masses also bring
much larger Coulomb forces and it will be necessary to ta
into account of the Coulomb effects before the signals f
phase transitions can be understood. With large masses
mean field of the protons are very different from that of th
neutrons and theories must be able to treat them differe
tially. There clearly are needs for simple theories which a
able to handle this difference.
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