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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 from
those for central collisions of argon on scandium. The latter can be fitted with a lattice gas model calculation.
Effort is made to understand why the model fails for gold on gold. The calculation suggests that the large
Coulomb interaction which is operative for the larger system is responsible for this discrepancy. This is
demonstrated by mapping the lattice gas model to a molecular dynamics calculation for disassembly. This
mapping is quite faithful for argon on scandium but deviates strongly for gold on gold. The molecular
dynamics calculation for disassembly reproduces the characteristics of the fragmentation data for both gold on
gold and argon on scandium.

PACS numbss): 25.70.Pg, 02.70.Ns, 05.50q, 24.60.Ky

I. INTRODUCTION beam energy 35 MeV/nucleon to 100 MeV/nucleon no mini-
mum in 7 was seen. Since this is now a much bigger system
Recently we proposed a lattice gas model which was usednd phase transition effects should become more pronounced
to calculate mass distributions seen in heavy ion collisions atis we go to bigger systems, this absence of a minimum in
intermediate energyl,2]. There are several features of this + seems to cast serious doubts about the validity of the
model that are attractive. The model can be used to studmodel. The other remarkable result is that at 35 MeV/
liquid-gas phase transition in mean-field theory and thus hasucleon of beam energy the deduced valuerdfs much
links with Skyrme model studies of phase transitions. But thebelow 2; it is 1.25. Such a low value efwill be difficult to
model can also be used to obtain cluster distributions and inbtain in the lattice gas model even including shape effects
this respect has close ties with percolation model of fragmenas discussed ifL1]. Thus if we apply the lattice gas model
tation which has been us¢8d,4] with success in theoretical as proposed ifi1,2] the calculation will not fit the data for
studies of heavy ion collisions. However, the lattice gasthe central collisions of Au on Au.
model has both kinetic energy and interactions, thus the The present work started as an effort to understand this
scope of the model goes beyond that of standard percolatigouzzle. Between Ar on Sc and Au on Au the main difference
model. is not only the sizes but also that in the latter case there is a
The model was used to fit the data obtained in Michigarhuge Coulomb field whereas presumably in the former case
State University for central collisions of Ar on §6,6].  the Coulomb field is merely a minor perturbation. Now the
There are several features of the model that are quite generaktice gas model is a model of nearest neighbor interactions.
and are also seen in experiments. First of all, there is a regiohhe Coulomb field is a long range force and thus is not
of beam energy where the yield §{A) of fragments as a amenable to lattice gas type of approximation. One way to
function of the mass numbeh of the fragment obeys a investigate the effect of the Coulomb field would be to try to
power law first noted in pioneering experiments by the Puradd the effect of Coulomb force in the lattice gas type of
due group[7]. This feature emerges in theoretical calcula-approach but we could find no obvious way of doing that.
tions also. In the lattice gas model the input in a calculationVe had provided a prescription, based on simple physical
is the temperature and on general grounds the higher theeasoning, to decide if two nucleons occupying neighboring
beam energy, the higher the temperature. In the lattice gasites, form part of the same cluster or not. When in addition
model there is a temperature at which a power law willthere is a long range force that distinguishes very strongly
emerge. If in the vicinity of this critical temperature the massbetween neutrons and protons, this criterion clearly needs to
distribution is fitted by a power law whose exponent is de-be modified. There is no simple way of knowing how the
noted byr then we expect to see a minimum in the extractedmodification should be made. Hence to find what effects a
value of 7 at the critical temperature. It is difficult to miss a strong Coulomb field may have on a lattice gas model pre-
minimum in 7 in percolation-type approach and also in thediction, we need to try a somewhat convoluted approach. We
lattice gas approach. This minimum was seen in the Michifirst try to map the lattice gas model calculation to a molecu-
gan experiment and was found in the calculatioflg®] at  lar dynamics type calculation, both first done without any
the experimental beam energy. Such a minimum in the valu€oulomb interaction. If the calculations match quite faith-
of 7 has also been seen in a recent experiment at Chalk Rivédully then we can study the effects of the Coulomb interac-
Nuclear Laboratorief8] and the fit with a lattice gas model tion by adding that to the molecular dynamics calculation.
calculation is quite pleasif@]. Thus it seems that the lattice Hopefully we will find that for Ar on Sc the Coulomb inter-
gas model simulates the fragmentation of nuclear matter reaction does not severely change results and that the changes
sonably well at least for medium mass collisions. are very significant for the case Au on Au. We do not do an
Very recent data for Au on Au central collisiohs0] are  ab initio molecular dynamics calculation but only use it for
at variance with these general expectations. In the range afisassembly from a thermally equilibrated source. The start-
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ing point of the lattice gas model is that matter has equili-in this section. The calculations all require numerical simu-
brated at some temperatufe There aren nucleons andN lation involving Monte Carlo simulations. The starting point
lattice sites N>n). Which particular lattice sites are occu- of all our calculations is this. For a systemmhucleons we
pied are entirely dictated by statistical mechanics. Each cubigonside lattice sites wher&l>n. N is a parameter chosen

lattice has a size 1.95=6.25 fm® and can, at most, be ;, [1.2] b - : N —
. . : . : ,2] by requiring the best fit. The quantity/n=pqy/p
occupied by a single nucleon. This starting point of calcula-WherepO is the normal density and is the so called frgeze-

tion )[N'” r:joftf be (1uest|on'e(tj' n t?e prstsgn.t W?Lk bg;{we wil out density. It will be seen in the following that in the lattice
use two different prescriptions for obtaining the yiéidA) gas calculation for fragments this freezeout density is the

againstA. One Of. these_ two IS our old p.reSCI’IptI(Eﬂl,Z]. . actual density at which all clusters are calculated. For the
_Nucleons occupying ne|ghbo_r|ng sites will have attraCtIVemolecular dynamics calculation that we will perfogms the

interactions— e and are considered to be part of the Sa8M&ensity at which the initialization is done according to pre-
cluster provided the kinetic energy of relative motion Of.scription of equilibrium statistical mechanics. We then let the

these o nucleons does not overcome their binding. This '8ystem evolve in time and the cluster distributions are calcu-

enqugh mforr_na_tlon to deduc_e the yie¥(A). In the alter- lated much later. Thus strictly speakipgis not a freezeout
native prescription that we will carry out here we fall back density for molecular dynamics calculation but merely de-

upon a more standard many body calculation. At the Startinsﬁnes the starting point for time evolution. However since

point when the nucleons have been initialized at their latticg, ,gica| eyolution of a many particle system is entirely de-
sites and have their initial momenta, we will switch to 2 terministic, the initialization does have in it all the informa-

molecular dynamu_:s calculation in Wh'c.h we will Iet_the SYS” tion of the asymptotic cluster distribution. We will continue
tem evolve according to standard classical mechanics. Nucl(?

; L X o call p the freezeout density.
tohns which slta3t/ to?;\afiher afteﬁr;a.rbltt:arlny Ior;g t'Tﬁ are pargpf For initialization, we assume that the nuclear part of the
s s S s e LeraEion S SITR-  btween neaest neighzrs and et
Lo : . otherwise. To begin a calculation we have to determine
gas model predictions. Obviously for this test to be mad

with the lattice gas model we should choose for disassembl hich of the sites nucleons occupy and what their momenta
9 : . . X . O¥re. The two samplings can be done independently of each
by molecular dynamics an interaction which suits the lattice

gas model the best. The potential should be deepest with th%ther' In a percolation model ¢ sites would be occupied

= -~ with an occupation probablityp=n/N by n nucleons in
value = € when the tv;;;_nucleons arg=1.842 fm apart gnd which each site has an equapriori probability. Because of
should fall to 0 before/2x 1.842 fm(the next nearest neigh- jnsaractions this is somewhat more complicated in our case.
bor interaction is zero in the lattice gas modélor distance | ot ;s assume we are handling the case where we will take
less than 1.842 fm the potential should quickly become re

. ) into account the Coulomb interaction explicitly in the initial-
pulsive (two nucleons cannot occupy the same)sitethe i, 41i0n  Starting with all lattice sites empty, the first nucleon
two prescriptions match for the yield(A), then we have

X X o ! (a proton or a neutron as dictated by a Monte Carlo decision
linked the lattice gas model prediction for the yie¥{A) s pyt at a site at random. If this first nucleon is a neutron
againstA to a more well-known and better understood mo-ihen the probability of occupation of its nearest neighbors is
lecular dynamics approach. Considering that the lattice gagroportional to expge) whereas all other sites have an occu-
model can be easily linked with percolation model this in pation probability proportional to 1. As usugs, is the in-
itself is quite interesting; we have provided a connection g se ofkT. These probabilities are now used to put in the
between percolation model results and molecular dynamicSacond nucleon. If the first nucleon was a proton and the
Which seem to address totally different scenario to start outo-ond one is a neutron then again the same probability of
with. Second, in case the two results match in the absence %fccupation will be used. But if the second nucleon is a pro-

a Coulomb field, we can, in the molecular dynamics ap+qn gisg then the above occupation probabilities are changed

proach find ogt what a I_arge Coulomb field, which canno'g b o proportional to exge— Bu,) for the nearest neighbors and
incorporated in the lattice gas model, can do to the yiel

Y(A) si he Coulomb i L i i di roportional to exp{pBu,) for the other sites where
(A) since the Coulomb interaction is easily incorporated in, _ 2/ 't peing the appropriate distance between the two

moIepuIar dynamics calculat.lons..We will give th‘? NECcesSalyattice sites. It is obvious how to repeat this procedure until
details of these two calculations in the next section.

. h biective | lecular d the prescribed number of protons and neutrons are obtained.
: Welrellteratet at ourzo Je_(:t've IS nc()jt_a mo ecgjl aL ynamyt js also obvious how to obtain the initial configuration
ics calculation as sucfi2,13; we use disassembly by mo- \hen the Coulomb force is not explicitly included. In that

lecular dynamics with a nuclear force that produces resulti,qe the prescription is identical with what was useiLi].
similar to those of lattice gas model. This work is focused \yia do some initializations where we take the Coulomb

tox\./arr]ds orll(ec(jquestlon obrllly: Wﬁ fask why tge :cat.l“c? gﬁs mod&heraction explicitly and some initializations when the Cou-
ngf worAe re:s_,fona y we Ior Arhpnf (f ais mrt] elcaselomb interaction is not taken into account separately. The
of Au on Au and if we can relate this failure to the large \,cjoqy part is always characterized by a strengthwhich

Coulomb field which is present in the second case. We notg e nearest neighbor type and has the same value irrespec-
also that the Coulomb interaction can be incorporated in Mitive of the isotopic spin. For a given nucleus the value af

crocanonical modelgl4,13. lower for the case when the Coulomb interaction is not ex-
plicitly added. This is required by demanding that the same
binding energy is obtained in both the prescriptions. In the

Motivation and details of the lattice gas model are givenother case when the Coulomb interaction is explicitly in-
in [1,2]. For completeness some of these details are provideduded the nuclear part of the interaction will lead to a larger

Il. DETAILS OF CALCULATION
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binding which will be somewhat compensated by the repul-
sive Coulomb part. For the cases dealt with herghanges F
by roughly 1 MeV. P Lattice Gas
For disassembly by molecular dynamics we approximate A,

the nuclear part of the force by a well-known parametrization [ \™ N=6> n=85
[16]: 10 N --- T/T.=0.5
. & — T/Te=1.0

102 ———— ——

T TP
-
-

v(r)

_[A[B(ro/r)P=(ro/r)%exd 1Ar/ro—a)], forriro<a,
|0, forr/rg=a.

)

Herer, is the distance between the centers of two adjacent

lattices. We have chosen=2, q=1, anda=1.3. The other 10

constantsA andB are chosen so that the potential acquires

the prescribed value- € at r=ry. With this potential the

interaction between two nucleons is zero when they are more

than 1.3, apart and the interaction begins to become 10

strongly repulsive for significantly less tharr,; yet the

potential is smooth enough that accurate numerical solutions

of time evolution of nucleons can be obtained. The time

evolution equations for each nucleon are, as usual, given by -3 i . o

(9pi/o"t=—2j¢iViv(rij) and&ri/&IZpi/m. 10 1 2
The lattice gas predictions for cluster production can only A

be calculated for the case where the Coulomb interaction is

not explicitly included but only through a lower value ef FIG. 1. The mass yield distributions obtained from the lattice

As mentioned already the cluster distribution is calculatedyas model for lattice N=6° and n=85, at temperatures

immediately after initialization. The lattice filling is done and T/7.=0.5, 1.0, and 1.5. Her§.=1.127% is the thermal critical

the momenta are then generated from a Monte Carlo samemperature.

pling of a Maxwell-Boltzmann distribution with a prescribed

temperature. Nucleons in two neighboring cells are consid- For molecular dynamics calculation after initialization we

ered to be part of the same cluster if the kinetic energy otlo the time propagation long enough so that for cluster pro-

relative motion is not Iarge enough to overcome the attracduction the asymptotic time has been reached. Two nucleons

tive interaction, i.e.p?/2u—e<0. Here u is the reduced are part of the same cluster if the configuration distance be-

mass and is equal tw/2. This definition is the simplest that tween them is less than t3 We stop the calculation after

one can provide and is physically reasonable. It should bénhe original blob of matter has expanded to 64 times it vol-

emphasized that it is by no means a unigue one. The preime at initialization. For low temperature this means doing

scription manages to reduce a many body problem of clustehe time evolution as long as 1000 fmAVe use a time step

production into a sum of independent two-body problemsof 0.1 fmc and update positions and momenta half a time

One can easily construct scenarios where this prescriptiostep apar{“leap frog” method). The energy conservation in

may underestimate the size of a cluster and scenarios wheogir calculation is accurate to within 1%. The program con-

this prescription may overestimate the size of a cluster. Iserves total momentum identically. Below we now consider

should be pointed out that this formula for bond formationspecific cases.

has the same structure as the one usefb]n Since each

Y(A) (arb. units)

T
—emm = —T3
Lol

T
BT |

\\;‘A'ﬁlﬂh’

Viggly

!
1

—_
(@}

particle obeys the Maxwell-Boltzmann distribution, the dis- . RESULTS
tribution of relative momentum between two particles is also
a Maxwell-Boltzmann, i.e., P(p,)=[1/(2mukT)%? In Ref. [1] we found that a freezeout density=0.3%,

X exd — pr/ZMkT] We can then write down a formula for gave the best fit with data. Here we present data with this
the bonding probability which is temperature dependent: ~freezeout density. A few calculations with a higher value of
freezeout density were also performed but only to ascertain
A7 oc that the trends of the results are not strongly dependent on
p=1- mﬁf e pr/z"kszdp (2)  the freezeout density employed.
K e Figure 1 shows the results of Y(A)—A plot of a lattice
gas calculation. This is a repeat of the type of calculation
done in[1,2]. The value ofe used is 3.7 MeV. This curve
e EKTEVGE should be compared with a molecular dynamics calculation
- 3) shov_vr_1 in Fig. 2. _Th|s ca}lculatlon uses _the samand no
Jo€ FKTEVAHE explicit Coulomb interaction. The similarity between Figs. 1
and 2 is quite striking and leads us to conclude that the
which is identical with the formula df6]. simple prescription of cluster counting is very reasonable. In

Switching to a variabld&= p,/2,u we get

p=1-
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Fig. 3 we have done a molecular dynamics calculation where
we explicitly put in the Coulomb interaction. Accordingly
FIG. 2. The mass yield distributions obtained from molecularthe value ofe has been increased from 3.7 MeV to 4.7 MeV.
dynamics calculations without the inclusion of the Coulomb inter-There are now some changes from the results of Figs. 1 and
action. The lattice size, number of nucleons, and temperatures a# but not a great deal. Especially the deduced value of the

the same for the corresponding curves in Fig. 1. sloper is again the lowest at= T and rises both below and
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FIG. 5. The charge yield distributions obtained from the mo-
FIG. 3. The same as Fig. 2, but the Coulomb interaction is takeecular dynamics calculation with the Coulomb interaction are
into account. shown.
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FIG. 6. The mass and charge yield distributions for Au on Au FIG. 7. The same as Fig. 6, but with the Coulomb interaction.
collisions obtained from the molecular dynamics without the Cou-
lomb interaction. the two cases. In onérig. 6) there is a minimum inr at

T=T,.. Asecond spike at =0.4T is indicative of a perco-

above this temperaturé, is 1.127% and is the critical tem- lating cluster. In Fig. 7 with explicit inclusion of the Cou-
perature in the lattice gas model. The results{f@re sum- lomb interaction, the percolating cluster has disappeared. We
marized in Fig. 4 where it is seen that the explicit inclusion
of the Coulomb interaction has not modified the predominant 7
characteristics observed in calculations without explicit in-
clusion of the Coulomb interaction. Here was obtained
from linear fits of fragmentation distributions inY(A) vs 6
InA plots. That is, 7 is determined by minimizing tha?
defined as

rE T e
N=10° n=394

@ M.D. with Coulomb
O M.D. without Coulomb

0
.
)

~
lIII|llIIlIIlIlIlII’IIIIlIIII
o
-
~
.
O]
\II1|I\IIlIIIIlIIIIlIIiIlIVII

-

-

~
N

x2=2i [F(A)—Fi]2 (4)

-
.
“

Here F(A;)=InY(A)= const- 7InA; is the fitted yield for
fragment of sizéd;, andF;=InY; is the corresponding simu-
lated yield. To maintain sufficient statistics and to exclude
the largest cluster, only fragments of sizes between 1 and 12 5
were used. In Fig. 5 for completeness we have shown a
Y(Z) againstZ curve. This is the type of curve that is typi-
cally presented as an experimental result. e e b e L
Figures 6, 7, and 8 give our results for Au on Au. We plot 0-5 ! 15 2 25
both Y(A) againstA and Y(Z) againstZ. For molecular T/Tc
dynamics without explicit inclusion of the Coulomb interac-
tion we have use@=3.7 MeV and for calculation with ex- FIG. 8. The value ofr in Au on Au collisions obtained from
plicit inclusion of the Coulomb interaction we have usedmolecular dynamics calculations with and without the Coulomb in-
e=4.7 MeV. However now the results are very different for teraction are plotted as a function of temperature.

o
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also see that below the critical temperature thalues from  Ar on Sc, namely that in the former case there is no mini-
the two calculations begin to diverge. With Coulomb explic-mum in the value ofr and that the value of can be signifi-
itly included the minimum inr has disappeared and one cancantly below 2.
get a value ofr much less than 2. These results are summa-

rized in Fig. 8. Our results are in qualitative agreement with

the experimental results for Au on Au. Experimental results

are given as a function of the beam energy and thus we need This problem started out as an effort to understand why
a conversion from temperature to beam energy. This convethe fragmentation data for Au on Au are so different from
sion needs to be done carefully because at initializationthat of Ar on Sc and if the data totally ruin all validity of the
which is the starting point of our calculation, we can expectsimple concepts used in the lattice gas model. The calcula-
that some energy is already in collective motion and does naion done here suggests that the lattice gas model is reason-
appear as thermal excitation. The model does not include thisble for medium mass collisions; it probably would have
aspect. In Ref[1] a phenomenlogical mapping of tempera- been as valid for collisions of very large masses but for the
ture to beam energy was deduced frf8i. As an estimate very large Coulomb force which begins to make its presence
only if we assume that at the initial time 3/8 of the initial felt and destroys the simple predictions. It has often been
energy is stored in collective motion then a beam energy ohssumed that the larger the system of colliding nuclei the
35 MeV/nucleon would correspond to @3 Our calculated better is the chance of learning about phase transition in
value of 7 is then 1.4 compared to the experimental value ofnuclear matter. However larger colliding masses also bring in
1.25 [10]. As in experimental data the calculatet{A) much larger Coulomb forces and it will be necessary to take
againstA deviates from a power law with higher excitation into account of the Coulomb effects before the signals for
energy. We nonetheless deduce a effective valuefadm a  phase transitions can be understood. With large masses the
very approximate fit and these are shown in Fig. 8. We remean field of the protons are very different from that of the
gard 7 as a measure of global feature W{A), although neutrons and theories must be able to treat them differen-
power-law fits are poor at high temperatures. To maintairtially. There clearly are needs for simple theories which are
sufficient statistics, we used fragments of size between 1 angble to handle this difference.

20 for high temperaturesT&T.) when heavier fragments

are rare. Eor low temperature§_<(:Tc) larger fra_gments ACKNOWLEDGMENTS
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