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Dynamical multifragmentation and spatial correlations
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The role of spatial correlations~i.e., the range of clusterization! along with the role of the range of interac-
tion is analyzed in multifragmentation within a quantum molecular dynamics model. We find that the effect of
different ranges of clusterization and interactions depends on the physical conditions and excitation energy of
the system. The impact of different clusterization ranges is more than marginal in the presence of a momentum
dependent interaction which is different than that obtained with a static equation of state.

PACS number~s!: 25.70.Pq, 24.10.Lx
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I. INTRODUCTION

It is now well accepted that multifragmentation is a co
plex phenomenon in nature which depends crucially on
incident energy of the projectile and on the geometry~i.e.,
impact parameter! of the reaction@1#. At very low incident
energies, the excitation energy deposited in the system is
small to allow the breakup of the nuclei into fragments. W
the increase in the incident energy, the nuclei~after collision!
can break into dozens of fragments consisting of light, m
dium, and heavy fragments@1#. The formation of the frag-
ments~and their size! needs a correct understanding of t
nucleon-nucleon correlations and interaction among th
which differs in different physical conditions depending
the system size and excitation energy available to the nu
ons.

Theoretically, one would need to understand the rang
the interaction and cutoff limit of spatial correlations f
fragments which depends on the average nucleon-nuc
distance in a medium. As we know, all transport mod
~developed to study the nuclear dynamics at intermed
energies! follow the evolution~and hence the phase space! of
the nucleons only@2–13#. Therefore, one has to look fo
spatial correlations among different nucleons to bind th
into groups of clusters. In a simple version of clusterizati
one connects nucleons if their centroids are within a cer
distance. This chain process is also called the minim
spanning tree method@1–13#. This limit on the distance is
related to the cutoff value of the interaction which vari
with different authors@2,4,6,8,9,11#. Apart from the simple
spatial correlation method, other modifications and new c
terization algorithms are also reported in the literature@11–
13#. Among all, the spatial correlation method is the mo
extensively used method.

One should keep in mind that different clusterization
gorithms give the same distribution at very late time wh
matter is very diluted and the clusters are well separa
from each other@13,14#. Similarly, different clusterization
parameters~which represent the cutoff limit of the interac
tion between nucleons! should have a small role to play if th
system is very dilute and the nucleons are quite far from e
other. The problem, however, is that all transport models
semiclassical in nature where, most of the time, nuclei do
have a true ground state. As a result, the nuclei may e
nucleons and/or may disintegrate into clusters after so
0556-2813/2000/62~5!/054602~7!/$15.00 62 0546
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time. It has been reported by several authors@2,4,15# that the
nuclei ~generated in a semiclassical transport model! are
stable for a typical time of about 200 fm/c. This time is
taken as the freeze-out time. The distribution obtained at
freeze-out time may not represent the final distribution~con-
sisting of cold fragments and nucleons! which depends
strongly on the incident energy. At lower incident energies
takes a very long time whereas a relatively smaller time
needed at higher incident energies. In other words, the nu
ons and fragments at the freeze-out time may not be w
separated and may still have interactions among themse
The immediate problem which comes under this physi
condition is the choice of the value of the clusterization p
rameter representing the cutoff limit. This range of clust
ization parameter will be different in different physical sit
ations depending upon the excitation energy and densit
the freeze-out time. A discussion is also going on about
actual interaction range one should have in a semiclass
model. In a recent study, the longer interaction range in
quantum molecular dynamical model is reported to g
much fewer fragments than detected in experime
@10,13,14#. Hence the range for the clusterization and int
action can play a role in the formation of the fragments. T
most accepted range of the clusterization parameterRclus is
between 2 and 5 fm@2–13#. At low excitation energies, mat
ter is quite compact and, as a result, the effect of differ
clusterization parameters~on the fragmentation pattern!
should be minimal, whereas a clear effect should be vis
at mild excitation energy. In several earlier publications,
authors have claimed that the role of different clusterizat
parameters is marginal whereas some others claim tha
effect of doubling the range of the clusterization is less th
25% @2–7,10#. Another quantity related to the interactio
range is the width of the Gaussian distribution of nucleo
which determines the interaction range of the particles
influences the density distribution of finite systems@4,9#. As
discussed in detail in Refs.@4,9#, the equation of state fo
finite matter depends strongly on the value of the width c
sen and different Gaussian widths affect the fragmenta
by 30–50 %@4,9#.

Our present aim is to discuss the impact of the range
the clusterization parameter on multifragmentation. We sh
show that the impact of different clusterization paramet
depends strongly on a physical situation like on the exc
tion energy of the system and also on the phase spac
©2000 The American Physical Society02-1
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JAIVIR SINGH AND RAJEEV K. PURI PHYSICAL REVIEW C62 054602
nucleons. We shall discuss its role for asymmetric as wel
symmetric reactions where different excitation energies
ist. Apart from the excitation energy, the physical ingredie
~in a model! like the equation of state, momentum depe
dence of the interaction, and the nucleon-nucleon cross
tion ~whose magnitude in the medium is still not clear! also
influence the nuclear dynamics strongly@4,8,11,12#. We
shall discuss the role of different clusterization ranges in
presence of different physical situations. It is important
mention that the studies reported in the past about the im
of the range of clusterization on fragmentation are based
single physical situation which does not represent the gen
behavior@2–7,15#. For example, in@4,6#, the effect of dou-
bling the clusterization parameter is claimed to be either n
ligible or its impact is less than 20%. We shall show that t
is only true if a simple static equation of state is used. T
effect can be drastic if momentum dependent interactions
taken into account. In other words, we shall show that
clusterization parameter needs to be chosen carefully w
also depends on the range of the interaction one is using.
shall here use the quantum molecular dynamics~QMD!
model @2–10,12–14# to follow the reaction dynamics which
is discussed briefly in Sec. II. The details of the formalis
can be obtained in Refs.@2,8# The results are discussed
Sec. III and finally we summarize the results in Sec. IV.

II. MODEL

The quantum molecular dynamics model@2,8,9# is based
on the molecular dynamics picture where nucleons inte
via two- and three-body interactions. The explicit two- a
three-body interactions lead to the preservation of the fl
tuations and correlations which are important forN-body
phenomena like multifragmentation.

In QMD, the ~successfully! initialized nuclei are boosted
towards each other with proper center-of-mass velocity us
relativistic kinematics. Here each nucleon is represented
Gaussian wave packet with a widthAL centered around the
mean positionrW i(t) and the mean momentumpW i(t):

f i~rW,pW ,t !5
1

~2pL !3/4
e$2[ rW2rW i (t)]

2/4L%e[ ipW i (t)•rW/\] . ~1!

The Wigner distribution of a system withAT1AP nucle-
ons is given by

f ~rW,pW ,t !5 (
i 51

AT1AP 1

~p\!3
e$2[ rW2rW i (t)]

2/2L%e$2[ pW 2pW i (t)]
22L/\2%,

~2!

with L51.08 fm2. In other words, the rms radius of
nucleon is about 1.8 fm and hence is almost twice as larg
that obtained from electron scattering. A smaller value oL
is excluded because the nuclei would become unstable
initialization. Thus, this value ofL presents the limit for a
semi classical theory. As noted in Ref.@9#, the value ofL
determines the interaction range of the particle and in
ences the density distribution of a finite system. In a se
classical theory, this parameter is chosen by keeping in m
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the stability of nuclei generated. Ideally, a time depend
width of the Gaussian should be used. Some attempts
limited success have been made in this direction@16#. Some
authors have even used a system dependent Gaussian
@8#. The Gaussian width for a particular nucleon is chosen
a way so that maximum stability of the nucleonic dens
profile can be achieved. Hartnack@8#, for example, used
4L58.66 fm2 for Au whereas it is 4.33 fm2 for the Ca
system. In our present case, a constant value ofL
54.33 fm2 is used. This value is referred hereafter asLstand

whereas a double width~i.e., 8.66 fm2) is labeled asLbroad.
A detailed study of the effect of different interaction rang
on different observable is carried out in Refs.@4,9#. As dis-
cussed in Refs.@4,9#, an extended wave packet~i.e., Lbroad)
will connect a large number of nucleons in a fragment a
as a result, it will generate heavier fragments compared
the one obtained with a smaller width. The effect of doubli
the width~that is, by takingLstandandLbroad) was drastic on
fragmentation as the latter reduces the multiplicity of int
mediate mass fragments to a large extent. One should, h
ever, keep in the mind that this effect depends on the ph
cal situation and condition.

The centroid of each wave packet propagates within c
sical equations of motion@2,8#

drW i

dt
5

dH

dpW i

, ~3!

dpW i

dt
52

dH

drW i

, ~4!

where the Hamiltonian is given by

H5(
i

pW i
2

2mi
1Vtot. ~5!

Our total interaction potentialVtot reads

Vtot5Vloc1VYuk1VCoul1VMDI . ~6!

HereVloc, VCoul, VYuk, andVMDI are, respectively, the loca
Skyrme, Coulomb, Yukawa, and momentum dependent
teractions~MDI’s !. The Yukawa interaction is essential fo
the surface effects. The momentum dependent part of
interaction~which is obtained by fitting the real part of th
optical potential! acts strongly in the cases where the syst
is mildly excited@4,12#. In this case, the MDI is reported t
generate a lot more fragments compared to the static e
tion of state. For a detailed discussion of the different eq
tions of state and momentum dependent interactions, we
fer the reader to Refs.@1,4,8,12#. If two nucleons come too
close (d<AsNN /p;sNN is the nucleon-nucleon cross se
tion!, they are bound to collide depending upon the availa
phase space. For a discussion of the different forms
nucleon-nucleon cross sections and their effect on differ
observables, the reader is referred to Refs.@2,4,8,12#.
2-2
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DYNAMICAL MULTIFRAGMENTATION AND SPATIA L . . . PHYSICAL REVIEW C 62 054602
III. RESULTS AND DISCUSSION

We here simulate the reactions for different system s
effects, excitation energies, and colliding geometry. T
nuclear equation of state is fixed as a stiff equation of s
until stated explicitly. The energy dependent nucleo
nucleon cross section~fitted by Cugnon! is taken until stated
explicitly. We shall also use an isotropic and constant cr
section of 40 mb for the discussion. This is denoted bysL.
The reaction dynamics is followed until 200 fm/c and then
clusterization is performed with the minimum spanning tr
method until stated explicitly. In some cases, a momen
cut will also be imposed. This extension is labeled as
minimum spanning tree with momentum cut~MSTM! @12#.

Figure 1~a! displays the evolution of heaviest fragme
Amax, freely emitted nucleons, light mass fragments~LMF’s!
(2<A<4), and intermediate mass fragments~IMF’s! (5
<A<65) produced in central Au-Au reactions at 600 Me
nucleon. As expected, a larger value ofRclus needs a longer
time to detect the stable heaviest fragmentAmax. For a real-
istic value ofRclus (3 fm<Rclus<5 fm), a typical time of
100 fm/c is needed to pin down the heaviest fragment.
the other hand, the time evolution of free nucleons, LMF
and IMF’s predicts a different picture. Here a typical time

FIG. 1. The time evolution of the heaviest fragmentAmax, free
nucleons, light mass fragments (2<A<4), and intermediate mas
fragments (5<A<65) as a function of time. The upper part
using the standard MST approach whereas the lower part den
the results with a momentum cut~see the text!.
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200 fm/c is needed to pin down the content of free nuc
ons. Apparently, the heaviest fragment is a remnant of
spectator matter and hence is detached from the rest of
tem much earlier. Note that the difference in the emission
nucleons at low and high energies is that it is the heav
fragment which emits the nucleons at lower energies whe
IMF’s ~and also LMF’s to a good extent! are responsible for
their emission at higher energies. The LMF’s and IMF’s
the present case are produced in a coalescence picture
therefore, these are excited~this point will be further dis-
cussed in the following paragraphs!. Note that the IMF’s
~with Rclus54 fm) decrease from 13.4 to 2.8 at the end
the reaction. In contrast, the very same distribution is qu
stable at 100 MeV/nucleon. The nucleons bound in fra
ments at 600 MeV/nucleon have a very large relative m
mentum. Very astonishingly, a small value ofRclus
(52 fm) does not detect a single nucleus at the start of
reaction, indicating artificial emission of the nucleons.

This point which is further checked for the reactions
Ca1Ca, Nb1Nb, O1Br/O1Ag, and Xe1Sn demonstrates
that a large number of nucleons are emitted withRclus
52 fm. This result rather points towards the problem
generating cold and stable nuclei in a semiclassical mode
seems that the nuclei produced in QMD are excited a
thus, a very small value ofRclus leads to artificial emission
of nucleons at the start of the reaction. In another attem
@see Fig. 1~b!# we also imposed a~relative! momentum cut
~of the order of the Fermi momentum! on nucleons. We find
that now evenRclus53 fm leads to an artificial emission o
nucleons. We know that the mean distance between nucle
is much smaller than this value; therefore, this artificial em
sion again points towards the true ground state of a nuc
which is still not achieved in a semiclassical theory. Co
paring Figs. 1~a! and 1~b!, we see that the pattern in bot
cases is quite similar. One should keep in mind that
present system is highly excited and, therefore, a larger ra
of clusterization parameters will yield heavier fragmen
compared to a smaller range. A smaller range will gener
more nucleons compared to larger ranges. As has been n
in Ref. @12#, a cut in the relative momentum of nucleon
helps in avoiding the creation of weakly bound fragmen
Let us take Au-Au at 600 MeV/nucleon as an example a
look for IMF production without a momentum cut~with
Rclus54 fm). The IMF’s decrease from their peak valu
(513.4) to about 2.8 at 200 fm/c, whereas with a momen
tum cut ~i.e., with MSTM!, IMF’s just decrease from 7.3 to
1.0, indicating that the momentum cut has a clear role
play. From Fig. 1, one also sees that different values ofRclus
have some effect on the multiplicity of fragments at t
freeze-out time. This effect reduces if one goes to 300 fmc
or later times.

It has been discussed in Ref.@9# that different ranges of
the interaction force~represented by the width of the Gaus
ian of nucleons! affect the fragmentation drastically. Natu
rally, heavier fragments will be formed if a larger value
the width is used. This width is associated with the stabi
of the nuclei generated in a semiclassical model and a lo
discussion has been made about the range of the interac
It would be of interest to study the role of different intera

tes
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JAIVIR SINGH AND RAJEEV K. PURI PHYSICAL REVIEW C62 054602
tion ranges under different excitation energies.
The mass yield is displayed in Fig. 2 for the reactions

central Au1Au at 100 and 600 MeV/nucleon, central
1Br/Ag at 200 MeV/nucleon, and Xe1Sn at 400 MeV/
nucleon. The two typical values of the Gaussian width~i.e.,
LstandandLbroad) are taken for discussion. As noted in Re
@4,9#, the Au1Au reaction at 100 MeV/nucleon has a few
number of IMF’s if a broader~extended! Gaussian width is
used. At the same time, heavier fragments are obtained.
is understandable because in the case of broader Gaus
the particles in a cluster are bound to a larger numbe
other nucleons inside a cluster. A smaller width leads
fluctuations which results in a larger number of light a
intermediate fragments. One sees that similar behavior e
for most of the reactions. A careful look shows that the i
pact of a broader Gaussian is also linked to the excita
energy of the system. The impact of a broader Gaus
width is larger if the system is mildly excited~like O1Br,
O1Ag, or Xe1Sn at peripheral geometry!. However, the
impact of a broader Gaussian decreases if the excitation
ergy is quite large~like central Au1Au at 600 MeV/nucleon
or Xe1Sn at 400 MeV/nucleon!. The above dependence o
the excitation energy of the system is understandable
larger excitation energies lead to more collisions and sca
ing which destroys the initial correlations among nucleons
the nucleons are very far off, no impact of different Gau
ians will be there. On the other hand, if the nucleons

FIG. 2. The mass yieldsdN/dA using the standard Gaussia
width (Lstand) and broader Gaussian width (Lbroad). The displayed
reactions are, respectively, the central Au1Au at 100 and 600
MeV/nucleon, central O1Ag and O1Br at 200 MeV/nucleon, and
central and peripheral Xe1Sn at 400 MeV/nucleon. HereRclus

54 fm is used for the calculations.
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within the range of the interaction~clusterization!, the differ-
ent values of the Gaussian width will have a role to play
means that if we go to very low energies~say, 25 MeV/
nucleon!, matter is so closely placed that no effect of diffe
ent Gaussians should exist. Clearly, the impact is drasti
the system is mildly excited.

To further investigate this point, we also studied the c
lision rate for different systems with broader and narro
Gaussians. We found that the maximum collision rate
Au1Au at 100 MeV/nucleon and 600 MeV/nucleon and f
O1Ag at 200 MeV/nucleon is, respectively, 10~7!, 55~45!,
and 4~3! with broader~narrow! Gaussians. Because of th
larger range of the interaction, a higher collision rate is e
pected with broader Gaussians. Further, the difference in
collision rate increases when the system is mildly excit
indicating a strong effect in mildly excited systems. It
worth mentioning that a broader Gaussian leads to more
cited fragments which needs a much larger time to deex
compared to narrow Gaussians.

In Fig. 3, we display the mass yields using a narrow a
broader Gaussian with different ranges of clusterization
rameter. Three typical reactions showing high, mild, and l
excitation energies are displayed. A single decreasing s

FIG. 3. The mass yieldsdN/dA using the standard Gaussia
width Lstand ~left part! and broader widthLbroad ~right part!. Here
three typical values ofRclus52, 4, and 8 fm are chosen and centr
reactions of Au1Au at 100 and 600 MeV/nucleon and O1Br at
200 MeV/nucleon are displayed along with peripheral Xe1Sn at
400 MeV/nucleon.
2-4
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DYNAMICAL MULTIFRAGMENTATION AND SPATIA L . . . PHYSICAL REVIEW C 62 054602
curves can be seen at very high energy which turns
two-component U-shape curves at lower excitation energ
indicating that partial fusion still exists at lower excitatio
energies~note that the two-component shape obtained in
1Br reaction is absent in the experiments! @11,14,15#. A
comparison of left and right hand sides reveals that the us
a broader Gaussian leads to heavier fragments. For exam
the maximum in O1Br occurs at about 37 and 43 units usin
narrow and broader Gaussians withRclus54 fm. A close
look reveals that the effect of different clusterization rang
is not affected by the choice of Gaussians. One sees th
all cases, a larger value of the clusterization parameter le
to heavier fragments and lesser light and intermediate f
ments at low excitation energies, whereas a different pic
emerges at higher excitation energies. At 600 MeV/nucle
we see that a larger value of the clusterization param
leads to more intermediate and light fragments. This diff
ent response of the clusterization parameter at low
higher excitation energies is due to the fact that at low en
gies matter is compact and most of the initial correlations
preserved. In this case, a smaller value of theRclus does not
allow heavy fragments to be formed, therefore leading t
lot of intermediate mass fragments. On the other hand
higher incident energies, most of the initial nucleon-nucle
correlations are washed away and, hence, a larger valu
theRclus binds many more nucleons in a fragment and thu
gives many more intermediate and heavy fragments. The
sponse of a larger value ofRclus in all cases is similar to the
one obtained with a broader and narrow Gaussian. From
3 it is quite clear that the role of different clusterization p
rameters is more than marginal.

Apart from the production of different fragments, the ra
of different fragments also plays an important role in o
understanding. In Fig. 4, we display the ratio of LMF/prot
and IMF/proton using different values ofRclus between 3
and 8 fm. We find that there is an increase in the ratio
LMF/proton and IMF/proton with an increase inRclus . It is
understandable when one looks at Fig. 1. Here we find

FIG. 4. The ratio of LMF/proton and IMF/proton as a functio
of Rclus . The upper and lower parts define the ratio with MST a
MST 1 momentum cut, respectively.
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the multiplicity of LMF/IMF increases with an increase in
Rclus whereas emission of nucleons decreases withRclus ,
which leads to an overall increase in the ratio of LMF/proto
and IMF/proton. One also sees that the ratios are maximu
for lower incident energies which decreases with an increa
in the incident energies. With the increase in the energ
more nucleons are emitted. The different values ofRclus
have an effect at higher incident energies.

We have also analyzed the stability of the fragments b
plotting the time~in fm/c) at which the fragment yield is
within 610% of its preceding time. Our analysis of Au
1Au at 100, 250, 400, 600 MeV/nucleon atb53 and 8 fm
indicates that this critical time is about 140 fm/c for MST
~at 4 fm! which increases to 200 fm/c with Rclus58 fm. In
addition, central collisions need the shortest time for th
emission of free nucleons whereas the longest time is need
in peripheral collisions. Because of the very violent reactio
in central collisions, most of the nucleons are emitted qui
early ~between 20 and 40 fm/c), whereas in peripheral col-
lisions, first a compound nucleus is formed and, then, th
emission of nucleons takes place. Similar results are al
obtained for the Nb1Nb reaction at different incident ener-
gies.

FIG. 5. The average binding energy per particle as a function
time. The left part displays the result with the standard Gaussi
width Lstand and broader Gaussian widthLbroad at Rclus54 fm
whereas the right-hand side displays the curves using different v
ues ofRclus and the standard Gaussian width.
2-5
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JAIVIR SINGH AND RAJEEV K. PURI PHYSICAL REVIEW C62 054602
The binding energy of the IMF’s produced with differe
clusterization parameters and widths of the Gaussian
checked in Fig. 5. We find that a larger value of the clust
ization parameter or a broader Gaussian produces more
cited fragments compared to a smaller value of the clus
ization parameter or a narrow Gaussian. The simple caus
this different behavior lies in the fact that a large value of
clusterization parameter~say, Rclus58 fm) or a broader
Guassian binds a large number of neighboring nucleons
fragments. These nucleons have a large relative momen
and thus are bound to decay. A nominal value ofRclus gives
a binding energy of at least 4 MeV/nucleon in all cases. I
worth mentioning that if a momentum cut is imposed, a dr
tic improvement in the binding energy of the fragments c
be seen.

In order to quantify the effect of different ranges of clu
terization, we define a relative probability as

Relf rag
Prob %5U@Mul#Rclus

2@Mul#Rclus54 fm

@Mul#Rclus54 fm
U

f rag

% .

This quantity gives us the change in the multiplicity of d
ferent fragments produced in one kind of equation of st
over the Rclus54 fm distribution. We choose the centr
and peripheral reactions of Xe1Sn at 400 MeV/nucleon
This peripheral reaction has a mild excitation energy wh
one expects a large role of the different ranges of cluster
tion. In Fig. 6, we display the free nucleons~upper part!, the
light mass fragments~middle part!, and intermediate mas

FIG. 6. The relative probability Relf rag
Prob % as a function ofRclus

for the central reaction of Xe1Sn at 400 MeV/nucleon. The uppe
middle, and lower parts are for free nucleons, LMF’s, and IMF
Here we show the results calculated using the static~stiff! equation
of state~EOS! with standard nucleon-nucleon cross section, sta
EOS with isotropic cross section of 40 mb, and static EOS w
momentum dependent interaction, respectively.
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fragments~lower part! as a function ofRclus ~we chose 2
<Rclus<8 fm for the discussion!. We noticed a very smal
effect of different clusterization ranges with a static equat
of state~EOS!. The matter is compact with a static equatio
of state and, therefore, a larger value ofRclus does not play a
role. In contrast, the momentum dependent interacti
~which act during the initial phase of the reaction when t
relative momentum is quite large! deflect the nucleons into
the transverse direction, leading to a scattering of nucleo
In this case, a larger value ofRclus will bind more nucleons
into fragments and, therefore, one would expect a dra
effect. The interesting point is that the nature of the effec
similar in central and peripheral collisions~see Fig. 7!. Look-
ing at the variation in the yield withRclus53 and 4 fm, we
see that the static EOS yields about a 15% differe
whereas the MDI leads to about 30%. Similarly while goi
from 4 to 6 fm, the static EOS changes the IMF producti
by about 27% whereas with MDIs it goes to about 40%.
doubling Rclus ~i.e., going from 4 fm to 8 fm!, the static
equation of state gives about a 30–40 % change whereas
goes to about 65–70 % when the momentum depend
equation of state is used. In other words, different phys
conditions and situations give a different response to the
ferent values of the clusterization parameters. The res
with the static equation of state are in agreement with Pe
et al. @4# who have reported a change of the order of 25%
similar impact was also found in Ref.@11# where a study was
carried out for different radii used in the aggregation mod
Very little effect exists for the emission of nucleons and lig
mass fragments. Note that a maximum effect exists for
production of intermediate mass fragments where nucle
nucleon correlations and fluctuations play a very import
role in their production.

IV. SUMMARY

We have presented a detailed analysis of the role pla
by spatial correlations and the range of interaction on fr

.

c
h

FIG. 7. Same as Fig. 6, but for Xe1Sn atb58 fm.
2-6



de
e
th

an
rth

eat
nt.

d

DYNAMICAL MULTIFRAGMENTATION AND SPATIA L . . . PHYSICAL REVIEW C 62 054602
mentation using the quantum molecular dynamics mo
Several different system sizes and physical pictures w
considered for a deeper understanding. We find that
broader Gaussians have a stronger effect if the system
mildly excited whereas its impact decreases if the system
highly excited as noted in Ref.@9#. The impact of different
clusterization parameters is also more than marginal
goes in the same direction as broader Gaussians. We fu
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e

ny

ss

05460
l.
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e
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d
er

find that the different clusterization parameter has a gr
effect if the momentum dependent interactions are prese
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