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Dynamical multifragmentation and spatial correlations
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The role of spatial correlations.e., the range of clusterizatipmlong 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 numbds): 25.70.Pq, 24.10.Lx

[. INTRODUCTION time. It has been reported by several autj@rd,15 that the
nuclei (generated in a semiclassical transport mpdek
It is now well accepted that multifragmentation is a com-stable for a typical time of about 200 fm/ This time is
plex phenomenon in nature which depends crucially on theéaken as the freeze-out time. The distribution obtained at the
incident energy of the projectile and on the geomédtrg.,  freeze-out time may not represent the final distributicon-
impact parameterof the reaction1]. At very low incident  sisting of cold fragments and nuclegnshich depends
energies, the excitation energy deposited in the system is tagirongly on the incident energy. At lower incident energies, it
small to allow the breakup of the nuclei into fragments. Withtakes a very long time whereas a relatively smaller time is
the increase in the incident energy, the nuGdier collision  needed at higher incident energies. In other words, the nucle-
can break into dozens of fragments consisting of light, meons and fragments at the freeze-out time may not be well
dium, and heavy fragmen{d]. The formation of the frag- separated and may still have interactions among themselves.
ments(and their sizg needs a correct understanding of the The immediate problem which comes under this physical
nucleon-nucleon correlations and interaction among thensondition is the choice of the value of the clusterization pa-
which differs in different physical conditions depending onrameter representing the cutoff limit. This range of cluster-
the system size and excitation energy available to the nuclezation parameter will be different in different physical situ-
ons. ations depending upon the excitation energy and density at
Theoretically, one would need to understand the range dtfhe freeze-out time. A discussion is also going on about the
the interaction and cutoff limit of spatial correlations for actual interaction range one should have in a semiclassical
fragments which depends on the average nucleon-nucleanodel. In a recent study, the longer interaction range in the
distance in a medium. As we know, all transport modelsquantum molecular dynamical model is reported to give
(developed to study the nuclear dynamics at intermediatenuch fewer fragments than detected in experiments
energiesfollow the evolution(and hence the phase sppoé  [10,13,14. Hence the range for the clusterization and inter-
the nucleons onlyf2—-13. Therefore, one has to look for action can play a role in the formation of the fragments. The
spatial correlations among different nucleons to bind themmost accepted range of the clusterization paranR{gk is
into groups of clusters. In a simple version of clusterizationbetween 2 and 5 frfi2—13]. At low excitation energies, mat-
one connects nucleons if their centroids are within a certaitter is quite compact and, as a result, the effect of different
distance. This chain process is also called the minimuntlusterization parameterg¢on the fragmentation pattern
spanning tree methofdl—13]. This limit on the distance is should be minimal, whereas a clear effect should be visible
related to the cutoff value of the interaction which variesat mild excitation energy. In several earlier publications, the
with different authord2,4,6,8,9,11 Apart from the simple authors have claimed that the role of different clusterization
spatial correlation method, other modifications and new clusparameters is marginal whereas some others claim that the
terization algorithms are also reported in the literafre—  effect of doubling the range of the clusterization is less than
13]. Among all, the spatial correlation method is the most25% [2—7,10. Another quantity related to the interaction
extensively used method. range is the width of the Gaussian distribution of nucleons
One should keep in mind that different clusterization al-which determines the interaction range of the particles and
gorithms give the same distribution at very late time wherenfluences the density distribution of finite systefds9]. As
matter is very diluted and the clusters are well separatediscussed in detail in Ref$4,9], the equation of state for
from each othef13,14. Similarly, different clusterization finite matter depends strongly on the value of the width cho-
parametergwhich represent the cutoff limit of the interac- sen and different Gaussian widths affect the fragmentation
tion between nucleonshould have a small role to play if the by 30-50 %]4,9].
system is very dilute and the nucleons are quite far from each Our present aim is to discuss the impact of the range of
other. The problem, however, is that all transport models aréhe clusterization parameter on multifragmentation. We shall
semiclassical in nature where, most of the time, nuclei do noshow that the impact of different clusterization parameters
have a true ground state. As a result, the nuclei may emiilepends strongly on a physical situation like on the excita-
nucleons and/or may disintegrate into clusters after som#on energy of the system and also on the phase space of
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nucleons. We shall discuss its role for asymmetric as well athe stability of nuclei generated. Ideally, a time dependent
symmetric reactions where different excitation energies exwidth of the Gaussian should be used. Some attempts with
ist. Apart from the excitation energy, the physical ingredientdimited success have been made in this direcfitd]. Some

(in a mode) like the equation of state, momentum depen-authors have even used a system dependent Gaussian width
dence of the interaction, and the nucleon-nucleon cross sef8]. The Gaussian width for a particular nucleon is chosen in
tion (whose magnitude in the medium is still not clealso  a way so that maximum stability of the nucleonic density
influence the nuclear dynamics strongl$,8,11,12. We  profile can be achieved. Hartna¢B], for example, used
shall discuss the role of different clusterization ranges in thelL=8.66 fn? for Au whereas it is 4.33 fffor the Ca
presence of different physical situations. It is important tosystem. In our present case, a constant value bf 4
mention that the studies reported in the past about the impaet4.33 fn? is used. This value is referred hereaftel §§"¢

of the range of clusterization on fragmentation are based onwhereas a double widtti.e., 8.66 fn?) is labeled ad Pr°2d,
single physical situation which does not represent the gener@ detailed study of the effect of different interaction ranges
behavior[2—-7,15. For example, ir{4,6], the effect of dou- on different observable is carried out in Reff4,9]. As dis-
bling the clusterization parameter is claimed to be either negeussed in Refd4,9], an extended wave packgte., L°r°a%
ligible or its impact is less than 20%. We shall show that thiswill connect a large number of nucleons in a fragment and,
is only true if a simple static equation of state is used. Thisas a result, it will generate heavier fragments compared to
effect can be drastic if momentum dependent interactions arge one obtained with a smaller width. The effect of doubling
taken into account. In other words, we shall show that thehe width(that is, by takind-$2"9andL""°2% was drastic on
clusterization parameter needs to be chosen carefully whicftagmentation as the latter reduces the multiplicity of inter-
also depends on the range of the interaction one is using. Wediate mass fragments to a large extent. One should, how-
shall here use the quantum molecular dynami@MVD) ever, keep in the mind that this effect depends on the physi-
model[2—-10,12-14to follow the reaction dynamics which cal situation and condition.

is discussed briefly in Sec. Il. The details of the formalism The centroid of each wave packet propagates within clas-
can be obtained in Ref§2,8] The results are discussed in sical equations of motiof2,8]

Sec. Il and finally we summarize the results in Sec. IV.

Il. MODEL dFi dH 3
' dt dp;’

The quantum molecular dynamics mod2]8,9] is based
on the molecular dynamics picture where nucleons interact -
via two- and three-body interactions. The explicit two- and ﬁ: _ d_H (4)
three-body interactions lead to the preservation of the fluc- dt dFi '
tuations and correlations which are important fétbody
phenomena like multifragmentation. where the Hamiltonian is given by

In QMD, the (successfully initialized nuclei are boosted
towards each other with proper center-of-mass velocity using -5
relativistic kinematics. Here each nucleon is represented by a H= 2 b 1 \tot (5)
Gaussian wave packet with a widtiL centered around the T o2m '
mean positiorr;(t) and the mean momentum(t):
Our total interaction potential'°* reads

¢i(F,5,t)= m el ~ [T =014} glipi(v)-1/A] (1) V1Ot \/106 4 \/Yuk 4 \/Coul, \MDI ®
The Wigner distribution of a system withr+Ap nucle-  HereV!'°¢, vCoul vYuk andyMP! are, respectively, the local
ons is given by Skyrme, Coulomb, Yukawa, and momentum dependent in-
ArtAp teractions(MDI's). The Yukawa interaction is essential for
- 1 ([T (01228} of — [P Py (0] 22L/82) the surface effects. The momentum dependent part of the
f(r.p.t)= iZl (q-rﬁ)3e € ' interaction(which is obtained by fitting the real part of the

2) optical potential acts strongly in the cases where the system
is mildly excited[4,12]. In this case, the MDI is reported to

with L=1.08 fn?. In other words, the rms radius of a generate a lot more fragments compared to the static equa-
nucleon is about 1.8 fm and hence is almost twice as large d#n of state. For a detailed discussion of the different equa-
that obtained from electron scattering. A smaller valué.of tions of state and momentum dependent interactions, we re-
is excluded because the nuclei would become unstable aftéer the reader to Ref$1,4,8,12. If two nucleons come too
initialization. Thus, this value oL presents the limit for a close d<+oyn/7; 0Ny IS the nucleon-nucleon cross sec-
semi classical theory. As noted in R¢®], the value ofL  tion), they are bound to collide depending upon the available
determines the interaction range of the particle and influphase space. For a discussion of the different forms of
ences the density distribution of a finite system. In a seminucleon-nucleon cross sections and their effect on different
classical theory, this parameter is chosen by keeping in mindbservables, the reader is referred to REZs4,8,13.
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100043 Tan b=8fm T ZTm 600 200 fm/c is needed to pin down the content of free nucle-
45 W ons. Apparently, the heaviest fragment is a remnant of the
spectator matter and hence is detached from the rest of sys-
tem much earlier. Note that the difference in the emission of
nucleons at low and high energies is that it is the heaviest
fragment which emits the nucleons at lower energies whereas
IMF’s (and also LMF’s to a good extenare responsible for
their emission at higher energies. The LMF's and IMF’s in
the present case are produced in a coalescence picture and,
therefore, these are excitdthis point will be further dis-
cussed in the following paragraphs\ote that the IMF’'s
(with Rgjus=4 fm) decrease from 13.4 to 2.8 at the end of
the reaction. In contrast, the very same distribution is quite
stable at 100 MeV/nucleon. The nucleons bound in frag-
ments at 600 MeV/nucleon have a very large relative mo-
mentum. Very astonishingly, a small value @&®;s
(=2 fm) does not detect a single nucleus at the start of the
reaction, indicating artificial emission of the nucleons.

This point which is further checked for the reactions of
Cat Ca, Nbt+Nb, O+ Br/O+ Ag, and Xet+ Sn demonstrates
that a large number of nucleons are emitted WRR,
=2 fm. This result rather points towards the problem of
generating cold and stable nuclei in a semiclassical model. It
seems that the nuclei produced in QMD are excited and,
thus, a very small value dR,s leads to artificial emission

of nucleons at the start of the reaction. In another attempt
o' P EETTRET R 53\'1-56—'1_56_'503 [see Fig. 1b)] we also imposed &relative momentum cut
Time (fm/c) (of the order of the Fermi momentyron nt_u_:k_aons. We_ find
that now everR;,s=3 fm leads to an artificial emission of

FIG. 1. The time evolution of the heaviest fragmexit®*, free  nucleons. We know that the mean distance between nucleons
nucleons, light mass fragments<€2<4), and intermediate mass is much smaller than this value; therefore, this artificial emis-
fragments (5<A<65) as a function of time. The upper part is sion again points towards the true ground state of a nucleus
using the standard MST approach whereas the lower part denotgghich is still not achieved in a semiclassical theory. Com-

Free—Nucl.

IMF's

Free—Nucl.

IMF's

the results with a momentum c(gee the tejt paring Figs. 1a) and 1b), we see that the pattern in both
cases is quite similar. One should keep in mind that the
Il. RESULTS AND DISCUSSION present system is highly excited and, therefore, a larger range

of clusterization parameters will yield heavier fragments

We here simulate the reactions for different system siz&ompared to a smaller range. A smaller range will generate
effects, excitation energies, and colliding geometry. Themore nucleons compared to larger ranges. As has been noted
nuclear equation of state is fixed as a stiff equation of staténh Ref. [12], a cut in the relative momentum of nucleons
until stated explicity. The energy dependent nucleon-helps in avoiding the creation of weakly bound fragments.
nucleon cross sectioffitted by Cugnohis taken until stated Let us take Au-Au at 600 MeV/nucleon as an example and
explicitly. We shall also use an isotropic and constant crossook for IMF production without a momentum cutvith
section of 40 mb for the discussion. This is denotedsy ~ R.,<=4 fm). The IMF's decrease from their peak value
The reaction dynamics is followed until 200 fomand then (=13.4) to about 2.8 at 200 fro/ whereas with a momen-
clusterization is performed with the minimum spanning treetum cut(i.e., with MSTM), IMF’s just decrease from 7.3 to
method until stated explicitly. In some cases, a momentuni.0, indicating that the momentum cut has a clear role to
cut will also be imposed. This extension is labeled as thelay. From Fig. 1, one also sees that different valueR @fs
minimum spanning tree with momentum dSTM) [12]. have some effect on the multiplicity of fragments at the

Figure Xa) displays the evolution of heaviest fragment freeze-out time. This effect reduces if one goes to 300cfm/
AMaX freely emitted nucleons, light mass fragme(itsIF’'s)  or later times.
(2<A<4), and intermediate mass fragmeritMF’s) (5 It has been discussed in R¢€] that different ranges of
<A=®65) produced in central Au-Au reactions at 600 MeV/ the interaction forcérepresented by the width of the Gauss-
nucleon. As expected, a larger valueRy,s needs a longer ian of nucleony affect the fragmentation drastically. Natu-
time to detect the stable heaviest fragma&R®* For a real- rally, heavier fragments will be formed if a larger value of
istic value ofR,s (3 fm=R <=5 fm), a typical time of the width is used. This width is associated with the stability
100 fmfc is needed to pin down the heaviest fragment. Onof the nuclei generated in a semiclassical model and a lot of
the other hand, the time evolution of free nucleons, LMF’s,discussion has been made about the range of the interaction.
and IMF’s predicts a different picture. Here a typical time of It would be of interest to study the role of different interac-
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FIG. 2. The mass yielddN/dA using the standard Gaussian i o ¥10
i ) . = 400 MeV/nucleon
width (L5"9 and broader Gaussian width{°3%). The displayed 1046 - P pA - 120104
reactions are, respectively, the central ¥Au at 100 and 600 Mass No. A
MeV/nucleon, central @ Ag and O+ Br at 200 MeV/nucleon, and )
central and peripheral XeSn at 400 MeV/nucleon. Her& s FIG. 3. The mass yielddN/dA using the standard Gaussian
=4 fm is used for the calculations. width LStand (left parh and broader width 29 (right pard. Here

three typical values oR;,s=2, 4, and 8 fm are chosen and central

tlor_};anges und(—i‘(rj (_jlffs_rerllt exgltatlFo_n ezn?rgltehs. fi freactions of Au-Au at 100 and 600 MeV/nucleon and+®Br at
€ mass yield 1S displayed In Fig. 2 for the reactions Olyn, yvev/nucleon are displayed along with peripheral>&n at

central Aut-Au at 100 and 600 MeV/nucleon, central O 455 mev/nucleon.

+Br/Ag at 200 MeV/nucleon, and XeSn at 400 MeV/

nucleon. The two typical values of the Gaussian widtd.,  within the range of the interactidilusterization, the differ-
LstandgandlProad) gre taken for discussion. As noted in Refs. ent values of the Gaussian width will have a role to play. It
[4,9], the Aut+ Au reaction at 100 MeV/nucleon has a fewer means that if we go to very low energiésay, 25 MeV/
number of IMF’s if a broadefextende§l Gaussian width is nucleon, matter is so closely placed that no effect of differ-
used. At the same time, heavier fragments are obtained. Thent Gaussians should exist. Clearly, the impact is drastic if
is understandable because in the case of broader Gaussiatis system is mildly excited.

the particles in a cluster are bound to a larger number of To further investigate this point, we also studied the col-
other nucleons inside a cluster. A smaller width leads tdision rate for different systems with broader and narrow
fluctuations which results in a larger number of light andGaussians. We found that the maximum collision rate for
intermediate fragments. One sees that similar behavior exis&u+ Au at 100 MeV/nucleon and 600 MeV/nucleon and for
for most of the reactions. A careful look shows that the im-O+ Ag at 200 MeV/nucleon is, respectively, (), 5545),

pact of a broader Gaussian is also linked to the excitatiomnd 43) with broader(narrow) Gaussians. Because of the
energy of the system. The impact of a broader Gaussiararger range of the interaction, a higher collision rate is ex-
width is larger if the system is mildly excitedike O+ Br, pected with broader Gaussians. Further, the difference in the
O+Ag, or Xet+Sn at peripheral geomejryHowever, the collision rate increases when the system is mildly excited,
impact of a broader Gaussian decreases if the excitation efrdicating a strong effect in mildly excited systems. It is
ergy is quite largélike central Aut Au at 600 MeV/nucleon worth mentioning that a broader Gaussian leads to more ex-
or Xe+Sn at 400 MeV/nucleon The above dependence on cited fragments which needs a much larger time to deexcite
the excitation energy of the system is understandable asompared to narrow Gaussians.

larger excitation energies lead to more collisions and scatter- In Fig. 3, we display the mass yields using a narrow and
ing which destroys the initial correlations among nucleons. Ifbroader Gaussian with different ranges of clusterization pa-
the nucleons are very far off, no impact of different Gauss+tameter. Three typical reactions showing high, mild, and low
ians will be there. On the other hand, if the nucleons areexcitation energies are displayed. A single decreasing slope
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FIG. 4. The ratio of LMF/proton and IMF/proton as a function & _44 :
of Rgys- The upper and lower parts define the ratio with MST and=g - Au +Au b =3 fmj
MST + momentum cut, respectively. £ 30+ .

Bin

curves can be seen at very high energy which turns intc 204
two-component U-shape curves at lower excitation energies
indicating that partial fusion still exists at lower excitation 10+
energies(note that the two-component shape obtained in C

+Br reaction is absent in the experimen{d1,14,13. A L I T
comparison of left and right hand sides reveals that the use « E = 600 MeV/nucleon]

a broader Gaussian leads to heavier fragments. For examp " 0 5 100 150 200 0

the maximum in G- Br occurs at about 37 and 43 units using Time (fm/c)

narrow and broader Gaussians wi,,s=4 fm. A close

!OOk reveals that the effec_t of different_clusterization ranges pig s The average binding energy per particle as a function of

is not affected by the choice of Gaustc"an,s' One sees that fne. The left part displays the result with the standard Gaussian

all cases, a larger value of the clu_sterlzatlo_n paramgter leadSigth Lt and broader Gaussian widtt?™2d at Reje=4 fm

to heavier fragments and lesser light and intermediate fragynereas the right-hand side displays the curves using different val-

ments at low excitation energies, whereas a different picturges ofR_, . and the standard Gaussian width.

emerges at higher excitation energies. At 600 MeV/nucleon,

we see that a larger value of the clusterization parametghe multiplicity of LMF/IMF increases with an increase in

leads to more intermediate and light fragments. This differR.,s whereas emission of nucleons decreases W®iff}s,

ent response of the clusterization parameter at low anwhich leads to an overall increase in the ratio of LMF/proton

higher excitation energies is due to the fact that at low enerand IMF/proton. One also sees that the ratios are maximum

gies matter is compact and most of the initial correlations ardor lower incident energies which decreases with an increase

preserved. In this case, a smaller value of g, does not in the incident energies. With the increase in the energy,

allow heavy fragments to be formed, therefore leading to anore nucleons are emitted. The different valuesRgf,s

lot of intermediate mass fragments. On the other hand, dtave an effect at higher incident energies.

higher incident energies, most of the initial nucleon-nucleon We have also analyzed the stability of the fragments by

correlations are washed away and, hence, a larger value pfotting the time(in fm/c) at which the fragment yield is

the R; s binds many more nucleons in a fragment and thus iwithin =10% of its preceding time. Our analysis of Au

gives many more intermediate and heavy fragments. The re+ Au at 100, 250, 400, 600 MeV/nucleon a3 and 8 fm

sponse of a larger value &, in all cases is similar to the indicates that this critical time is about 140 ftnfor MST

one obtained with a broader and narrow Gaussian. From Fidgat 4 fm) which increases to 200 froMwith R.;,s=8 fm. In

3 it is quite clear that the role of different clusterization pa-addition, central collisions need the shortest time for the

rameters is more than marginal. emission of free nucleons whereas the longest time is needed
Apart from the production of different fragments, the ratio in peripheral collisions. Because of the very violent reaction

of different fragments also plays an important role in ourin central collisions, most of the nucleons are emitted quite

understanding. In Fig. 4, we display the ratio of LMF/proton early (between 20 and 40 fro), whereas in peripheral col-

and IMF/proton using different values &, between 3 lisions, first a compound nucleus is formed and, then, the

and 8 fm. We find that there is an increase in the ratio ofemission of nucleons takes place. Similar results are also

LMF/proton and IMF/proton with an increase Ry,,s. Itis  obtained for the Nb Nb reaction at different incident ener-

understandable when one looks at Fig. 1. Here we find thagies.
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FIG. 6. The relative probability R}, % as a function oRgs fragments(lower par} as a function ofR.y,. (we chose 2

fo_r the central reaction of XeSn at 400 MeV/nucIeon'. The upper', <Ry,=8 fm for the discussion We noticed a very small
middle, and lower parts are for free nucleons, LMF’s, and IMF'’s. . AR . . .
effect of different clusterization ranges with a static equation

Here we show the results calculated using the sfatiff) equation ! . . .
of state(EOS with standard nucleon-nucleon cross section, s’[aticOf state(EOS. The matter is compact with a static equation

EOS with isotropic cross section of 40 mb, and static EOS with?(;lztatl(:f\1 aggh;h;;f fc,)[Lee’ aﬁ%‘;%z;}[ﬁ#djeefuse ﬂgziltnci);t%l?gcﬁons
momentum dependent interaction, respectively. ) ’ P

(which act during the initial phase of the reaction when the
relative momentum is quite largeleflect the nucleons into

clusterization parameters and widths of the Gaussian i%he transverse direction, leading tq a §cattering of nucleons.
checked in Fig. 5. We find that a larger value of the cluster-" this case, a larger value 8, will bind more nucleons .

ization parameter or a broader Gaussian produces more eg?_to fragme_nts anql, ther_efo_re, one would expect a dras'_uc
cited fragments compared to a smaller value of the Cluster(_affect. The interesting point is that the nature of the effect is

ization parameter or a narrow Gaussian. The simple cause f&lm'lar in central and peripheral collisiogsee Fig. J. Look-

this different behavior lies in the fact that a large value of the!N9 at the variation in the yield witlR,s=3 and 4 fm, we

clusterization parametefsay, Ry,=8 fm) or a broader €€ that the static EOS yields about a 15% difference
! clus

. . : . . _whereas the MDI leads to about 30%. Similarly while going
Guassian binds a large number of neighboring nucleons int . .
fragments. These nucleons have a large relative momentu pm 4 to 6 fm, the static EOS changes the IMF production

; . y about 27% whereas with MDIs it goes to about 40%. By
and thus are bound to decay. A nominal valudzgf,s gives doubling Ry, (i.e., going from 4 fm to 8 fry the static

a binding energy of at least 4 MeV/nucleon in all cases. It 'Sequation of state gives about a 30—40 % change whereas this

worth mentioning that if a momentum cut is imposed, a dras- oes to about 65-70% when the momentum dependent

EZ |Srre1[:;rnovement in the binding energy of the fragments Cargquation of state is used. In other words, different physical

In order to quantify the effect of different ranges of clus- ?Ond't'onf and sf|tuhat|or?s gvea _dlfferent responsiao the d'lf'
terization, we define a relative probability as erent values of the clusterization parameters. The results
with the static equation of state are in agreement with Peilert
et al.[4] who have reported a change of the order of 25%. A
similar impact was also found in R¢fL1] where a study was
carried out for different radii used in the aggregation model.
Very little effect exists for the emission of nucleons and light

This quantity gives us the change in the multiplicity of dif- mass frggmenys. Note lthat a maximum effect exists for the
ferent fragments produced in one kind of equation of stat@roduction of intermediate mass fragments where nucleon-
over theR;,s=4 fm distribution. We choose the central nucle_:on cgrrelaﬂong and fluctuations play a very important
and peripheral reactions of XeSn at 400 MeV/nucleon. role in their production.

This peripheral reaction has a mild excitation energy where
one expects a large role of the different ranges of clusteriza-
tion. In Fig. 6, we display the free nucleofgper part, the We have presented a detailed analysis of the role played
light mass fragmentémiddle par}, and intermediate mass by spatial correlations and the range of interaction on frag-

The binding energy of the IMF’s produced with different

clus=4 fm

% .

orob [Mullg  —~[Mullg
Rel, > %=

ad [Mullg  —4 m

clus

frag

IV. SUMMARY
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mentation using the quantum molecular dynamics modelfind that the different clusterization parameter has a great
Several different system sizes and physical pictures wereffect if the momentum dependent interactions are present.
considered for a deeper understanding. We find that the

broader Gaussians have a stronger effect if the system is

mildly excited whereas its impact decreases if the system is ACKNOWLEDGMENTS
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