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Model ingredients and multifragmentation in symmetric and asymmetric heavy ion collisions
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The relative role of the momentum-dependent interactions and larger nucleon-nucleon cross section is
discussed in multifragmentation using quantum molecular dynamical model. We find that the sensitivity of the
larger cross section towards multifragmentation reduces in the presence of momentum-dependent interactions
which makes it difficult to extract the magnitude of nucleon-nucleon cross section from multifragmentation.
However, a large effect of different cross sections can be seen if a simple static equation of state is used.

PACS numbds): 25.70.Pq, 24.10.Lx

[. INTRODUCTION of a full self-consistentG matrix in multifragmentation:
First, the nuclei propagating under the influence of the
The properties of nuclear matter at extreme conditions omatrix are stable only for typical times of 60 fo)/therefore,
density and temperatur@.e., the excitation energyhave at present th& matrix is not adequate for studying the mul-
been under study for the last couple of decades. It has begifragmentation[15]. Second, a fully reliable self-consistent
found in the experimental studies that the colliding nucleatheory is still not in hand. The Bruckner Hartree-Fock theory
matter can break into a large number of light particles anc¢cannot reproduce the saturation properties of the static
intermediate mass fragmern{tdF’s) depending upon the in- nuclear matter and further the change in the nucleon-nucleon
cident energy and the mass of the systen®]. This field cross section in medium is not clg&]. As noted in Ref[3],
(dubbed multifragmentatiornis among a few branches which even the exact direction of the nucleon-nucleon cross section
are aspirants of investigating the properties of nuclear mattan medium is not known. Therefore, one often uses the pa-
at extreme condition$1—11]. The multifragmentation has rametrized forms both for the real and imaginary parts of the
been studied using a variety of nuclei and over a wide doG matrix. It is now well accepted to use a density-dependent
main of the incident energy. The experiments carried out folSkyrme-type interaction in place of the real part of &e
multifragmentation can be divided into symmetric and asym-matrix. By varying the parameters in the Skyrme parametri-
metric reactions. The former leads to higher compressiozation, one can study the different kinds of equations of
whereas the latter lacks the compression and therefore, state. This point of view, however, has not been very suc-
large part of the excitation energy is in the form of thermalcessful mainly due to fact that the heavy ion dynamics de-
energy[1,2]. One of the early attempts to study the multi- pends not only on the static equation of state but also on the
fragmentation was by Jakobssenal.[1] who measured the mean-field potentials in the whole and p plane which, in
charge particle distributiofalong with their kinetic energy general, is density and momentum dependent
spectra in *%0OFPAr induced reaction between 25 MeV/ [3,4,14,15,12,1p Though the static (momentum-
nucleon and 200 MeV/nucleon representing the fusion, fisindependentSkyrme potential is able to explain several ob-
sion, particle emission, and multifragmentation. These exservables in heavy ion collisions, the use of the momentum-
periments make a stringent test for any theoretical modedlependent interaction cannot be neglected primarily due to
designed for multifragmentatigri]. fact that in a typical heavy ion collisions, one observes a
Theoretically, the semiclassical dynamical models arepicture of two interpenetrating nuclei and as soon as the pro-
very useful in studying the evolution of the reaction and alsgectile and target begin to overlap, the interaction takes place
extracting knowledge about the equation of state an@mong nucleons of different nuclei which have large relative
nucleon-nucleon cross sectif®—14. In fact, the interaction momentum[15,16). Naturally, due to large relative momen-
among the nucleon@n a heavy ion reactioncan be studied tum, the projectile nucleons in the central collision region
within the G matrix where the real part of th& matrix  feel a strong repulsion from the neighboring target nucleons
represents the mean field and if the excitation energy is largeshich can be represented by the self-consis@matrix or
enough(to allow on-shell real scatteringthe G matrix be- by the momentum-dependent interactions. It is now well es-
comes complex with the imaginary part defining thetablished that the momentum-dependent interactions affects
nucleon-nucleon cross sectiof8,4,14,13. One should, the nuclear dynamics strongly. The parametrized form of the
therefore, use the same theory consistently to calculate thmomentum-dependent interactions can be obtained by a fit to
propagation and nucleon-nucleon collisions which takes carthe nucleon optical potential on experimental daa,13.
of the nucleon-nucleon correlations, density, and the envi- The nucleon-nucleon cross section, on the other hand, has
ronment of the medium. In other words, the mean-figld-  been of great interest in recent years. In principle, this should
tentia) and the cross section are related and cannot bbe derived from theG matrix by solving the Bethe-
changed independently. The potential is proportional to thé&oldstone equation. At low energies, the Pauli blocking of
gradient of the real part of the Bruckn& matrix whereas the intermediate energies plays a role, whereas the medium
the cross section is proportional {6|? [3,4,14,15. cross section tends towards the free nucleon-nucleon cross
There are, however, a few problems which forbid the usesection at higher energies. The problem with the in-medium
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nucleon-nucleon cross section is that its size and direction ipresence of the momentum-dependent equation of state or
a controversial issugs]. There are reports where a decreasenot. Further, we can use the multifragmentation to extract the
as well as increase in the cross section is found in the mgnagnitude of the nucleon-nucleon cross section or not. We
dium environment. In view of this, a large number of calcu-plan to discuss the above questions by taking both the sym-
lations (and Comparison with experimemtsxist where sev- metric as well as asymmetric reactions into account. We use
eral different varieties of nucleon-nucleon cross sections arée Wwell acceptedN-body quantum molecular-dynamical
used[17]. In a simple assumption of a hard-core radius of the(@QMD) model to calculate the propagation of the nucleons
nucleon-nucleon potential, one has often used a constant af¥pd the clusterization will be made within the simple spatial

isotropic cross section of 40 mb. Other calculations take a/orrelation method where two nucleons share the same frag-

isotropic and constant cross section with magnitude betweef€nt if their centroids are closer than 4 18,4,14. This

20 and 55 mb. One has even suggested to use either a simpi¥thod is also known as the minimum spanning t&T)
rescaling of the free nucleon-nucleon cross section or som@€thod. Itis worth mentioning that the response of different
form which depends on the density of the medi[&]. forms (and S|ze}s_ of_cross section also .depe_nds on .the
Among different candidates, the disappearance of the floAnethod of clusterization one is using. We fII’S.t discuss br!efly
(and the balance energfias been found to be a good can- the QMD mode! and t_hen present our ar_1aIyS|s. The detal!s of
didate for extracting the in-medium nucleon-nucleon crosdhe model and its various different versions can be obtained
section[17]. The method of comparing the calculatigmsth oM Refs.[3,4,14.
some assumed value and form of the nucleon-nucleon cross
sectior) with experiments to extract the magnitude of the
cross section suffers major problem because both the equa- The nucleons in the molecular-dynamics picture interact
tion of state and nucleon-nucleon cross section are intekjia two- and three-body interactions. The explicit two- and
related and also most of the observables depend on both. gree-body interactions lead to the preservation of fluctua-
give an example, most of the calculations reported for extijons and correlations which are important fésbody phe-
tracting the magnitude of nucleon-nucleon cross section Usgomena like multifragmentation. This is in contrast to one-
a static equation of Stﬁ{é.?] From the above diSCUSSion, it body dynamica| models which are good for Studying the one-
is clear that the momentum dependence of the equation @fody observables onl§3,4,14.
state is essential for a proper potential and in addition, its |n the QMD model, nucleons are represented by the

effect is not at all negligible in some of the observables. Wegaussian distribution and the equation of motion for their
discuss this point further by taking multifragmentation as arcentriods ¢; andp,) is given by
example where not many results are available on different

Il. THE MODEL

nucleon-nucleon cross sections and momentum dependence dr; dH

of the equation of state. dt  dp;’ (1)
As noted in Refs[3-5,8,1Q, a larger nucleon-nucleon

cross section and momentum dependence of the equation of dp; dH

state has a strong role to play if the system is mildly excited. at d_rl @)

This study was carried out for symmetric collisions only.

Now one is interested to see how different forms of thewhere the Hamiltonian is given by

nucleon-nucleon cross sectige.g., the popular energy de- 2

pendent, in-medium, and constant cross secliaffect the H=2 ﬂ+vtot 3)
fragmentation in the case of asymmetric reaction where a T 2m; '

large part of the energy is in the form of the thermal energy.

Second, up to now, we and others have studied the effect d¥ith

a Iayger nuqleon—nucleon Cross sec_tion in the presence of a \/tot— \/loc - \/Yuk 4 \/Coul 4 \/MDI (4)
static equation of state only. One is, naturally, tempted to

understand the behavior of the dynamics of a reaction in thelereV'°¢, VYUK vCoul andvMP! | represent, respectively, the
presence of a larger cross section and momentum depeBkyrme, Yukawa, Coulomb, and momentum-dependent
dence of the equation of state at the same time. The point tdVIDI) parts of the interaction. The interaction without the
note here is that both the momentum-dependent interactiondDI part is called the static interaction. The different values
and larger nucleon-nucleon cross section tend to destroy thaf the compressibility in the Skyrme force give the possibil-
initial correlations among nucleons. This will naturally resultity of looking for the role of different equations of state
in a further decrease in the fragments yield in the centratermed soft and hard equations of state. The inclusion of the
collision (due to the fact that most of the correlations aremomentum-dependent interactions are labeled as soft
already destroyedvhereas it will enhance the production at momentum-dependent(SMD) and hard momentum-
peripheral collisiongbecause the simple spatial correlation dependent interaction$iMD), respectively.

method is not able to detect the different closely placed or The G matrix at higher excitation energies becomes com-
overlapping fragmenjsAs noted above, the momentum de- plex in nature and its imaginary part acts like the collision
pendence of the equation of state is essential, therefore, natterm. We use here the energy-dependent cross section fitted
rally one would like to know whether the response of differ-by Cugnon and also the in-medium cross section derived
ent nucleon-nucleon cross sections remains the same in tlfim theG matrix. The limits of the possible size of the cross
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section will also be discussed by taking an isotropic and 0.25
constant cross section with the magnitude between 20 and 55 0.20 (E’J;B;O eV /mucleon O-+Ag
mb. For the discussion on the different cross section in the
present context, we refer the reader to R8f. ~ 0.15
B 010
lll. RESULTS AND DISCUSSION 3 0.05
=]
We present here the analysis for symmetric and asymmet- £ 0.00
ric reactions. One of the complete measurements for asym- g 0.20
metric reactions was done by Jakobssoml. [1] who mea- § 0.151/ T
sured the charge distribution of all kinds of fragments for ~ © ”\
incident energies between 25 and 200 MeV/nucleon. This 0.10 “x_.___?_______________ N
energy domain provides the possibility of fusion, fission, and 0.05
total disassembly of the matter. We, therefore, also compare 0.00
our results with the emulsion data. As noted by several au- 0 60 120 1800 60 120 180
thors, the emulsion experiments do not have very high sta- Time (fm/c)

tistics. In addition, the lower threshold of the fragment de- ) . )
tection is 05 MeV which also makes the exact FIG-1. The average density as a function of time. The left part

measurements more difficult. We do not apply any cut in oufS for O Br whereas the right part is for ©Ag reactions. The
calculations, and therefore the calculated protons may ove Jpper and lower parts are at 50 and 200 MeV/nucleon, respectively.
estimate thé observed number. We have also checked tH¥e display the results of simulations with soft and SMD equations
stability of the nuclei propa at.in under the momentum-o state with the Cugnon cross section and a constant cross section
d é’ tint fi pTr? 9 Ig' ithin MDI stéattif of 55 mb. The results with softCug, SMD+Cug, soft-55 mb,
ci?’:lpl))er(;n"leir;sig]ner(‘)e:‘c rlﬁjrlsl(.aonse :fl::grellévcl) f[lr?/ Whersegus Itl;le and SMD+55mb are displayed, respectively, with short dashed,

N . e solid, long dashed, and dash-double-dotted lines.
emission of IMF’s is unaffected by the destabilization of the
nuclei with MDI. Therefore, this comparison should, at IeaSt'smaIIer than at 50 MeV/nucleon. Interestingly enough, the

give us the trend of the relative role of the momentum-yensities with Cugnon and 55 mb cross sections at 50 MeV/
dependent interaction and larger cross section in the presengg jeon are nearly the same. The inclusion of momentum-
of each other. The emulsion analysis selects the highest 104, nendent forces leads to reduction in the density. Naturally,
events which represents the central collisions. It has beeg,q 15 the Pauli principle, almost all attempted collisions at
shown by a number of authors that the multiplicity of the 54 \ev/nucleon are blocked and thus a larger cross section
light charge particles and IMF's remains constant for theyoeg not make any difference. In contrast, due to the frequent
central impact parametef4,9]. In view of these calculations . \~leon-nucleon collisions at 200 MeV/nucleon, a larger
[4,9], we useb=0 for the reaction of @Ag and O+Br. AS ;444 section shatters the nuclear matter more and thus leads
far as symmetric reactions are concern, we shall examine thg |esser final-state density. Therefore, the maximal compres-

reaction of XerSn atb=8fm and at 400 MeV/nucleon. o is decided by the nature of equation of state, by the
Note that the maximum effect of the larger cross section a”%quation of state with or without momentum-dependent in-

momentum-dependent interaction was obtained for this reaGgaction rather than by the magnitude of nucleon-nucleon
tion and hence it is an ideal case to study the comparativg,ss section. If one correlates the final-state density with the
role of larger cross section and momentum-dependent inteymation of fragments, one would expect that the soft inter-

actions. In a recent report, the comparison of the ALADIN 5¢tions(with and without largerr) should give different re-
experiment with QMD (+MST) revealed that the model un- g jis compared to SMDwith and without collision at 50

derestimates the fragments drastically at peripheral collision§ev//nucleon. whereas some effects of larger nucleon-

[2]. Therefore, the present symmetric reaction will be alsaycleon cross section on fragmentation should be visible at
helpful to understand more about the above discrepancy. higher energies.

As discussed by us and others, the density of the system" |, Figs. 2 and 3, the time evolution is displayed for the
plays a crucial role in dgciding the_ fate of a reaction. Weq)jisions of O+Br and OtAg, respectively, at 50 and 200
define the average density of reaction as MeV/nucleon. The displayed quantities are the heaviest frag-
At Ap ArtAp mentA™® the light mass fragmentdMF’s) 2<A<4 and

(p)= 1 D 1 o= (=X)L 5) intermediate mass fragment$/F’s) which is defined as 5

ArtAp &1 & (27L)%? ’ <A=48 for O+Br and 5=A<62 for O+Ag reactions. We

have also checked the time evolution of the mass distribution

with x; andx; being the coordinates oth andjth nucleons, (not shown hergfor the collisions of G-Br and Ot+Ag,
respectively. In Fig. 1, we display the density for the systenrespectively, at three times, i.e., 60, 100 and 20@fnThe
of O+Br and Ot+Ag at the incident energy of 50 and 200 200 fm/c is taken as freeze-out time in view of the fact the
MeV/nucleon, respectively. Due to larger compression, awuclei, generated in molecular-dynamical model, are no
higher density is reached at 200 MeV nucleon compared ttonger stable after 200 fra/ In some cases, the multiplicity
50 MeV/nucleon. Whereas, due to a large number of colli-of the fragments continues to change even at 200 frivi
sions at 200 MeV/nucleon, the final-state density is muchhese cases, the reaction takes longer time. We in fact do not
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FIG. 2. The time evolution oA™; light mass fragments LMF's FIG. 3. Same as Fig. 2, but for the+@g reaction. Note that
(2=<A=4) and heavy mass fragments IMF's<®=<48) produced ow IMF’s are defined with masses<A<62.
in the O+Br reaction at 50 MeV/nucleofieft par and 200 MeV/
nucleon(right par) using soft and SMD with Cug and 40 mb cross soft equation of state with Cugnon cross section which is
sections, respectively. The results with SMB5 mb are also dis- followed by the soft-40 mb/SMD+Cug. The lightestA™
played for intermediate mass fragments. is obtained with SMB-40 mb. The difference i™ with

static EOS and all other combinations is larger compared to

know whether the contribution to the mass vyield afterthe later one. The above effect is also reflected in the forma-
200fmic is a real one or just spurious yield due to the de-tion of IMF's which follows the same trend lik&™. The
stabilization of fragments. Therefore, we stop the reaction agoft EOS generates much less IMF's compared to SMD
200 fm/c. Our calculations of the mass yield predicts two SMD+ 40 mb/soft- 40 mb which yield nearly the same num-
component shape with static equation of stéaad larger bers of IMF's close to 2.5 in the case oft®r and 3 in the
cross section This shape reduces to a greater extent oncéase of the GAg reaction. An additional extra large
the momentum-dependent interactions are taken into pictur@ucleon nucleon cross sectigr55 mb does not alter the
From Figs. 2 and 3, one can clearly see two distinguishe#esults appreciably. As reported in Rgt1], the measured
patterns which emerges at 50 MeV/nucléorwith the static ~ multiplicity of IMF’'s in O+Br/Ag is 5.6. The use of
equation of state andi) with momentum-dependent equa- MDI +large cross section at least reduces the disagreement
tion of state(EOS. As expected, the role of nucleon-nucleon with experimental data to a larger extetite MDI+55mb
collisions is negligible at 50 MeV/nucleon. On the average generates 2.5 and 3.5 IMF's, respectively, in-Br and
less than one collision per nucleon takes place at 50 MeVD+Ag reaction which is much larger to the IMF’s produced
nucleon. Naturally, the static equation of state preserve thwith the statie-Cug. option which yields 1.6 and 1.2 IMF's
correlations between nucleons and therefore, the heaviém O+Br and Ot+Ag reactions, respectivelyThe above pic-
A™ s obtained in static EOS compared to SMD. As a re-ture is not valid for LMF’s where SMB Cug. yields differ-
sult, lesser emission of LMF's and IMF’s follows in soft ent LMF's compared to SMB 40 mb. The former yield two
EOS compared to SMD. One cannot neglect the importanceMF’s less than the latter one. One has to keep in mind that
of momentum-dependent interactions at low incident enerthe LMF's are produced during the collision whereas IMF’s
gies. An entirely different scenario can be seen once we shifire the remnants of the target-spectator matter. Therefore, the
to higher incident energiesE= 200 MeV/nucleon) where different magnitude of the nucleon-nucleon cross section will
nucleon-nucleon collisions are quite important and the magyield different light mass fragment production. This argu-
nitude of different nucleon-nucleon cross sections plays anent is also evident from the saturation time of IMF’'s and
vital role. Now the average collision experienced by eachLMF’s. The saturation time for IMF's is about 100 fm/
nucleon is about 2 and the effect of the larger cross section iwhich is less compared to LMF's which is about 150ém/
more prominant. At least for the production of IMF’s, the role of momentum-

As expected, the heaviest fragment is detected in a statidependent interactions is unique at both incident energies.
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The inclusion of MDI leads to enhancement in the produc-

tion of IMF’s. One does not expect the different formda\if 300 Xe + Sn b = B fm| E = 400 MeV/nucleon 150
cross section to influence the results at low incident energies A

At higher incident energies, the role of the nucleon-nucleony zoo-ii \ r100_,
cross section depends on the equation of state. If one has i It
static equation of state, a larger effect of differ&itl cross 1001 50 <
sections can be seen on the multiplicity of intermediate mas:

fragments whereas if the momentum-dependent interaction )

are taken into account, the above effects are either negligible ’ ' —SMD 0

or their role is reduced. The apparent cause seems to be th. 18] S SMD + 55 mb 4

both the momentum-dependent interactions and the Iargef; 2

nucleon-nucleon cross section act in the same direction, i.e. < 121 =

they tend to destroy the initial correlations among nucleons o ©

which are very important for multifragmentation. Once the 61

MDI has broken the system into IMF’s and has destroyed the

initial correlations, the additionaIN cross section does not 0

yield much different results. It is important to note that this o

picture is valid when the system is mildly excited. © Rt 2
In the absence of nucleon-nucleon collisidgimsa Vlasov - z

mode, even the head on collisiob& 0 fm) yields two nu- Z 4l e

clei passing each other, because all initial correlations are @
preserved in a Vlasov mode. The inclusion of MDI deflect ; | ;
the particles in the transverse direction during the initial 0x =i e e Py

. i L 0 60 120 1800
phase of the reaction yielding a large flow. In a similar man- Time (fm /c)
ner, a larger cross section yields more collisions and more
destruction of the initial correlations, thus, yields also larger FiG. 4. The same as Fig. 2, but for the reaction of+8n at
flow. In recent studies on disappearance of flow, the balancg=g fm and at 400 MeV/nucleon.
energy(the energy at which attractive and repulsive interac-

tions balance each other and flow disappearas found to  flects them in the transverse direction. One sees from the
be sensitive towards both the momentum-dependent interagyyre that with MDI, there is early emission of fragments

tions and towards larger cross sectifitv]. On the other  compared to soft. Naturally, collisions start playing a role
hand, the use of static EOS leads to different spectrum oncgyring the same time.
a larger cross section is taken into account. Here the inclu- Tqjllustrate the relative role of the momentum-dependent

sion of larger cross section yields the same effects as th@teractions and nucleon-nucleon cross section, we rather de-
inclusion of momentum-dependent interactions. The picturgine a relative probability

is different for LMF’s which are produced during the colli-
sion where any additional effect in terms of cross section or
MDI yields 20% different results. We have also checked the Regragb/ =

(Mult)e" = (Mult) ™

average binding energy of LMF’s and IMF’s produced with rob” (Mult)"cug'
soft, soft- 40 mb, SMD and SMB-40 mb. In all cases, the
LMF’s have a typical binding energy of4 MeV/nucleon Here Mult stands for the multiplicity of the same kind of
whereas IMF’s have binding energy of the order-e6 to  particles with Cugnon or with larger cross section of 55 mb
—7 MeV/nucleon indicating that the fragments are properlyusing the same kind of equation of state. In other words, this
bound. relative probability defines the change in the multiplicity of

The above discussion is further strengthened by taking ththe same kind of fragments in the presence of larger cross
peripheral collision of Xe-Sn at 400 MeV/nucleon. In Fig. sections. We here take the static soft equation of state in one
4, we display theA™® free nucleons along with light, me- case and soft with momentum-dependent equation of state in
dium and intermediate mass fragments. We see a similasther case. The relative probability percentage is depicted in
trend like the one obtained for the case of the asymmetri¢ig. 5 for the central reaction of ©Br/Ag at 200 MeV/
reaction. In contrast to ®Br (which is less asymmetric nucleon and for the peripheral collisions of X8n at 400
compared to @ Ag), here we see the appreciable effect of MeV/nucleon. The displayed results are between 60 and
the large cross section in the presence of both the static equao0 fm/c. The left-hand side deals with IMF’'s whereas the
tion of state and the momentum-dependent interactions. Ormgght-hand side represents the LMF’s. Very interestingly, one
of the causes for this appreciable effect seems to be theees quite a different response of the larger cross section in
larger density in Xe-Sn collisions compared to the the presence of the simple static equation of state and
O+Br/Ag reaction. We have also examined these effects ilnomentum-dependent interactions. The maximum final ef-
central collisions of Xe-Sn and similar trends were ob- fect (of the large cross sectipnin the presence of
tained. As soon as the target and projectile overlap, thenomentum-dependent interaction is about 50% compared to
nucleons from these nuclei feels a large repulsion which deabout 600% with the static soft equation of state. Further one

‘X 100.
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800

= - - = = 7100 creases which cracks the spectator matter into fragments. As
Frag = IMF's Frag=LMF's O +Ag a result, we see a huge enhancement in the production of
e Soft IMF’s. From Figs. 2—4, one sees that th&* (at 200 fmk)
, ~*oswp __*/:*"‘\o in the soft equation of state is about 37, 62, and 85, respec-
2004 / \. Il ,7' LE LT tively, for the O+Br, O+Ag, and XetSn reactions. On the
S i other hand, the inclusion of larger cross sections in soft EOS
/ \.\. / leads to a decrease in th€"* and now it reads 15, 30, and
N * 56 which is well below the upper limit of IMF’s. In addition,
e L . the third largest fragments with soft EOS are below the
' ' ' ' " 0+Br lower limit of the IMF’s. Once the MDI is included, it leads
180 to strong repulsion for any pair of nucleons from the target
and projectile(due to large relative momentynand there-
—— fore, it again forbids the formation of heavy fragmefesy.,
the A" with MDI (using the normal cross sectijoreads 24,
\ TT /, *o _*"40 40, and 60, respectively, for €Br, O+Ag, and XetSn).
.

4001

%

Frag
Prob

200+

Rel

Under this physical picture, a further use of larger nucleon-
— ' nucleon cross sections may destroy the remaining nucleon-
0 s ST ; , Lo nucleon correlations. This will not make a difference for
heavy fragments as they are already counted in the IMF win-
800+ T / Xe + Sn dows, but can have a strong effect for light mass fragments.
- \'\ T/ 180 For example, in the XeSn reaction(see Fig. 4, the MDI

*/t oy

and MDI+55mb give nearly the same number of heavy
4001 A Lo H, fragments in the mass window between 20 and 65. Whereas
/ T w40 the light mass fragmenté6—9 mass windoyregister en-
y . hancement from 1.%with MDI) to 3.3 (with MDI+55 mb
. o . ‘ . which explain the major part of the enhancement in the pro-
50 100 150 200 50 100 150 - 200 duction of IMF’s with =55 in MDI (it enhances from 3.8
Time (fm/c) to 6.3. In other words, the effect of larger cross sections in
' the presence of MDI is confined to the further splitting of the

FIG. 5. The Rdi™6 as a function of time. The left and right lIght medium mass fragments and its effect is least for heavy

parts are for IMF's and LMF’s, respectively. Thet@g and O+Br  fragments. It seems that the momentum-dependent interac-

reactions are at 200 MeV/nucleon whereas the-%a reactionis at ~ ions (which act during the initial phase of the reaction
400 MeV/nucleon. along with the normal cross section are able to separate the

matter in the spectator and participant by pushing the spec-
also notices that the maximum effect in most of the casesator matter. In this case, the use of larger cross sections
occurs between 60 and 90 fowvhich (while looking at Fig.  increases the probability of nucleon-nucleon collision and
1) is the time when the reaction has finished and the matteiience plays a role in the participant zone and thus breaking
starts breaking into fragments due to the density fluctuationghe light medium fragment$ormed in the reactioninto still
Once the cracks and/or breaks are complatd 00 fmt) the  lighter fragments. In view of this, it will be difficult to ex-
relative enhancement in the yields seems to be saturating. Tieact knowledge about the magnitude of the nucleon-nucleon
understand thigbehavior of relative probability, we have to cross section from fragmentation. As noted above, there is a
keep in the mind that the clusterization is performed withinstrong effect of larger cross sections in the presence of static
spatial correlation method which takes care of the spatiatquations of state, but this effects reduces to a very small
coordinates only and no reference is made about the relatidevel once the momentum dependence of the equation of
momentum of nucleons. As a result, the nucleons with largatate is used.
relative momentum can be a part of the same fragment. Fur- We now compare the relative role of the cross section and
ther, as is evident from Figs. 2—4, the MST method will aequation of state by confronting the results with the experi-
give single fragment at the times of high density whichmental data of Jakobsson. In Figs. 6 and 7, we display our
seems to decay afterwards. In other words, the spatial correalculations with the experimental data of Jakobsebal.
lation method is not suited for the cases where the density isl]. We display in Fig. 6 our calculation of the soft equation
quite large and excitation energy is low. In all present threeof state with the constant cross section of 40 and 55 mb
cases, the system is mildly excited. In other words, the dealong with the energy-dependent cross section of Cugnon
struction in the initial nucleon-nucleon correlations seems tand in-mediunG-matrix cross section. In Fig. 7, the Cugnon
be very small(the major parts of the remnant seem to becross section is displayed along with a constant cross section
propagating with the same initial velocjtyA close look at of 40 and 55 mb. From Fig. 6, it is clear that the use of
the Xe+Sn reaction(Fig. 4) depicts that the heaviest frag- Cugnon orG-matrix cross sections gives nearly the same
ments(detected in MSTwith soft equation of state are big- results indicating that the role of in-medium effects in the
ger than the mass range defining the intermediate mass fragresent context is only marginal. At lower energies, all cross
ment. Once larger cross section is incorporated into the sofiections(which yield the same results, as expegtéll to
equation of state, the nucleon-nucleon collision rate inteproduce the experimental atomic charge identification.

i
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2
10 +
E—50 0 + Ag
t Soft
10 ® DATA —Cugnon 1
» - 40 mb E=100
10° {e - 56mb | O+Br
161 i - —G—matrix SOft

(X} 0}[‘“ 3
YA
o E ’

Yield (dN/dZ)

Yield (dN/dZ)

%

S|

161 1 ":'- .

10 1 N .
s V) 40 0 40 50
10 + + + Charge No. Z
4] 20 40 O 20 40 50
Charge No. Z FIG. 7. Same as Fig. 6, but for the4@g reaction and using

cross sections from Cugnon and constant cross sections of 40 and

FIG. 6. The atomic charge distributiachN/dZ as function of 55 mb only. The data is taken frofd].

charge for the reaction of ®Br. The displayed calculations are
using soft EOS with the cross sections from Cugr®matrix, and
a constant cross section of 40 and 55 mb. We also display the resufie agreement with experimental data. As far as the relative
of the G-matrix cross section. The dateepresented by a solid got importance of both ingredients is concerned, our study re-
is taken from Ref[1]. The units of energy are MeV/nucleon. veals that the role of MDI is essential and the use of larger
cross sections is optional once the MDI are included in the
Whereas at higher incident energies, the heavy fraggadént Hamiltonian. With the inclusion of MDI, the sensitivity of
served with Cugb-matrix cross sectionsdisappears if the the cross section is reduced. In the absence of MDI, the
simulations are carried with a larger cross section of 40nclusion of largero yields entirely different results. Both
mb/55 mb. A larger cross section, though, does not help at
low incident energies due to the forbidden space, it helps to 2

a larger extent to get rid of the heavy fragment at higher 101;?. E =50 MeV/nucleon E—200 MeV/nucieon
10
0

incident energies. We have also checked the results with the 0+Br !
hard equation of state which gives similar trends as obtained —Cug. %SMD ® DATA ]
with soft equation of state. \’ =55 mb )

In Fig. 8, we display the results of MDI with cross section > 10']® _
of Cugnon and 55 mb along with the experimental measure- @  _» %,,J.-‘-. ::
ments of Jakobssoat al. [1]. We see no difference at 50 2z ~ 1} !
MeV/nucleon with or without larger cross section. At 200 N 10°

MeV/nucleon, the use of SMD withr=55 mb improves the % ! 0+ Ag
results a little bit. A larger cross section alone is not enough i 10
to explain the emulsion data at 200 MeV/nucleon. The inclu- i —DATA
sion of the momentum-dependent interactions are essential tc 10 ¢
explaining the data. Our conclusion is also supported by the _a
earlier analysis of Leragt al.[10]. 10 T .«
—4 W\ 7 -
16  \pif ; 3 :
0 20 40 O 20 40 50

IV. SUMMARY
Charge No. Z

In the present paper, the relative importance of model
ingredients was analyzed by studying both the symmetric FIG. 8. The atomic charge distributiatN/dZ calculated using
and asymmetric reaction. Our analysis clearly indicates thadMD with different cross sections taken from Cugnon and a con-
both the MDI and the larger cross section help to improvestant cross section of 55 mb.
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these effects depend strongly on the degree of excitation thextract the magnitude of the cross section from multifrag-
system has. If the system is highly excited, the inclusion ofmentation.

MDI or a larger cross section does not play any role. In the
case of mildly excited systems, bottthe momentum-
dependent interaction and the larger cross sec@ive an
entirely different picture. The effect of larger cross sections
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