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Mass dependence in the production of light fragments in heavy-ion collisions

Jaivir Singh and Rajeev K. Puri
Department of Physics, Panjab University, Chandigarh 160 014, India

~Received 20 April 2001; published 11 January 2002!

Using the quantum molecular dynamics model coupled with the minimum spanning tree clusterization
algorithm, we investigate the system-size effects in the production of light mass fragments~with mass<10).
This was achieved by simulating the collision of symmetric nuclei like Ca1Ca, Ni1Ni, Nb1Nb, Xe1Xe,
Er1Er, Au1Au, and U1U at incident energies between 50 MeV/nucleon and 1 GeV/nucleon and over full
range of impact parameter. Our detailed analysis shows that the triggering of the multifragmentation and its
saturation is delayed in heavier systems. The striking result, which is independent of the incident energy as
well as of the impact parameter, is that the mass dependence of the multiplicity of any kind of fragment
exhibits a power law behavior}Atot

t , where ‘‘Atot’’ is the mass of the composite system. Similar mass
dependencies have already been reported in the literature for the fusion process at low incident energy as well
as for the production of kaon and collective flow~and its disappearance! at intermediate energies. As reported
for the production of kaons, the parametert depends on the colliding geometry as well as on the incident
energy. No unique dependence oft ~such as, in the case of disappearance of flow! exists. The value of the
parametert in central low energy collisions is close to 2/3, which suggests the dominance of the mean field.
On the other hand, a linear dependence occurs at higher incident energies. Similar trends can also be seen in
the preliminary reports of the FOPI experiments.

DOI: 10.1103/PhysRevC.65.024602 PACS number~s!: 25.70.Pq, 24.10.Lx
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I. INTRODUCTION

Does the mass of the system affect the dynamics? T
question has always captured the central place in presen
nuclear research. Ranging from the problems of nuc
structure to the decay of~excited! compound nucleus at low
incident energies as well as the particle emission and its
duction at intermediate and high energies, the mass of
system is expected to play a dominant role. One has alw
tried to understand the system size effects in terms of sca
factors. At low incident energies, one has tried to underst
the mass dependence, for instance, in the fusion proces@1#
where one concluded that the Coulomb force contributes
nificantly towards the barrier that can be parametrized
terms of the masses~and charges! of the colliding nuclei@1#.

Similar efforts are also made at intermediate energie
pin down the system-size dependence in various phenom
This includes the temperature as well as the density, nuc
flow of nucleons/fragments, disappearance of flow, part
production, multifragmentation, etc. The study of the ma
dependence in the evolution of the density and tempera
reveals that the maximum temperature is insensitive towa
the mass of the system. However, the maximum den
scales with the size of the interacting system@2–4#. As noted
in Refs.@5,6#, the reaction volume is much larger in heavi
systems, which leads to significant higher average baryo
density.

Another interesting study~of the system size effect! was
made for the particle production by Hartnacket al. @7# who
found that the probabilities of the kaon production scale w
the size of the system that can be parametrized in terms
power lawAtot

t ; Atot is the mass of the composite syste
@7#. In a recent experiment@6#, the KAOS group also re-
ported theK1 production per nucleon, which increases w
the size of the system.
0556-2813/2002/65~2!/024602~10!/$20.00 65 0246
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In another experimental analysis, the entropy of the s
tem, however, was found to depend weakly on the size of
system@8#. The other signature of the compressional effe
~predicted by the equation of state! is the collective flow. Its
dependence on the mass of the colliding nuclei has b
investigated extensively during last few years@4,9#. The bal-
ance energy at which the flow disappears depends stro
on the~composite! mass of the system (}Atot

21/3) @10#.
In contrary, fewer attempts exist in the literature, whi

deal with the systematic study of the mass dependenc
multifragmentation@11–16#. Most of the reported studies in
volve the asymmetric colliding nuclei at a fixed relative v
locity @14,16#. The recent reports from the FOPI experimen
@12# depict the dependence of the multiplicity of heavy fra
ments on the size of the interacting system. This was car
out for symmetric nuclei, such as, Ni1Ni, Ru1Ru, Xe
1CsI, and Au1Au. In other words, the center-of-mass v
locity is kept fixed in all these cases. Until recently, no sy
tematic theoretical attempt was made to study the role of
masses of colliding nuclei in multifragmentation@17#.

Note that the dynamics in light colliding nuclei can b
quite different compared to heavy colliding nuclei. The s
face contribution in light nuclei~like C, O, Ne, etc.! is much
larger than in the heavy nuclei~like Pb, U, etc.!. In other
words, the surface to volume ratio~which depends on the
size of the system! can play a vital role@4,5,11–14#. Further,
as noted by several authors, the heavy nuclei can be c
pressed strongly, which may lead to faster expansion of
compressed matter@4,5#. This also points toward the relatio
between the production of intermediate mass fragments
the collective flow built during the compression@18#. It was
noted in Ref.@14# that the initial radial kinetic energy of the
composite system depends strongly on the ini
compression-decompression dynamics that varies with
mass ratio of the target/projectile. Motivated by these fin
©2002 The American Physical Society02-1
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ings, we present here a complete study of the mass de
dence in the production of light and medium mass fragme
We here model the symmetric reactions involving the nuc
with masses between 40 and 238. We shall show that
multiplicity of any fragment scales with the size of the inte
acting system that can be parametrized in terms of a po
law function.

It is worth mentioning that the theoretical situation
rather complicated. There are several different models
can be applied to study the fragmentation. These models
be divided broadly into two groups.

~i! The models of the first group are based on the stat
cal approach@19#. These models neglect the dynamics o
reaction and hence depend on the~freeze-out! excitation en-
ergy and density of the composite system only. In ot
words, the nucleon-nucleon correlations are neglected
one cannot study the formation and origin of fragments.

~ii ! The second type of models are the dynamical mod
that are capable of following the reaction from the start to
end where matter is cold and fragmented. In these mod
one can study the formation and origin of the fragments o
microscopic level. In this categary, the one body approa
such as, the Boltzmann-Uhling-Uhlenbeck model@20# and
many body approach like the quantum molecular dynam
~QMD! model @5,21# are well known and widely used. On
should, however, keep in the mind that the multifragmen
tion is a many body phenomena, therefore, molecular
namical models are excellent tools to investigate the fr
mentation. We shall carry the above study within t
framework of the QMD model@5,21# which is discussed in
brief in Sec. II. The results are presented in Sec. III and
summarize the results in Sec. IV.

II. QMD MODEL

The QMD model is a time dependent many body the
to simulate the time evolution of heavy ion reactions on
event-by-event basis. It is based on a generalized variati
principle where one needs to choose the test wave func
f. In the QMD approach, the test wave function is
Atot-body wave function with 6Atot time dependent param
eters@4,5,17,18,21,22#.

To calculate the time evolution of the system we start
from the action

S5E
t1

t2L@f,f* #d t, ~1!

with the Lagrange functional

L5 K FU i\ d

dt
2HUF L . ~2!

The total time derivative includes the derivation with r
spect to the parameters. The time evolution of these par
eters is obtained by the requirement that the action is stat
ary under the allowed variation of the wave function. Th
leads to an Euler-Lagrange equation for each time depen
parameter.
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The basic assumption of the QMD model is that a t
wave function of the form

F5) i 51
AT1APf i , ~3!

with

f i~r ,t !5S 2

Lp D 3/4

exp$2@r2r i~ t !#2/4L%

3exp$ i @r2r i~ t !#pi~ t !%exp@ ipi
2~ t !t/2m#, ~4!

is a good approximation to the nuclear wave function. T
time dependent parameters arer i(t), pi(t), and L
51.08 fm2, which is fixed. In other words, the rms radius
a nucleon is about 1.8 fm and hence almost twice as larg
that obtained from electron scattering. A smaller value of
L is excluded because the nuclei would become unsta
after initialization. The present value ofL represents the limit
for a semiclassical theory. The influence of different Gau
ian widths L in multifragmentation is reported in detail i
Refs.@18,21#.

The variation yields as

ṙ i5
pi

m
1“pi(j

^Vi j &5“pi
^H&, ~5!

ṗi52“ r i(j Þ i
^Vi j &52“ r i

^H&, ~6!

with

^Vi j &5E d3rd3r 8f i* ~r 8!f j* ~r !V~r 8,r !f i~r 8!f j~r !.

~7!

These are the time evolution equations that are sol
numerically. Note that the variational principle reduces t
time evolution of theAtot-body Schro¨dinger equation to the
time evolution equations of 6(AP1AT) parameters to which
a physical meaning can be attributed.

The nuclear dynamics of QMD model can also be tra
lated into a semiclassical scheme. If one neglects the a
symmetrization, the Wigner distribution functionf i of the i th
nucleon can be easily derived from the test wave functio

f i~r ,p,t !5
1

p3\3
exp$2@r2r i~ t !#2~1/2L !%

3exp$2@p2pi~ t !#2~2L/\2!% ~8!

and the total one body Wigner density is the sum of those
all nucleons. The potential can be calculated with help of
wave function or of the Wigner density. Hence the expec
tion value of the total Hamiltonian reads
2-2
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MASS DEPENDENCE IN THE PRODUCTION OF LIGHT . . . PHYSICAL REVIEW C 65 024602
^H&5^T&1^V&5(
i

pi
2

2mi
1(

i
(
j . i

E f i~r ,p,t !Vi j

3~r 8,r ! f j~r 8,p8,t !drdr 8dpdp8.
~9!

Thus we neglect the finite width of the wave function
momentum space, which would add a constant term with
changing the equations of motion. The baryon-baryon po
tial Vi j consists of the real part of the Bru¨cknerG matrix that
is supplemented by an effective Coulomb interaction
tween the charged particles. The former can be further s
divided into a part containing the contact Skyrme-type int
action only and a contribution due to a finite range Yuka
potential.Vi j consists of

Vi j ~r 82r !5Gi j 1VCoul
i j 5VSkyrme

i j 1VYukawa
i j 1VCoul

i j

5t1d~r 82r !1t2d~r 82r !rg21S r 81r

2 D
1t3

exp~2ur 82r u/m!

ur 82r u/m
1

ZiZje
2

ur 82r u
. ~10!

The range of the Yukawa potential is chosen as 1.5 fmZi
andZj are the effective chargesZp /Np andZt /Nt of the i th
and j th baryons. The real part of the Bru¨ckner G matrix is
density dependent, which is reflected in the expression
Gi j . The expectation value of the Skyrme part ofG for the
i th nucleon is a function of the interaction densityr int

i

r int
i ~r i !5(

j Þ i
E d3rd3r 8f i* ~r 8!f j* ~r !d~r 82r !f i~r 8!f j~r !

5
1

~pL !3/2 (
j Þ i

exp@2~r i2r j !
2/L#. ~11!

Note that the interaction density has twice the width of
single particle densityr i(r )5f i* (r )f i(r ).

In infinite nuclear matter, the kinetic energy and poten
interaction give rise to a nuclear equation of state of the fo

E/NS r int

ro
D5

3

5
EFermiS r int

ro
D 2/3

1U, ~12!

where the potential part resulting from the convolution of t
distribution functionf i and f j with the Skyrme interactions
VSkyrme

i j reads as

U5aS r int

r0
D1bS r int

r0
D g

. ~13!

Two of the three parameters of the equation of state are
termined by demanding that at normal nuclear matter d
sity, the binding energy should be equal to 16 MeV. The th
oneg is usually treated as a free parameter. Its value is gi
in terms of the compressibility,
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For the present investigation, a soft equation of state co
sponding to a compressibilityk of 200 MeV is employed.
Thena5t1r0/252356 MeV, b5t2r0

g/(g11)5303 MeV,
and g51.17. The parameters for the Yukawa potential a
t3526.66 MeV andm51.5 fm. The stability and the bind
ing energy of different fragments for this choice of para
eters can be found in Ref.@5#.

The imaginary part of theG matrix acts in a manner simi
lar to a collision term. In QMD simulations, we restrict ou
selves to binary collisions~two body level!. The collisions
are performed in a point-particle sense similar to the Vlas
Uehling-Uhlenbeck or cascade calculations: two partic
may collide if they come closer thandmin5As/p wheres is
a parametrization of the free nucleon-nucleon cross sect
A collision does not take place if the final state phase sp
of the scattered particles is already occupied by particles
the same kind~Pauli blocking!.

Neglecting antisymmetrization is a most drastic appro
mation of the model. In other words, all properties related
shell structures cannot be accounted for. The binding ene
per nucleon follows the Weizsa¨cker mass formula. Hence
light fragments that show a large deviation from the We
säcker mass formula cannot be reproduced quantitativ
For the present study, the QMD version of Aichelin and c
workers has been used@5,17,18,21–27#. This present version
has been tested extensively and has also been compared
the experimental findings.

III. RESULTS AND DISCUSSION

The time evolution of the nucleons is followed within th
QMD model@5,18,21# and their phase space is stored at s
eral time steps, which is then clusterized using the minim
spanning tree~MST! method that binds two nucleons in
fragment if their centroids are closer than 4 fm. Here
simulate the reactions with soft equation of state and s
dard energy dependent nucleon-nucleon cross section
brief, we follow the time evolution of the nucleons till th
end of the reaction which, in the present study, is 300 fmc.
The freeze-out time of 300 fm/c is much longer than a typi-
cal reaction time that is about 100 fm/c @5,21#.

Here we simulate several thousand events involv
the symmetric reactions like40Ca1 40Ca, 58Ni1 58Ni,
93Nb1 93Nb, 131Xe1131Xe, 168Er1168Er, 197Au1197Au,
and 238U1238U at incident energies between 50A MeV and
1A GeV and at different impact parametersb̂5b/bmax;
bmax5R11R2 , Ri51.48A(1/3). The use of the symmetric
nuclei simplifies the theoretical consideration and resca
impact parameterb̂ assures the same geometrical overlap
all cases. By using the symmetric~colliding! nuclei, the sys-
tem size effects can be analyzed without varying the as
metry ~and excitation energy! of the system. It is worth men
tioning that the experimental studies by the MSU minib
and ALADiN @14,16# groups vary the asymmetry of the re
action whereas the plastic ball@11# and FOPI experiments
2-3



g
nd
ci
m
-
a
to
o
re

e
0

t o

ur-
in-
em.
in

t
red

the
-
the

de-
ns.

d

the
uni-

la-
in
lap

ery
or

an

n
pe

JAIVIR SINGH AND RAJEEV K. PURI PHYSICAL REVIEW C65 024602
@12# are performed for symmetric reactions. In the followin
we first discuss the time evolution of different reactions a
then, shall present the relative dependence of the multipli
of different fragments on the size of the interacting syste

a. Time evolution. The nucleonic density and the fre
quency of nucleon-nucleon collision are related to the bre
ing of nuclei into fragments. It is, therefore, important
study the evolution of the density and nucleon-nucleon c
lisions. We display in Fig. 1, the average density of the
action, which is calculated as@18,22#

^r&5K 1

AT1AP
(
i 51

AT1AP

(
j 51

AT1AP 1

~2pL !3/2

3exp$2@r i2r j #
2/2L%L , ~15!

with rW i , andrW j , respectively, the position coordinates ofi th
and j th nucleons. In Fig. 1, we show the evolution of th
density ^r/r0& at two typical incident energies 50 and 40
MeV/nucleon and at two impact parametersb̂50 and 0.6.
The central collisions~at low incident energies! as well as
the peripheral collisions~at all incident energies! lack the
frequent nucleon-nucleon collisions and, therefore, mos

FIG. 1. Average densitŷr/ro& as a function of the time. Here
the density is calculated using Eq.~15!. The top panel is at 50
MeV/nucleon, whereas the bottom panel represents the reactio
400 MeV/nucleon. The left- and right-hand sides represent, res

tively, the central collisionb̂50 and peripheral collisionb̂50.6. All
the reactions are for symmetric colliding nucleiX1X, where X
represents the Ca~filled triangle!, Ni ~solid line!, Nb ~dashed line!,
Xe ~dotted line!, Er ~dashed-dotted line!, Au ~solid circle and
dashed-double-dotted line!, and U~inverted triangle!.
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the initial memories of the nucleons~and the correlations
among them! are preserved. In contrast, the frequent occ
rence of the nucleon-nucleon collisions at central higher
cident energies destroys most of the correlation among th
If one goes beyond 400 MeV/nucleon, little change occurs
fragment’s structure@12,13,16,23#. From Fig. 1, we see tha
the heavier colliding nuclei are more compressed compa
to the lighter one. In addition, the dense~and hot! matter
exists longer in the heavier colliding nuclei compared to
lighter nuclei. It is worth mentioning that the maximum tem
perature is unaffected by the size of the system, whereas
density ~both the maximum and average! in central region
depends on the size of the system@2,3,14#. After the com-
pression, the matter expands and breaks into fragments~con-
sisting of the entities of all sizes!. As the higher compression
exists longer for the heavy nuclei, one would expect a
layed triggering of the multifragmentation in these reactio
Note that the higher density (^r/r0&>1) at 50 MeV/nucleon
remains till about 75 fm/c for U1U reaction compared to
40 fm/c for Ca1Ca reaction. In other words, the excite
heaviest fragmentAmax ~detected in the MST method! will
remain for a longer time. A large freeze-out density~at
200 fm/c) for heavier masses indicates the existence of
heavier fragments. On the other hand, one should expect
versality beyond 400 MeV/nucleon.

The preservation of the initial nucleon-nucleon corre
tions can be linked with the collision rate that is displayed
Fig. 2. Naturally, the peripheral collisions have lesser over
and hence lesser collision rate. Due to~available! free phase
space at higher incident energies, the collision rate is v
high. We also notice that the maximum collision rate f
central U1U system ~at 400 MeV/necleon! is about 74,
whereas it is 5.3 at 50 MeV/nucleon. Similar evolution c

at
c-

FIG. 2. Same as Fig. 1, but for the rate of collisiondNcoll /dt.
2-4
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MASS DEPENDENCE IN THE PRODUCTION OF LIGHT . . . PHYSICAL REVIEW C 65 024602
also be seen at peripheral geometry. The trends of the c
sion rate and density are quite similar. The maximal collis
rate, which lasts longer in heavier colliding nuclei, will n
allow the fragment distribution to saturate for long time.
other words, the saturation time of the fragmentation yi
will be shorter in lighter systems compared to heavy s
tems. The finite collision rate at freeze-out time points
wards the compactness of the nuclear matter.

The time evolution of the formation of fragments giv
insight into the cause of fragmentation and reaction dyna
ics. In Figs. 3–5, we show the time evolution of differe
fragments. The time evolution of the heaviest fragmentAmax,
emitted nucleons, and medium mass fragments MMF’s
<A<9) is displayed, respectively, in Figs. 3, 4, and 5. T
displayed MMF’s exclude the heaviest fragment and, the
fore, are represented by MMF’s* . The top panel in all fig-
ures is at 50 MeV/nucleon, whereas the bottom panel i
400 MeV/nucleon. As expected from Fig. 1~where the evo-
lution of the density was shown!, the Amax last longer in
heavier systems compared to lighter systems. The exc
Amax in heavier systems continues to emit the nucleons
the end of the reaction, whereas it saturates aro
100 fm/c in light systems indicating the cold and separa
matter. The emission of the nucleons~shown in Fig. 4! re-
flects the same trend. Due to finite collision rate~in heavier
colliding nuclei!, the emission of the nucleons and lig
charged particles continues till the end of reaction. Note t
the saturation for central collisions occurs around 80 fmc
in Ca1Ca system, whereas it takes 250 fm/c for U1U sys-
tem. The saturation of the free nucleons occurs earlie
higher incident energies, which indicates a faster disinteg
tion of the matter at these energies. The time evolution of

FIG. 3. Same as Fig. 1, but for the time evalution of the heav
fragmentAmax as a function of the time.
02460
lli-
n

d
-
-

-

5

-

at

ed
ll
d

d

at

at
a-
e

light charged particles (2<A<4) ~not shown here! also fol-
lows a similar trend.

On the other hand, the formation of the MMF’s* ~Fig. 5!
has a different evolution. While the MMF’s* at 50 MeV/
nucleon are stable and saturate around 120–200 fm/c, the

st FIG. 4. Same as Fig. 1, but for the time evolution of the mu
plicity of free particles.

FIG. 5. Same as Fig. 1, but for the time evolution of the medi
mass fragment MMF’s* .
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MMF’s* in central 400 MeV/nucleon are very excited a
unstable, which continuously emit the light fragmen
particles. Again the saturation time is much shorter
lighter system. These results are in agreement with the ea
calculations@18#. One also notices that the triggering of th
fragmentation is delayed in heavier colliding nuclei co
pared to lighter nuclei. If one plots the final state multiplici
of the MMF’s* as a function of the impact parameter, o
will observe the well known rise and fall of the multiplicit
@18#.

The above findings show that the light mass fragments
formed at a very early stage of the reaction. The lig
charged particles (2<A<4) do not decay and seem to b
originating from the surface of the confined system at hig
incident energies. These fragments measure the violenc
the reaction, therefore, depend on the impact parameter
have also checked the binding energy of different fragme
produced in the above reactions and find that they are p
erly bound at the end of the reaction.

b. Final state distribution. Naturally, experimental mea
surements are done at the end of the reaction. Therefor
will be of interest to see whether the final fragment’s dis

FIG. 6. Final state multiplicity~calculated at 300 fm/c) of the
free particles per nucleon as a function of the composite mass o
systemAtot (5AT1AP ; AT andAP are, respectively, the mass o
the target and projectile!. The left-hand side of the top, middle an
bottom panels represents, respectively, the reaction at 50, 200
600 MeV/nucleon. The right-hand side of the top, middle, and b
tom panels represents, respectively, the reaction at 100, 400,
1000 MeV/nucleon. In each window, four symbols, i.e., the inver
triangle, triangle, solid circle, and diamond represent, respectiv

the reaction atb̂50, 0.3, 0.6, and 0.9. The open symbols show
results at 800 fm/c. All curves are using y5cAtot

t .
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bution of different reactions can be related to the size of
system or not.

We display in Figs. 6–10, the reduced multiplicity~mul-
tiplicity per nucleon! of the free nucleons as well as of th
fragments with massA52, LMF’s, MMF’s, and MMF’s* .
Note that in contrary to the FOPI and ALADiN experiment
we do not divide the matter into participant and specta
zones. The top panel in each figure displays the multiplicit
at 50 and 100 MeV/nucleon, whereas the bottom panel i
600 MeV/nucleon and 1000 MeV/nucleon. The middle pa
represents the 200 and 400 MeV/nucleon. The windows
each panel contain four different curves that correspond,
spectively, to the scaled impact parameter values ofb̂50.0,
0.3, 0.6, and 0.9. First of all, the wide range of the incide
energy between 50 MeV/nucleon and 1000 MeV/nucle
and impact parameter between zero andbmax deals with dif-
ferent dynamics emerging at low, intermediate, and high
ergies. The nature of the dynamics at low energy is more
a fusion-fission, whereas the multifragmentation domina
the scenario at medium energies. At higher incident energ
one has complete disassembly of the nuclear matter, w
makes the multifragmentation a rare process. The central
lisions lead to the participant matter dynamics, whereas
dynamics at peripheral geometries is more of a spect
physics. The Fermi spheres of the projectile and target
come separated at incident energies of about 50–100 M
nucleon and hence, one may expect that it is the beginnin
the transition regime between the low-energy–heavy-ion
actions, demanded by the compound nucleus formation
the high-energy–heavy-ion reaction where a cle
participant-spectator picture emerges.
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d
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FIG. 7. Same as Fig. 6, but for the final state multiplicity of t
fragments with mass52.
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MASS DEPENDENCE IN THE PRODUCTION OF LIGHT . . . PHYSICAL REVIEW C 65 024602
As discussed above, the general behavior of all light m
fragments follows the well known trends. In peripheral c
lisions, the geometry is dominated by the spectator phys
The free nucleons as well as the light charged particles s
with the size of the participant matter. Their multiplicity
maximum for the central collisions, which decreases with
increase in the impact parameter. One also sees that the
ber of the emitted nucleons and light mass fragmentsA
<4) increases with the incident energy. At higher incide
energies, most of the initial nucleon-nucleon correlations
destroyed in participant matter and, therefore, only light p
ticles survive from the reaction zone. In contrast, due to la
Pauli blocking at low incident energies, many nucleons in
reaction zone survive the reaction without suffering the c
lisions with large momentum transfer. The energy receiv
by the target in peripheral collisions is not enough to exc
the matter far above the Fermi level, resulting in fewer lig
fragments. In other words, the emission of the heavier fr
ments becomes more and more a phenomena of perip
collision with the increase in the incident energy. To de
with this situation, the FOPI@12# and ALADiN groups@16#
divided the nuclear matter into spectator and particip
zone. Our present interest lies in the light mass fragme
~with mass less than 10!, therefore, we do not divide th
matter into the participant and spectator zones.

Remarkably, independent of the mass of the fragment
well as the incident energy and impact parameter, the m
plicity of any kind of fragment~i.e., of free nucleons, frag
ments with massesA52, 2<A<4, and 5<A<9) scales
with the size of the system that can be parametrized b
power law of the formcAtot

t ; Atot is the composite mass o

FIG. 8. Same as Fig. 6, but for the final state multiplicity
LMF’s.
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the system. The values of the constantsc and t depend on
the size of the fragments as well as on the incident ene
and impact parameter@17#. This dependence oft will be
discussed in the following paragraphs. We have also trie
functional formce2tA. The fits were, however, worse tha
the one obtained with power law.

A word of caution should be added here: It has be
shown and discussed extensively in the literature that
mass yield curve approximately obeys a power law beha
}Af rag

2t @24#. It has been conjectured~though controversial!
that this behavior~which has also been termed as ‘‘accide
tal’’ @21#! is an indication of the phase transition between
gaseous and a liquid phase of the nuclear matter. Note
the said power law behavior of the mass~or charge! distri-
bution is for a ‘‘given system’’@24#. The above power law
dependence, which we are discussing, is something very
ferent. The above power law function is for the multiplici
of a ‘‘given fragment’’ that scales with the size of the syste
The existence of the above power law dependence at im
parameters and incident energies indicates the universali
the power law behavior for the system size effect in t
production of light mass fragments.

From Fig. 6, we also notice that the percentage of the f
particles increases drastically with the incident energy, wh
can be as high as 80% for central collision. If we label t
reaction above 60% or more free particle as total disass
bly, we see a clear disassembly of the matter in central
lision above 400 MeV/nucleon.

From Figs. 6–10, we see a maximum effect~of system
size! at low incident energies, which decreases with incid
energy. The emission of the light charged particles exhib
linear dependence at higher incident energies. One of

FIG. 9. Same as Fig. 6, but for the MMF’s.
2-7
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possible causes of this sharp dependence is the late satu
in heavier colliding nuclei~see, e.g., Fig. 4!. From Fig. 4, we
see that the multiplicity of the free nucleons and lig
charged particles in lighter colliding nuclei saturates arou
200 fm/c, whereas it takes a much longer time for heav
nuclei. As our nuclei are stable for a typical time span
300 fm/c, we cannot follow the reaction beyond this time.
we analyze the mass dependence at a later stage, the m
plicity is likely to be changed for heavy systems. To demo
strate this, we show the outcome of various fragments
800 fm/c ~dashed lines!. We see that the particle emission
heavier nuclei changes drastically beyond 300 fm/c at low
incident energies, whereas nearly no effect exists at hig
incident energies. The multiplicity of the light charged pa
ticles does not change.

Our results~at 400 MeV/nucleon! are in agreement with
Ref. @11# where the normalized charge was reported to
crease from Ca1Ca to Au1Au. In contrary to the light
charged particles, the multiplicity of the MMF ’s* ~Fig. 9!
has a sharp dependence on the size of the system in s
cases. If we look at Fig. 3~where the size of the heavie
fragment is displayed!, we find that the size ofAmax in many
cases is quite close to the range of the MMF’s (5<A<9). In
order to strengthen our argument, we show, in Fig. 10,
multiplicity of MMF’s excluding the Amax ~marked by
MMF ’s* ). Once theAmax is excluded, the sharp dependen
of the MMF’s on the size of system washes away in mos
the cases. This happens due to the fact that theAmax @which
is close to the extreme limits of the MMF’s~either 5 or 9!#
will be included sometime whereas it may be excluded ot
times that makes a sharp system size dependence.

FIG. 10. Same as Fig. 9, but for the MMF’s excluding the hea
est fragmentAmax ~denoted by MMF’s* ).
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It is worth mentioning that if one plots the reported resu
of the FOPI experiments@12# as a function of the size of the
system, a similar power law fit can also be obtained. N
that the analysis of the FOPI experiments@12# has been done
for the participant zone only. Our present calculations
clude both the participant and spectator zones. As discu
above, similar power law dependencies have also been
ported for other observables. For example: the probability
the kaon production was reported to depend on the siz
the system and was parametrized in terms of a power
function @7#. A similar power law dependence was also o
tained for the collective flow. The different slopes of th
power law at low and higher incident energies can
coupled with the collective flow that depends on the incid
energy as well as on the mass of the system.

The t dependence as a function of the incident energy
displayed in Fig. 11. The different symbols in the figure re
resent different impact parameters. We do not see any un
value of thet. For the central collisions, the value of th
parametert is close to 1/3 at 50 MeV/nucleon that first in
creases with the incident energy and then finally saturate
very high incident energy. In other words, the total multipli
ity of the fragments will be5A3A21/35A2/3, which is like
a surface of the colliding nuclei representing the mean fie
Therefore, it seems that the mass dependence at low inci
energies is similar to that of a mean field. With the increa

- FIG. 11. Parametert ~appearing in the power law functionAtot
t )

as a function of the incident energy. The top panel displays
values oft for free nucleon~left part! and fragments with mass
equal to 2~right part!. The bottom panel represents the values ot
for LMF’s ~left panel! and MMF’s ~right panel!. The different sym-
bols, namely, the inverted triangle, triangle, solid circle, and squ

represent the results at impact parameterb̂50, 0.3, 0.6, and 0.9.
2-8
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in the incident energy, the value of the parametert tends to
approach zero~the unscaled value will be'1). This corre-
sponds to a linear dependence. It has been stated by a
ber of authors that the repulsive nucleon-nucleon interact
at high energies scale likeA @10#. Unlike the disappearanc
of flow ~which rescales asA21/3 @10#!, the presentt depen-
dence is not unique. It is worth mentioning that the pow
law factort in kaon production also depends on the incide
energy as well as on the equation of state one is using
reported by Hartnacket al. @7# no unique dependence oft
could be obtained for the kaon production.

IV. SUMMARY

Using the quantum molecular dynamics~QMD! model
coupled with the minimum spanning tree~MST! method, we
investigated in detail the formation of various light ma
fragments and their dependence on the size of the sys
For detailed analysis, we studied the reactions at incid
energies between 50 and 1 GeV/nucleon and over full g
metrical overlap using symmetric colliding nuclei with ma
between 40 and 238. As we know, the ratio of the surface
volume decreases with the size of the system, whereas
compressional effects increase. The lighter colliding nuc
generate less density, whereas a higher density is achi
with heavy nuclei, which gives ample space for compress
decompression as well as radial expansion.

The system-size effects depend on the reaction input
well as on the colliding geometries. The multiplicity of an
kind of fragment can be parametrized in terms of a pow
law }Atot

t , where Atot is the total mass of the composi
system. This is true for a wide range of the impact param
nn
,
r-

g

E

in

ler
rk
ta
p
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and incident energy considered here. However, the param
t does not have a unique value. Rather, it seems that
parametert is close to 2/3 at lower energies suggesting
dominance of the mean field that scales asA2/3. In contrast,
we obtain a nearly linear dependence at higher incident
ergies suggesting the dominance of the repulsive scatterin
higher incident energies. Similar system-size power law
pendence has also been reported in other observables li
the disappearance of flow@10# as well as in the production o
kaon/pion@7# and in low incident energy phenomena, su
as, the fusion, etc.@1#. Such trends can also be seen in t
preliminary experimental results of FOPI group that h
measured the intermediate mass fragment yields@12#.

It is worth mentioning that the results of the multifrag
mentation are found to be sensitive towards the differ
model ingredients, such as, the equation of state~with/
without momentum dependent interactions@25# and nucleon-
nucleon cross section@26#! as well as towards the clusteriza
tion method one is using@27#. As has been reported in th
literature, the MST method does not yield proper results
higher incident energies, whereas a more sophisticated m
can yield better results@22#. In view of these points, we
would like to add that the value of parametert may depend
on the model ingredients one is using. Its value may cha
with the method/input, but the power law dependence of
system-size effect should exhibit.
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