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Isospin dependence of nuclear multifragmentation in112Sn1112Sn and 124Sn1124Sn collisions
at 40 MeV/nucleon
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Within the framework of an isospin-dependent quantum molecular dynamics model, the multifragmentation
in reactions of112Sn1112Sn and124Sn1124Sn at 40 MeV/nucleon is investigated. The calculated results are in
good qualitative agreement with the experimental data which indicated that there were significantly different
scalings of the mean number of intermediate mass fragments with the number of neutron and charged particles
between the two reaction systems. Meanwhile, it is shown that the preequilibrium emission may affect strongly
these scalings.@S0556-2813~99!05911-7#

PACS number~s!: 25.70.Pq, 02.70.Ns, 24.10.Lx
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Heavy-ion collisions~HIC’s! at intermediate and high en
ergies provide a new way to investigate the properties
nuclear matter at high temperature and high density whic
connected with the nuclear equation of state~EOS!, multi-
fragmentation, and liquid-gas phase transition@1–3#. The
nuclear multifragmentation, i.e., the production of seve
intermediate mass fragments~IMF’s!, particularly attracts a
lot of interest since it constitutes a major decay channe
nuclear matter formed in such heavy-ion collisions@4–7#.
Meanwhile, the nuclear multifragmentation offers a uniq
opportunity to explore the properties of a quantum ma
body system very far from equilibrium and to discover t
universal law of fragmentation, which are theoretica
meaningful for investigating the phase transition and criti
phenomenon of a finite system. A great deal of experime
and theoretical work has been devoted to studies of
mechanism of IMF emission and the resulting physical p
tures mainly focus on the volume instability from the dens
fluctuations, thermodynamical instability from the tempe
ture fluctuations, and shape instability from the surface fl
tuations@8,2#.

In recent years, with the establishment of secondary be
facilities at many laboratories around the world, radioact
beams of nuclei with large neutron or proton excess h
been used and heavy-ion physics has opened up a new
radioactive nuclear beam~RNB! physics. Consequently, on
can investigate the properties of nuclei very far from theb
stability line and isospin degrees of freedom in nuclear re
tions at wide energy ranges for different projectile-targ
combinations. The isospin effects on preequilibrium nucle
emission@9,10#, the isospin nonequilibrium in intermediat
energy HIC’s @11,12#, and the isospin dependence of d
rected collective flow@13–16# and radial expansion flow
@17# have been studied experimentally and theoretically
recent review can be found in Ref.@18#.

More recently, the isospin dependence of nuclear mu
fragmentation in112Sn1112Sn and124Sn1124Sn collisions at
40 MeV/nucleon has been observed by the MSU group@19#.
This effect was reproduced qualitatively by the expand
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evaporating source~EES! model@20,19# whose cooling rates
were dependent on the neutron number of the source.
extensive study of these reactions using the percola
model @21# failed to reproduce this effect. In this work, w
report the calculated results for the two reactions based o
isospin-dependent quantum molecular dynamics~IQMD!
model. A general review about the QMD model can be fou
in Ref. @22#. Here the IQMD model includes explicitly isos
pin degrees of freedom, i.e., isospin-dependent symmetry
ergy, Coulomb interaction, experimentalN-N cross sections,
and particularly the isospin-dependent Pauli blocking. T
model has been used recently to explain successfully sev
phenomena in HIC’s at intermediate energies, which dep
on the isospin of the reaction system@12,16#. In the QMD
model, nucleoni is represented by a Gaussian form of wa
function:

C i~r ,t !5
1

~2pL !3/4
e2[ r2r i (t)]

2/(4L)eipi•r /\. ~1!

Performing a Wigner transformation for Eq.~1!, we get the
nucleon’s Wigner density distribution in phase space:

f i~r ,p,t !5
1

~p\!3
expF2

@r2r i~ t !#2

2L
2

@p2pi~ t !#22L

\2 G ,

~2!

wherer i andpi represent the mean position and moment
of the i th nucleon, respectively, which satisfy the canonic
equation of motion. TheL is the so-called Gaussian wav
packet width~here L52.0 fm2). In the IQMD model, the
nuclear mean field can be parametrized by

U~r,tz!5a~r/r0!1b~r/r0!g1
1

2
~12tz!Vc

1C
rn2rp

r0
tz1UYuk, ~3!
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FIG. 1. Average number of in-
termediate mass fragment
~IMF’s!, ^NIMF&, versus number
of charged particles,NC ~a!, light-
charged particles withZ<2, NLC

~b!, and neutrons,NN ~c!. The
solid ~open! circles denote the ex-
perimental data for the124Sn
1124Sn (112Sn1112Sn) reaction.
The solid ~dotted! line represents
the IQMD model predictions for
the 124Sn1124Sn (112Sn1112Sn)
reaction.
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with r0 the normal nuclear matter density~here, 0.16 fm23);
r, rn , andrp are the total, neutron, and proton interacti
densities, respectively;tz is thezth component of the isospin
degree of freedom, which equals 1 or21 for neutrons or
protons, respectively;Vc is the Coulomb potential; andUYuk

is Yukawa~surface! potential which has the following form
@22#:

UYuk5
VY

2m (
i 5” j

1

r i j
exp~Lm2!@exp~2mri j !erfc~ALm

2r i j /A4L !2exp~mri j !erfc~ALm1r i j /A4L !#,

~4!

with VY520.0074 GeV andm51.25 fm21. The relative
distancer i j 5ur i2r j u. In the present work, the so-called so
EOS with an incompressibility ofK5200 MeV is used and
the symmetry strengthC532 MeV.

In the initialization process of the IQMD model, the ne
tron and proton densities calculated from the nonlinear r
tivistic mean-field~RMF! theory @23# are used to initialize
06460
-

the ground states of112Sn and124Sn in terms of the Monte
Carlo method. Particularly, in the nonlinear RMF calcu
tions we use the latest force parameter NL3 which is able
provide a very good description not only for the properties
stable nuclei but also for those far from the valley ofb
stability in all cases considered so far@24#.

We construct clusters by means of an isospin-depend
modified coalescence model@16,17#, in which first particles
with relative momenta smaller thanP0 and relative distances
smaller thanR0 are coalesced into one cluster~here R0
53.5 fm andP05300 MeV/c); then we check whether th
cluster is or is not an isotope existing in the nuclear d
sheets, and if it is, then the cluster can be accepted; finall
order to get rid of nonphysical line-type clusters one sho
check whether the condition,Rrms<1.14A1/3, is or is not sat-
isfied, and if so, the cluster is considered as a valid fragm
eventually ~here, theRrms and A are the root-mean-squar
radius and mass number of the cluster, respectively!. There-
fore, the present model to construct clusters is an exten
version of the conventional coalescence model which w
adopted in Ref.@16# by considering self-consistently th
t
-

FIG. 2. Same as in Fig. 1 bu
in the calculated results the pre
equilibrium particles have been
excluded.
4-2



u
a

th
r
h
m
as
l

ra
e

f
f

th
ith

r
n

th
va
he
th
t
o
n

th
lc
a
d
e

io

re
g.
ee
a

be
th
ge

tiv
ea
is
pr
ch
th

for
hat
l
e
to

m

-

s
after

e
-
t is
ar-
e.,

ed

er

ISOSPIN DEPENDENCE OF NUCLEAR . . . PHYSICAL REVIEW C 60 064604
isospin constraint and aggregation procedure. In the calc
tions, it is indicated that the present calculated results
insensitive to the selection of eitherR053.5 fm and P0
5300 MeV/c or R052.4 fm and P05200 MeV/c, the
latter being used in our previous work@16#.

In the present calculations, we simply assume that
number of the events is proportional to impact parameteb
andb51, 2, 3, 4, 5, 6, 7, 8, 9, and 10 fm are adopted. T
calculation indicates that the number of IMF’s has beco
very small and the multifragmentation mechanism has b
cally disappeared atb510 fm. To accumulate the numerica
statistics, we select the fragments by summing over the f
ments of t>200 fm/c since the charge distributions hav
been very stable after 200 fm/c.

Figures 1~a!, 1~b!, and 1~c! show the average number o
IMF’s ( ^NIMF&:3<Z<33) as a function of number o
charged particles,NC , light-charged particles withZ<2,
NLC , and neutrons,NN , respectively. The solid~open!
circles denote the experimental data for the124Sn1124Sn
(112Sn1112Sn) reaction. The solid~dotted! line represents
the IQMD model prediction for the124Sn1124Sn (112Sn
1112Sn) reaction. From Fig. 1, one can see clearly that
IQMD model predictions are in very good agreement w
the experimental data in trends; namely, for the sameNC or
NLC the ^NIMF& for 124Sn1124Sn is larger than that fo
112Sn1112Sn. The calculated results indicate that the mag
tude of the maxima in different correlations has nearly
same values while the experimental data show different
ues for the different correlations, which implies that t
present IQMD model cannot reproduce this feature of
data. More importantly here, there is agreement between
data and the IQMD model predictions for the magnitude
the isospin effect. In addition, the calculated results can
reproduce the maxima of^NIMF&, which is mainly due to not
considering the statistical decay of excited fragments in
reaction final state. Meanwhile, we can see that the ca
lated results cannot reproduce the positions of the maxim
^NIMF& versusNC , NLC , or NN , which is easy to understan
since the preequilibrium particles are still included and th
contribute toNC , NLC , or NN . This problem also exists in
calculations of the EES model@19# or percolation model
@21#. Therefore, it seems that the preequilibrium emiss
may play a very important role in these correlations.

If the preequilibrium particles are excluded, then the
sults can be displayed in Fig. 2 which is the same as Fi
but in the calculations the preequilibrium particles have b
excluded. In the present calculations, the preequilibrium p
ticle is simply defined as the light fragment withZ<2 which
satisfies the following conditions: the relative distance
tween it and any other fragment is larger than 3.5 fm,
average kinetic energy per nucleon of this fragment is lar
than 8 MeV in center-of-mass~c.m.! system, it moves far
from the center of mass in the c.m. system, and its rela
distance to the center of mass is larger than the root-m
square radius of the reaction system. From the compar
between Fig. 1 and Fig. 2, we can see clearly that the
equilibrium emission affects strongly the sorting axis, whi
results in the calculated results reproducing very well
positions of the maxima in̂NIMF& versusNC , NLC , or NN
06460
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although the isospin dependence of the horizontal shifts
the different correlations in Fig. 2 becomes worse than t
in Fig. 1 for the peripheral collisions~corresponding to smal
NC , NLC , or NN). This worsening may be a limitation of th
present way of determining preequilibrium particles due
the lack of experimental information.

In order to illustrate the influence of the preequilibriu
emission on the two reactions, atb50 we display in Figs.
3~a!, 3~b!, and 3~c! the IQMD-model-predicted time evolu
tion of the number of preequilibrium neutrons (NN

pre), light-
charged particles (NLC

pre), and N/Z of the remnant source
~here the remnant source is defined as the heavy residue
excluding the preequilibrium particles!, respectively. The
solid ~dotted! line corresponds to the result of124Sn1124Sn
(112Sn1112Sn). From Figs. 3~a! and 3~b!, one can clearly see
that nearly all preequilibrium particles are emitted in the tim
interval from 50 to 100 fm/c for both reactions and the sub
sequent particle emission is less important. Meanwhile, i
seen that the preequilibrium neutron and light-charged p
ticle emissions are very different for the two systems; i.
the more neutron-rich system124Sn1124Sn emits more pre-
equilibrium neutrons and fewer preequilibrium light-charg

FIG. 3. The IQMD-model-predicted time evolution of numb
of preequilibrium neutrons,NN

pre ~a!, light-charged particles,NLC
pre

~b!, and N/Z of the remnant sources~c! for central collisions of
systems124Sn1124Sn ~solid line! and 112Sn1112Sn ~dotted line!.
4-3



f
fo
or
ck
a

e
om
s

g-

ta
ht

o
e

re

th
th
s

at

ced

ve
of

D

in
u-
or-

ce
68,
of

m-

ate
d

red

ZHANG, CHEN, MING, AND ZHU PHYSICAL REVIEW C60 064604
particles than the system112Sn1112Sn, and the number o
neutrons is larger than that of light-charged particles
124Sn1124Sn while the opposite result is observed f
112Sn1112Sn, which may be due to the former having a thi
neutron skin. This phenomenon is also observed in the an
sis of the EES model@19#. As a matter of fact, the more
neutron-rich system124Sn1124Sn emits more preequilibrium
neutrons to cool and consequently it remains less energ
so as to emit less light-charged particles. In addition, fr
Fig. 3~c! we can see thatN/Z of the remnant sources ha
changed from the original 1.48~1.24! to 1.41 ~1.23! at 100
fm/c and then 1.49~1.30! at 400 fm/c, which shows that the
preequilibrium emission has a big influence on theN/Z of
the remnant source of124Sn1124Sn around 100 fm/c. There-
fore, the preequilibrium emission affects theN/Z composi-
tion of the fragmenting system as expected@21#.

It is well known that the total charge contained in fra
ments with two or more charges,Zbound, is also often mea-
sured experimentally and the correlation between^NIMF& and
Zbound is usually used to investigate nuclear multifragmen
tion @25,26#. It should be noted that the preequilibrium lig
particles have little influence onZboundsince the neutron and
hydrogen isotopes do not contribute to theZbound. The
^NIMF& as a function ofZbound is shown in Fig. 4. In the left
panel of Fig. 4 the effect of preequilibrium emission is n
considered while the preequilibrium particles have been
cluded in the right panel of Fig. 4. The solid~open! line
represents the IQMD model prediction for the124Sn1124Sn
(112Sn1112Sn) collisions. From Fig. 4 we can see that the
exists very significantly different scalings of^NIMF& with
Zbound between 124Sn1124Sn and 112Sn1112Sn collisions;
i.e., for a given value ofZbound, a larger^NIMF& is observed
for 124Sn1124Sn than112Sn1112Sn. Meanwhile, comparison
between the left and right panels of Fig. 4 implies that
preequilibrium emission has hardly any influence on
scalings of^NIMF& with Zbound as expected, which indicate
that the correlation between̂NIMF& andZbound is more con-
venient than that between^NIMF& andNC , NLC , or NN for a
comparison of theoretical calculations and experimental d
Unfortunately, experimental data involvingZbound are not
available.
ci

A
-

D.
,
V.
i,

. K

.

06460
r

ly-

tic

-

t
x-

e
e

a.

In conclusion, the experimental data could be reprodu
qualitatively within the framework of the IQMD model. In
particular, the IQMD model predictions are in quantitati
agreement with the experimental data on the magnitude
the isospin effect. The main discrepancy is that the IQM
model cannot reproduce the maxima of^NIMF& mainly due to
not considering the statistical decay of excited fragments
the reaction final state. Meanwhile, the IQMD model calc
lations indicate that preequilibrium emission plays an imp
tant role in scaling of thêNIMF& with NC , NLC , or NN but
has hardly any influence on scalings of^NIMF& with Zbound.

This work was supported by the National Natural Scien
Foundation of China under Grant Nos. 19609033, 198750
and 19847002, the Foundation of the Chinese Academy
Sciences, and the Foundation of National Educational Co
mission of People’s Republic of China.

FIG. 4. IQMD model predicted average number of intermedi
mass fragments~IMF’s!, ^NIMF&, versus the total charge containe
in fragments with two or more charges,Zbound, at two different
situations: the effect of preequilibrium emission is not conside
~left panel! and the preequilibrium particles are excluded~right
panel!. The solid ~dotted! line represents results for the124Sn
1124Sn (112Sn1112Sn) collisions.
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