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Within the framework of an isospin-dependent quantum molecular dynamics model, the multifragmentation
in reactions of*'?Sn+ 1125 and!?4sn+124Sn 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 scalingd.S0556-28189)05911-7

PACS numbegps): 25.70.Pq, 02.70.Ns, 24.10.Lx

Heavy-ion collisiongHIC’s) at intermediate and high en- evaporating sourcéeEES model[20,19 whose cooling rates
ergies provide a new way to investigate the properties ofvere dependent on the neutron number of the source. An
nuclear matter at high temperature and high density which iextensive study of these reactions using the percolation
connected with the nuclear equation of std9, multi-  model[21] failed to reproduce this effect. In this work, we
fragmentation, and liquid-gas phase transitidn-3]. The  reportthe calculated results for the two reactions based on an
nuclear multifragmentation, i.e., the production of severalisospin-dependent quantum molecular dynamitt@MD)
intermediate mass fragmentiF’s), particularly attracts a Model. A general review about the QMD model can be found
lot of interest since it constitutes a major decay channel of? Ref.[22]. Here the IQMD model includes explicitly isos-

nuclear matter formed in such heavy-ion collisidds-7]. pin degrees of freedom, i.e., isospin-dependent symmetry en-

Meanwhile, the nuclear multifragmentation offers a uniqueergy’ Coulomb interaction, experimentdiN cross sections,

opportunity to explore the properties of a quantum many-and particularly the isospin-dependent Pauli blocking. This

body system very far from equilibrium and to discover themodel has been used recently to explain successfully several

) . : . phenomena in HIC'’s at intermediate energies, which depend
universal law of fragmentation, which are theoretically he i in of th i 4D h
meaningful for investigating the phase transition and criticalOn the Isospin of the reaction systd) ’16'|'- In the QMD
model, nucleon is represented by a Gaussian form of wave

phenomenon of a finite system. A great deal of experiment nction:
and theoretical work has been devoted to studies of the '
mechanism of IMF emission and the resulting physical pic-

tures m_ainly focus on the v_olume inst_a_bility from the density W(r,t)= ;swle—[r—ri(t)]zl(AL)eipiAr/h. (1)
fluctuations, thermodynamical instability from the tempera- (27L)

ture fluctuations, and shape instability from the surface fluc-

tuations|[8,2]. Performing a Wigner transformation for E(), we get the

In recent years, with the establishment of secondary beamucleon’s Wigner density distribution in phase space:
facilities at many laboratories around the world, radioactive
beams of nuclei with large neutron or proton excess have 1 [r—r(t)]?> [p—pi(t)]?2L
(wh)®

been used and heavy-ion physics has opened up a new field,fi(r,p,t) = ,
. ) . 2L #2

radioactive nuclear beaRNB) physics. Consequently, one @)

can investigate the properties of nuclei very far from e

stability line and isospin degrees of freedom in nuclear reac- .
wherer; andp; represent the mean position and momentum

tions at wide energy ranges for different projectile-target ) . . ) .
combinations. The isospin effects on preequilibrium nucleor?f the ith nucleon, respectively, which satisty the canonical

emission[9,10], the isospin nonequilibrium in intermediate equation .Of motion. The is the so-called Gaussian wave
energy HIC's[11,17, and the isospin dependence of di- packet W|dth(h¢reL=2.0 fn). In the IQMD model, the
rected collective flow[13—-16 and radial expansion flow nuclear mean field can be parametrized by
[17] have been studied experimentally and theoretically. A 1
recent review can be found in R¢fL8]. _ Yo (1

More recently, the isospin dependence of nuclear multi- Ulp. 7o) =alplpo)+ Blplpo) ™+ 5 (1= 7)Ve
fragmentation int*2Sn+ 112Sn and'?/sn+ 124Sn collisions at
40 MeV/nucleon has been observed by the MSU gridig. +CMTZ+ uYuk 3
This effect was reproduced qualitatively by the expanding Po
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o '2'gn+12'gn, exp.
o M2gn+1"2gn exp
[ 12450112450’ |QMD
-..12gn 4 11291 |QMD

<Nme>

FIG. 1. Average number of in-
termediate mass fragments
(IMF’s), (Nye), versus number
of charged particle\¢ (), light-
charged particles wit@<2, N, ¢
(b), and neutronsNy (c). The
solid (open circles denote the ex-
perimental data for the'?‘Sn
+1%5n #1250+ 1125n)  reaction.
The solid (dotted line represents
the IQMD model predictions for
the '¥Sn+12%sn (%Sn+11%5n)
reaction.

with p, the normal nuclear matter densityere, 0.16 fm?);

the ground states of'?Sn and'?/Sn in terms of the Monte

p, pn, andp, are the total, neutron, and proton interactionCarlo method. Particularly, in the nonlinear RMF calcula-

densities, respectively, is thezth component of the isospin
degree of freedom, which equals 1 erl for neutrons or
protons, respectivelyy. is the Coulomb potential; and "'
is Yukawa(surface potential which has the following form
[22]:

V
UYuk:ﬁ
— 1y /AL) —exp(mryerfo(yLm-+r;; /AL)],
(4)
with Vy=—0.0074 GeV andn=1.25 fm L. The relative
distancer ;= |ri—r]-|. In the present work, the so-called soft

EOS with an incompressibility dk=200 MeV is used and
the symmetry strengtE=32 MeV.

> iex;XLmz)[exr(— mr;;)erfo(yLm

i£j Tij

tions we use the latest force parameter NL3 which is able to
provide a very good description not only for the properties of
stable nuclei but also for those far from the valley @f
stability in all cases considered so {&4].

We construct clusters by means of an isospin-dependent
modified coalescence model6,17]), in which first particles
with relative momenta smaller thd®, and relative distances
smaller thanR, are coalesced into one clusténere R,
=3.5 fm andP,=300 MeV/c); then we check whether the
cluster is or is not an isotope existing in the nuclear data
sheets, and if it is, then the cluster can be accepted; finally in
order to get rid of nonphysical line-type clusters one should
check whether the conditioR,m<=<1.14A%3, is or is not sat-
isfied, and if so, the cluster is considered as a valid fragment
eventually (here, theR,,s and A are the root-mean-square
radius and mass number of the cluster, respectivélyere-

In the initialization process of the IQMD model, the neu- fore, the present model to construct clusters is an extended
tron and proton densities calculated from the nonlinear relaversion of the conventional coalescence model which was

tivistic mean-field(RMF) theory[23] are used to initialize

6

adopted in Ref[16] by considering self-consistently the

o *gn+12gn exp.

o 1'2Sn+""%gn, exp.

| 129 4+1%gn |QMD
-..12gn 4 11297 |QMD

<Nmr>

FIG. 2. Same as in Fig. 1 but
in the calculated results the pre-
equilibrium particles have been
excluded.
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isospin constraint and aggregation procedure. In the calcula  #r
tions, it is indicated that the present calculated results are E
insensitive to the selection of eithé&;=3.5 fm and P,
=300 MeVlc or Rp=2.4 fm andP,=200 MeVlc, the
latter being used in our previous wofk6]. 5

In the present calculations, we simply assume that thes,
number of the events is proportional to impact parambter <
andb=1, 2, 3,4, 5,6, 7, 8,9, and 10 fm are adopted. The
calculation indicates that the number of IMF’'s has become
very small and the multifragmentation mechanism has basi-
cally disappeared d&=10 fm. To accumulate the numerical
statistics, we select the fragments by summing over the frag-
ments oft=200 fm/c since the charge distributions have
been very stable after 200 fi/ .

Figures 1a), 1(b), and Ic) show the average number of %3
IMF's ({(Njye):3<Z=<33) as a function of number of 2
charged particlesN¢, light-charged particles wittz<2,
N.c, and neutronsNy, respectively. The solidopen
circles denote the experimental data for théSn+124Sn
(*?sSn+1125n) reaction. The soliddotted line represents
the IQMD model prediction for the'?’Sn+'2%Sn (*%Sn
+!25n) reaction. From Fig. 1, one can see clearly that the §
IQMD model predictions are in very good agreement with &
the experimental data in trends; namely, for the sipeor
N c the (Nye) for 2%Sn+1%4Sn is larger than that for
1125+ 11250, The calculated results indicate that the magni- o
tude of the maxima in different correlations has nearly the py
same values while the experimental data show different val-z= ™'
ues for the different correlations, which implies that the 1L
present IQMD model cannot reproduce this feature of the .
data. More importantly here, there is agreement between the time (fm/c)
data_ and_the IQMD mode_l_predlctlons for the magnitude of FIG. 3. The IQMD-model-predicted time evolution of number
the isospin effect. In addition, the calculated results cannot o pre : : pre

. L . of preequilibrium neutronsNK® (&), light-charged particlesN{'c

reprqduqe the maxima ¢Niwe), which |s'ma|nly due to npt (b), and N/Z of the remnant source&) for central collisions of
conS|_der|r_lg the statistical depay of excited fragments in th%ystemslﬂsn_'_lzzlsn (solid line) and %Sn+ 125 (dotted line.
reaction final state. Meanwhile, we can see that the calcu-
lated results cannot reproduce the positions of the maxima in ] . ) ]
(Njme) versusNe, Ny ¢, or Ny, which is easy to understand although the isospin dependence of the horizontal shifts for
since the preequilibrium particles are still included and theythe different correlations in Fig. 2 becomes worse than that
contribute toN¢, N, ¢, or Ny. This problem also exists in N Fig. 1 for the perlpheral colI!S|0d$0rrespond!ng_to small
calculations of the EES mod¢lL9] or percolation model Nc. Nic, orNy). This worsening may be a limitation of the
[21]. Therefore, it seems that the preequilibrium emissiorPresent way of determining preequilibrium particles due to
may play a very important role in these correlations. the lack of experimental information. o

If the preequilibrium particles are excluded, then the re- In order to illustrate the influence of the preequilibrium
sults can be displayed in Fig. 2 which is the same as Fig. £mission on the two reactions, bt=0 we display in Figs.
but in the calculations the preequilibrium particles have bee(@, 3(b), and 3c) the IQMD-model-predicted time evolu-
excluded. In the present calculations, the preequilibrium partion of the number of preequilibrium neutronsi{®), light-
ticle is simply defined as the light fragment with< 2 which ~ charged particlesN{'S), and N/Z of the remnant sources
satisfies the following conditions: the relative distance be<{here the remnant source is defined as the heavy residue after
tween it and any other fragment is larger than 3.5 fm, theexcluding the preequilibrium particlgsrespectively. The
average kinetic energy per nucleon of this fragment is largesolid (dotted line corresponds to the result 6f‘Sn+1%4sn
than 8 MeV in center-of-masg&.m) system, it moves far (**?Sn+11%Sn). From Figs. @) and 3b), one can clearly see
from the center of mass in the c.m. system, and its relativéhat nearly all preequilibrium particles are emitted in the time
distance to the center of mass is larger than the root-meaimterval from 50 to 100 fm¢ for both reactions and the sub-
square radius of the reaction system. From the comparisasequent particle emission is less important. Meanwhile, it is
between Fig. 1 and Fig. 2, we can see clearly that the preseen that the preequilibrium neutron and light-charged par-
equilibrium emission affects strongly the sorting axis, whichticle emissions are very different for the two systems; i.e.,
results in the calculated results reproducing very well thehe more neutron-rich systef?*Sn+2Sn emits more pre-
positions of the maxima iiNye) versusN¢g, N ¢, or Ny equilibrium neutrons and fewer preequilibrium light-charged
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particles than the systerh'’Sn+1?Sn, and the number of

neutrons is larger than that of light-charged particles for

12450412450 while the opposite result is observed for
1251+ 11251, which may be due to the former having a thick

neutron skin. This phenomenon is also observed in the analy 2t

sis of the EES mod€]19]. As a matter of fact, the more
neutron-rich system?/Sn+ 124Sn emits more preequilibrium

neutrons to cool and consequently it remains less energetiv
so as to emit less light-charged particles. In addition, from 1}

Fig. 3(c) we can see tha/Z of the remnant sources has
changed from the original 1.48.24) to 1.41(1.23 at 100
fm/c and then 1.491.30 at 400 fmk&, which shows that the
preequilibrium emission has a big influence on &z of
the remnant source dfSn+124Sn around 100 fno. There-
fore, the preequilibrium emission affects théZ composi-
tion of the fragmenting system as expecfed].

It is well known that the total charge contained in frag-
ments with two or more chargegy g, IS also often mea-
sured experimentally and the correlation betwé@ep,-) and

ZpoungiS Usually used to investigate nuclear multifragmenta-

tion [25,264. It should be noted that the preequilibrium light
particles have little influence af,,qSince the neutron and
hydrogen isotopes do not contribute to tAg,,,q. The
(Nime) as a function oy, ngisS shown in Fig. 4. In the left
panel of Fig. 4 the effect of preequilibrium emission is not

cluded in the right panel of Fig. 4. The soli@pen line
represents the IQMD model prediction for th&Sn+124Sn

exists very significantly different scalings @Nyz) with
Zbound bEtWeen 12%sn+1%4sn and 12%Sn+ 11250 collisions;
i.e., for a given value oZ,,nq, @ larger(Nye) is observed
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FIG. 4. IQMD model predicted average number of intermediate
mass fragmentMF’s), {(Nye), versus the total charge contained
in fragments with two or more charge&,,¢» at two different
situations: the effect of preequilibrium emission is not considered

(left pane) and the preequilibrium particles are excludedyht
pane). The solid (dotted line represents results for th&4Sn
+ 12450 11250+ 1125n) collisions.

In conclusion, the experimental data could be reproduced
considered while the preequilibrium particles have been exqualitatively within the framework of the IQMD model. In
particular, the IQMD model predictions are in quantitative
agreement with the experimental data on the magnitude of
(**?Sn+11%3n) collisions. From Fig. 4 we can see that therethe isospin effect. The main discrepancy is that the IQMD
model cannot reproduce the maxima(blfy,-) mainly due to

not considering the statistical decay of excited fragments in

the reaction final state. Meanwhile, the IQMD model calcu-

for 124gn+ 1249 than“?SnJr 125, Meanwhile, comparison lations indicate that preequilibrium emission plays an impor-
between the left and right panels of Fig. 4 implies that thetant role in scaling of théNye) with N¢, N, or Ny but
preequilibrium emission has hardly any influence on thenag hardly any influence on scalings(®fe) with Zpoung-

scalings of(Nye) with Z,,,nq@s expected, which indicates
that the correlation betwegiiN;y=) andZyy,,qis more con-
venient than that betwedMN,;-) andN¢, N ¢, or Ny for a

Unfortunately, experimental data involving,,,,q are not
available.
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