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Background: Projectile fragmentation is a well-established technique to produce rare isotope beams, but its
underlying physical processes are not fully known.

Purpose: We devote ourselves to studying the dynamical properties and secondary decay effects of projectile
fragmentations in '>*Sn, '’Sn + '2°Sn collisions at 600 MeV /nucleon.

Method: The formation of the projectile spectator and the fragmentation process are studied with the isospin-
dependent quantum molecular dynamics (IQMD) model. The minimum spanning tree algorithm and the ratio of
parallel to transverse quantities are applied to distinguish the equilibrated projectile spectator during the dynamics
evolution. The influence of secondary decay on fragmentation observables is investigated by comparing the
calculations with and without the statistical code GEMINIL The validity of the theoretical approach is tested by
comparing the calculated product yields with the experimental results of the ALADIN Collaboration for the
studied reactions.

Results: The general correlation of an increasing excitation energy with a decreasing mass of the spectator system
is found for collisions with impact parameter of b = 5-10 fm. The nucleon evaporation of the prefragments
reduces the multiplicity of intermediate-mass fragments, but does not change their dependence on the isospin of
the projectile. The sequential decay also leads to narrower isotope distributions. Switching to GEMINI at a higher
excitation energy results in slightly narrower isotope distributions. With the GEMINI code, in which the nuclear
masses with shell and pairing corrections are adopted, the calculations can rather generally reproduce the data of
the isotope distributions and mean neutron-to-proton ratios of the light fragments.

Conclusion: By permitting only evaporation in GEMINI, the IQMD+GEMINI model is able to reproduce the main
features of projectile fragmentation in the studied Sn+-Sn reactions.

DOI: 10.1103/PhysRevC.98.014610

I. INTRODUCTION

Nuclear fragmentation, in which several intermediate-mass
fragments (IMFs) are produced, has been the subject of many
experimental and theoretical works [1-3]. It was observed
in nearly all types of high-energy nuclear reactions induced
by hadrons, photons, and heavy ions [4,5]. According to
the participant-spectator model [6], the overlapping region
between the projectile and target in heavy-ion collisions (HICs)
is called the participant, while the remaining parts are called
the spectators. The projectile spectator, to which a fraction
of the available energy is transferred, may decay by nuclear
fragmentation. This process is called projectile fragmentation.
The projectile fragmentation leads to the emission of fragments
with a broad mass region from nucleons to fragments as
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heavy as the initial projectile, and a broad isospin region from
neutron-deficient to neutron-rich isotopes [7,8]. In addition, the
fragments from the projectile fragmentation have a momentum
per nucleon almost equal to that of the projectile and are
emitted into a narrow cone around the beam direction. Thus,
the projectile fragmentation is a well-established technique
to produce rare isotope beams in many of the present and
next-generation radioactive beam facilities [9,10].

From the point of view of basic science, understanding
projectile fragmentation is important not only to study the
reaction mechanism of nuclear collisions [11,12], but also to
extract the nuclear equation of state [13]. Since the pioneering
work at Berkeley in the 1970s [14,15], the reaction mecha-
nism of projectile fragmentation has been studied extensively.
Some observables, such as production cross sections [16],
momentum distributions [17,18], and angular momenta
[19,20] of the produced fragments, have been measured to
probe the underlying reaction mechanisms. It has been found
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that several common characteristics are displayed in the pro-
jectile fragmentation at high incident energies. For example,
many experimental observables in peripheral collisions at high
energies (>200 MeV /nucleon), such as mass, charge, and
multiplicity distributions, vary little with energy and target
material [3]. Some other quantities, such as excitation energy,
mass, and angular momenta of the projectile spectator, are
necessary to form a complete picture of the process [21].
Howeyver, the determination of these characteristics cannot be
straightforward from the experimental data.

Several models have been developed to describe the un-
derlying physical processes in HICs at intermediate ener-
gies. Phenomenological models, such as EPAX [16,22], COFRA
[23,24], and FRACS [25], are developed relying on existing data
and hence can predict reasonably accurate cross sections for
productions. Statistical models are developed by subdividing
the HICs into a dynamical stage leading to the formation of an
equilibrated nuclear system and a statistical stage emitting the
fragments. Examples of the statistical models are the statistical
abrasion ablation model [26], the statistical multifragmentation
model (SMM) [27], the canonical thermodynamic model
[28,29], and the GEMINI code [30]. In order to start the
statistical models, it is necessary to know the charge, mass,
excitation energy, and cross section of the excited projectile
system. These quantities can be calculated using straight line
trajectories for the projectile and the target, or obtained with the
intranuclear cascade approach. Alternatively, transport mod-
els, such as Boltzmann-Uehling-Uhlenbeck (BUU) models
[31] and the isospin-dependent quantum molecular dynamics
(IQMD) model [32], are applied to calculate the properties
and fragmentation of the abraded system [33-35]. Recently,
powerful and elaborate calculations for the projectile fragmen-
tation were also made by transport models like the heavy-ion
phase-space exploration model [36] and the antisymmetrized
molecular dynamics model [37,38].

In this work, the projectile fragmentation in Sn + Sn
collisions at 600 MeV /nucleon is investigated within the
framework of the IQMD model [32,39] plus GEMINI code [30].
The version of the IQMD code used in this paper is IQMD-
BNU (Beijing Normal University), which has been introduced
and compared to other versions within the transport-code-
comparison project [40,41]. Not only the properties of the
projectile spectator but also the fragmentation processes are
studied with the IQMD model. The GEMINI model is applied to
simulate the decays of the prefragments. The paper is organized
as follows. In Sec. II, we briefly describe the method. In Sec. III,
we present both the results and discussions. Finally, a summary
is given in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Isospin-dependent quantum molecular dynamics model

The wave function for each nucleon in the IQMD model is
represented by a Gaussian wave packet

i(st) = — o )
. r’ — e 4L e n s

' (2m L)3/4

where r; and p; are the average values of the positions and
momenta of the ith nucleon, and L is related to the extension
of the wave packet. Note that the definition of L differs by

a factor of 4 from that used in Eq. (7) of Ref. [32]. For the
actual calculations, L = 1.0 fm? has been chosen. The total
N-body wave function is assumed to be the direct product of
these coherent states. Through a Wigner transformation of the
wave function, the N-body phase-space density is given by
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The time evolution of the nucleons in the system under
the self-consistently generated mean field are governed by
Hamiltonian equations of motion,

r,=VpH, p;=-V,H. 3)

The Hamiltonian of baryons in this work consists of the kinetic
energy, the Coulomb interaction, and the nuclear interaction.
The nuclear potential energy density of the asymmetric nuclear
matter with density p and asymmetry § is given by
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where py is the normal density. The parameters «, 8, y,
C;p, and y; are temperature independent. In Eq. (4), the first
and second terms refer to the local two-body and three-body
interactions, which are widely used in transport models [39].
The form of the symmetry potential, shown as the third term
in Eq. (4), was proposed by Tsang et al. [42].

The parameters used in the following work are o =
356.00 MeV, B =303.00 MeV, and y =7/6. They
provide a compressibility of 200 MeV at saturation density
(without momentum-dependent interactions [32]) for isospin-
symmetric nuclear matter. There are several options of Cj,, and
y; in the IQMD code to provide different density dependencies
of the symmetry energy. In this work, C,, = 38.06 MeV and
y; = 0.75 are used. Work is in progress to study possible
consequences of varying C;, and y;.

Binary nucleon-nucleon (NN) collisions are included in
the IQMD model. The NN collisions simulate the effect of
the short-range repulsive residual interaction together with
the stochastic change of the phase-space distribution. The
differential cross sections of NN collisions can be written as

do free pangl rmed
do free pangl pmed. 5
( 1749 ) ; 7 fl fl )

where o' is the cross section of NN collisions in free

space, ¢! gives the angular distribution, and f™ gives the
in-medium corrections. The subscript i is used to distinguish
the channels of the NN collisions, i.e., elastic proton-proton
(pp) scatterings, elastic neutron-neutron (nn) scatterings, elas-
tic neutron-proton (np) scatterings, and inelastic NN colli-
sions. The isospin-dependent parametrization of o™ and f2¢!
adopted in this work is taken from Ref. [43]. The in-medium
factor for elastic scatterings is written as [44]

gr}*ted — O_O/O,free tanh(o,free/o_o)’
oo = 0.85p7 /5. (6)

The density dependence can be seen in Eq. (6). Since the
cross section in free space o™ depends on the energy and
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isospin, the in-medium factor is also energy dependent and
isospin dependent. The authors of Ref. [44] declared that the
in-medium factor does fine when checked against stopping data
with the pBUU [45]. The effect of using in-medium modified
cross sections is very small for the fragment observables
considered here. The calculated fragment multiplicities are
slightly reduced by about 9%. We do not consider the in-
medium correction of inelastic NN collisions.

To compensate for the fermionic feature, the method of
the phase-space density constraint (PSDC) in the constrained
molecular dynamics (CoMD) model [46] is applied. The phase-
space occupation probability f; is calculated by performing
the integration on a hypercube of volume /? in the phase space
centered around the ith nucleon at each time step. At each
time step and for each nucleon, the phase-space occupation f;
is checked. If phase-space occupation f; has a value greater
than 1, the momentum of the ith nucleon is changed randomly
by many-body elastic scattering.

In the case of collisions, the Pauli blocking of the final
states is taken into account. Note that in Ref. [32] collisions
are allowed with the probability (1 — f/)(1 — f jf), in which
f{ and f ]/ are the phase-space densities at the final states
before the scattered particle is placed there. The Pauli blocking
method related to the PSDC is used in the present work.
These two Pauli blocking methods have been compared in
our previous work [47]. The Pauli blocking method related
to the PSDC is necessary after we use the PSDC method to
compensate for the fermionic feature. It is required that no state
with f; > 1 is created in a binary NN collision; otherwise it
will be changed by the PSDC method. Thus, the phase-space
occupation probabilities f; and f ;j at the final states are

measured for each binary NN collision. Only if f; and f ;at
the final states are both less than 1, the scattering is accepted.

B. GEMINI

After the evolution by the IQMD code, the prefragments are
formed, and the GEMINI code is switched on. The simulations
of the IQMD code will be stopped when the excitation energies
of the two heaviest prefragments are less than a specified value
Eop- The charge number, mass number, and excitation energy
of each prefragment are outputted by the IQMD code. If the
excitation energy is greater than zero, the sequential decays
of the prefragment will be performed by the statistical code
GEMINL. It allows not only light-particle evaporation and sym-
metric fission, but all possible binary-decay modes. A Monte
Carlo technique is employed to follow all decay chains until
the resulting products are unable to undergo further decays.
The partial decay widths are taken from the Hauser-Feshbach
formalism for light-particle evaporation. For the emission of
a light particle (Z;, A;) of spin J; from a system (Zy, Ag) of
excitation energy E* and spin Jy, leaving the residual system
(Z,, A,) with spin J,, the decay width is given by

L'p(Z1,A1,2,,A7)

— 2-]] + 1 ot /E*_B_Erm
270 5,00
x Ti(e)p2(E* — B — Eot — €, 2)de, (7

where [ and ¢ are the orbital angular momentum and kinetic
energy of the emitted particle, E;, is the rotation plus
deformation energy of the residual system, py and p, are the
level densities of the initial and residual systems, respectively,
and 7; is the transmission coefficient. The separation energy
B is calculated from the nuclear masses. The tabulated masses
are applied. The details of GEMINI are given in Ref. [30].

III. RESULTS AND DISCUSSION
A. Properties of projectile spectator

It is assumed that the multifragmentation process is subdi-
vided into three stages. After the projectile has touched the
target, a dynamical and nonequilibrium stage leads to the
formation of an equilibrated projectile spectator. The excited
projectile spectator disassembles into individual, possibly ex-
cited, primary fragments, and the final fragments are produced
after the subsequent deexcitation of the hot primary fragments.

In the IQMD model, the positions and momenta of the
nucleons as a function of time can be obtained. At any time
during the reaction process, fragments can be recognized
by a minimum spanning tree (MST) algorithm, in which
nucleons with relative distance of coordinate and momentum
of |r; —rj| < Ro and |p; — p;| < Py belong to a fragment
[39]. Ry and P, are phenomenological parameters with typical
values Ry =3.0fm and Py =250 MeV/c being used in
other quantum molecular dynamics (QMD) codes [39,48]. In
this work, a slightly larger Ry = 3.5 fm, together with Py =
250 MeV/c, was found to best reproduce the experimental
fragment multiplicities and production cross sections. The
chosen values are in accordance with the potential range and
large enough to permit recognizing the initial projectile and
target at the beginning of the collision.

The excitation energy of the fragments can be calculated:

. 2
_ Ui+ % — B(Zy,Ayp)
= A, .

E* (®

Here U; and p; are the single-particle potential and momentum
of the ith nucleon; ps, Z ¢, and A ; are the average momentum
per nucleon, charge number, and mass number of the fragment;
B(Z,Ay) is the binding energy of a nucleus with charge
number Z; and mass number A ;. The summation is for the
nucleons belonging to the same fragment.

The MST algorithm is performed during the collision. The
outputted mass number and excitation energy of the heaviest
fragment (or system) are shown in Fig. 1 as a function of time
for collisions of '?*Sn + 2°Sn at 600 MeV /nucleon with the
impact parameter of b =5 fm. Note that we choose r = 0
fm/c to be the point of first contact between projectile and
target, but the simulation of the reaction begins at —50 fm/c.
At the beginning from —50 to 10 fm/c, the projectile is
approaching the target. The heaviest fragment output by the
MST algorithm is the projectile with mass number A = 124.
The excitation energy rises very slowly due to collisions within
the projectile but remains close to zero for —50 < ¢ < 10fm/c.
During the dynamical and nonequilibrium stage from 10 to
40 fm/c, the projectile and target are no longer recognized
as individual nuclei by the MST algorithm and the combined
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FIG. 1. Mass number and excitation energy of the heaviest frag-
ment (or system) as a function of time in the collisions of 1248n + 12°Sn
at 600 MeV /nucleon with the impact parameter of b = 5 fm. The
evolution of the collision geometry is sketched in the top panel. The
time ¢+ = 0 fm/c is chosen to be the point of first contact between
projectile and target.

system containing the full collision energy is obtained as the
heaviest fragment. It is only after # = 40 fm/c that a projectile
spectator and a target spectator can be distinguished. Because
of the fragmentation of the excited spectators, the mass number
and the excitation energy of the identified heaviest fragment
decrease slowly. The MST method was also applied in QMD
calculations to study the fragmentation of '°’Au projectiles
after collisions with various targets at 600 MeV /nucleon [49]
and in "7 Au + "7 Au collisions at incident energies of 400,
600, and 1000 MeV /nucleon [50] but the fragment production
in collisions with medium and large impact parameters was
underestimated in both studies. Those calculations also showed
the separation of the projectile spectator and target spectator
after the violent phase of the collisions. However, the transi-
tion between the nonequilibrium stage and fragmentation is
continuous. The MST algorithm is unable to distinguish the
onset of the equilibrated projectile spectator.

The ratio of parallel to transverse quantities is further used
to distinguish the equilibrated projectile spectator:

_ 2Zi(pzi - pzf)2
Z,‘[(pxi - pr)2 + (pyi - pyf)z] ’

where p,;, pyi, and p;; are the momentum components of the
ith nucleon along the x, y, and z axes; p,r, pyr,and p,y are the
average momentum per nucleon of the fragment along the x,
¥, and z axes. The summation is for the nucleons belonging to
the same fragment. The z axis is the direction of incidence of
the projectile. The value of R is 1 for an equilibrated system.
The time evolution of Rg can be calculated for each event in
the IQMD model. For example, in Fig. 2(a) the time evolution
of Rg of the heaviest fragment is shown for three events of
1248n 4 1298n collisions at 600 MeV /nucleon with the impact
parameter of b =5 fm. As mentioned above, the heaviest
fragment at the beginning is the projectile. Thus the value of Rg
is close to 1 at this stage. In the dynamical and nonequilibrium
stage (from 10 to about 40 fm/c), the heaviest “fragment” is

Rg

C))

t (fm/c)

FIG. 2. (a) Time evolution of R of the heaviest fragment (or sys-
tem) in three events of >*Sn + '2°Sn collisions at 600 MeV /nucleon
with the impact parameter of b =5 fm. (b) Distribution of time
when the projectile spectator achieves equilibrium in '**Sn + '2°Sn
collisions at 600 MeV /nucleon with impact parameters of b = 0, 5,
and 10 fm.

the colliding system, in which the parallel energy is close to
the incident energy. We can see a very large value of Rg at
this stage. After the projectile spectator is separated from the
participant region, its value of Ry decreases and gets close to 1.
Considering the observed fluctuation, the projectile spectator
with a value of 0.9 < Rg < 1.2 is regarded as equilibrated.
Figure 2(b) shows the distribution of time when the projec-
tile spectator achieves equilibrium in '2*Sn + '2°Sn collisions
at 600 MeV /nucleon with the impact parameters of b = 0, 5,
and 10 fm. A total of 1 x 10* events are used to obtain this
result. It can be seen that the time needed for equilibrium
in the central (b =0 fm), mid-peripheral (b =5 fm), and
peripheral (b = 10 fm) collisions is located in the interval 20 <
t < 150 fm/c. The most probable time needed for equilibrium
for central and mid-peripheral collisions is about 50 fm/c. For
peripheral collisions (b = 10 fm), inelastic reactions and the
fragmentation occur simultaneously. The inelastic scattering
results in a peak of the time distribution at # = 25 fm/c.
After the time for equilibration, the statistical description
for the fragmentation is possible. However, the parameters,
i.e., the excitation energies, mass numbers, and charges of
the predicted equilibrated sources, are uncertain and model
dependent. Figure 3 shows the mass of the equilibrated projec-
tile spectator as a function of impact parameter in '**Sn +
12080 collisions at 600 MeV /nucleon. For comparison, the
mass of the projectile spectator is also calculated according to
the participant-spectator geometry proposed by Gosset et al.
[51]. The projectile and the target are assumed to be spherical
with radii of 5.45 fm. Straight line trajectories for the projectile
and target are applied. The participant-spectator geometry
involves the calculation of the volume of intersection of a
sphere and a cylinder. Within this approach, the mass of the
equilibrated projectile spectator increases monotonously with
increasing impact parameter. For the semi-central collision, the
geometrical spectator appears in a crescent shape. Within the
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FIG. 3. Mass of the equilibrated projectile spectator as a function
of impact parameter in '2*Sn + '2°Sn collisions at 600 MeV /nucleon.
The mass is reduced to the mass of the projectile. The mass of the
projectile spectator, calculated by geometrical analysis, is shown as a
dashed curve.

MST algorithm and Eq. (9), the dynamic spectator separated
from the participant region can be distinguished. The spectator
will emit nucleons before it is separated from the participant
region. Thus we see in Fig. 3 that the dynamic mass is generally
smaller than the mass according to the participant-spectator
geometry except for small and very large impact parameters.
Figure 4 shows the excitation energy of the equilibrated
projectile spectator as a function of impact parameter in
1248n 4 1298n collisions at 600 MeV /nucleon. With increasing
impact parameter, the excitation energy of the equilibrated
projectile spectator rises and then falls. The excitation energy
of the equilibrated projectile spectator reaches the largest value
of 8 MeV /nucleon in collisions with impact parameter b = 8
fm. The fluctuation of the excitation energy is very large. For
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FIG. 4. Excitation energy of the equilibrated projectile spectator

as a function of impact parameter in '2*Sn + 2°Sn collisions at
600 MeV /nucleon.
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FIG. 5. Correlations between mass and excitation energy of the
equilibrated projectile spectator from the simulation of '2*Sn + 2°Sn
collisions at 600 MeV /nucleon with impact parameters ranging (a)
from 0 to 5 fm and (b) from 5 to 10 fm. The mass is reduced to the mass
of the projectile. The indicated INC prediction, SMM assumption,
and experimental finding for Au/Au collisions [52] are taken from
Ref. [53].

example, in collisions with b = 8 fm, the excitation energy is
distributed over an interval from 2 to 12 MeV /nucleon. The
center of the distribution is at 8 MeV /nucleon and coincides
with the average binding energy of nuclei that has the same
value. It means that the hot source is not bound. It will emit
IMFs during its decay and reach the bound state.

The correlations between mass and excitation energy of
the equilibrated projectile spectator are obtained from the
simulation of '?*Sn + '2°Sn collisions at 600 MeV /nucleon
with two impact parameter intervals, 0-5 and 5-10 fm (Fig. 5).
In the figure, the indicated intranuclear cascade (INC) predic-
tion, SMM assumption, and experimental finding for Au+Au
collisions [52] are taken from Ref. [53]. The mass is reduced
to the mass of the projectile. For b = 0-5 fm, the correlation of
an increasing excitation energy with increasing mass is found.
As mentioned above, the hot sources distinguished by the MST
algorithm and Eq. (9) are the spectators after their separation
from the participant region. During the separation process,
the excitation energy of the spectator will decrease rapidly
by nucleon emission or fragmentation. In other words, the hot
sources for b = 0-5 fm are only recognized at a late time when
kinematic equilibration is reached, possibly at arather low level
of excitation. It has the effect that the correlations between
mass and excitation energy of the spectator for b = 0-5 fm
are very different from what was found useful [53,54] or
determined [55] in SMM analyses (solid curve in Fig. 5).

For b = 5-10 fm, the general correlation of an increasing
excitation energy with a decreasing mass is observed for
spectator masses for A ,s/Apw; > 0.7. The hot sources with
masses of 0.3 < A, /Ay < 0.7 have excitation energies of
about 8 MeV /nucleon. The error bars of the experimental
distributions for Au+Au collisions at 600 MeV /nucleon reach
the center of the distributions in this work. The results by the
intranuclear cascade model are close to the lower bounds of the
distributions in this work. Comparing the distributions in this
work to that used in the SMM, we can find similarities only for
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FIG. 6. Distributions of (a) the longitudinal momenta (c.m.) of
the equilibrated projectile spectator in '2*Sn 4 2°Sn collisions at
600 MeV/nucleon and (b) the asymptotic fragments for impact
parameters b = 5-10 fm and 0-5 fm as indicated.

large and small masses. However, in the middle region, the hot
sources predicted by the IQMD model have larger excitation
energies than those applied in the SMM analyses.

To show whether the hot sources and IMFs come from
the spectator region, we plot the distributions of longitudinal
momenta of hot sources and IMFs for b=0-5 and 5-10 fm
in Fig. 6. One can see that the hot sources extracted by the
MST algorithm for b = 5-10 fm have momenta close to the
projectile momentum (529 MeV /c). For b = 0-5 fm, some hot
sources come from the participant region, since the distribution
of momenta reaches down to zero. However, the percentage
of the hot sources with momenta less than 300 MeV/c is
smaller than 10%. That is to say, the MST algorithm works
well when it distinguishes the spectator. The distributions of
longitudinal momenta of IMFs are shown in Fig. 6(b). They are
nearly Gaussian with a center near the projectile momentum
for b = 5-10 fm, indicating that the IMFs mainly come from
the spectator. For b = 0-5 fm, we see a similar Gaussian
distribution, but with about 15% of the counts at p/A < 300
MeV /c. That is to say, about 15% of the IMFs come from the
participant region for b = 0-5 fm.

B. Influence of secondary decay on fragmentation observables

In this section, the effects of sequential decay are studied
by comparing calculations with and without the statistical code
GEMINI. The crucial parameter to match the IQMD with GEMINI
is the switching time, which represents the dynamical evolution
time of the IQMD model before the GEMINI code is switched
on. There are spurious emissions of nucleons in the IQMD
model. It means that a few nucleons will be evaporated even if
one simulates a single nucleus in its ground state. As the time
proceeds and for lighter nuclei, this effect becomes stronger.
In our previous work, the switching time was the same for
central and peripheral collisions [56]. We chose the switching
time so that the fragmentation in peripheral collisions has
been completed. But for central collisions, the same switching
time results in spurious nucleon emissions of prefragments.

0.25_---............
e b=0fm
[ ——b=5fm
0'20;': --- b=10fm
N
0.0} ]
0.05F ]
0.00 B L T L e e .:.:
0 500 1000 1500
t (fm/c)

FIG. 7. Distribution of the switching time in **Sn + 12°Sn col-
lisions at 600 MeV /nucleon for impact parameters of b = 0, 5, and
10 fm.

The IMFs produced in central collisions will falsely emit
nucleons and possibly become free nucleons themselves if
the evolution times are too long. In this work, to avoid the
spurious emissions of nucleons and to preserve the number of
prefragments, the evolution by IQMD will be stopped when
the excitation energies of the two heaviest prefragments are
less than a parameter E,, that is determined from the onset of
multifragmentation as observed in heavy-ion reactions. It has
the consequence that the switching time, i.e., the dynamical
evolution time until Eg,p is reached, is different for each
event. Figure 7 shows the distribution of the switching times in
1248n + 1298n collisions at 600 MeV /nucleon with the impact
parameters of b = 0, 5, and 10 fm. A total of 1 x 10* events
are used to obtain this result. It can be seen that the time
distribution extends over a large region, from 50 to 1700 fm/c.
Inelastic scattering and fragmentation result in two peaks
for peripheral collisions (b = 10 fm). The peak at 50 fm/c
refers to the inelastic scattering. The dynamical evolution is
followed for times of the order of 1000 fm/c for peripheral
collisions. Because the PSDC method is used, the inevitable
spurious emissions are kept at a small level. Typically only
about five nucleons are emitted spuriously from a cold >*Sn
nucleus during 2000 fm/c evolution time. Only about 200 fm/c
dynamical evolution is simulated for central collisions. We
preserve the number of prefragments for central collisions in
contrast to our previous work [57].

To show the role of the GEMINI code, we compare the
calculations in >*Sn + 2°Sn collisions at 600 MeV /nucleon
with the impact parameter of 5 fm performed with the IQMD
alone and with the IQMD-+GEMINI model in Fig. 8. Figures 8(a)
and 8(b) show the excitation energy distribution and mass
distribution of the largest fragment in an event. Figures 8(c)
and 8(d) show distributions of the total bound charge in an
event and the mean multiplicity as a function of the fragment
charge Z. The outputs of the IQMD model without the GEMINI
code represent the excited prefragments, while the outputs of
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FIG. 8. Comparison between the calculations by IQMD and IQMD--GEMINI models in '2*Sn 4 '2°Sn collisions at 600 MeV /nucleon with
the impact parameter of 5 fm for E,, = 2 MeV. (a) Excitation energy distribution and (b) mass distribution of the largest fragment in an event.
(c) Distribution of the total bound charge in an event and (d) distribution of the mean multiplicity as a function of the fragment charge Z.

the combined IQMD+GEMINI models are the final fragments.
Because Egop, = 2 MeV /nucleon is used, the energies of the
prefragments obtained with the IQMD are distributed across
0-2 MeV /nucleon. The excitation energies of all final frag-
ments are zeero. Figures 8(b) and 8(c) show that the distri-
butions of Apax and Zpouna by IQMD+GEMINI move slightly
to the left compared with those from IQMD alone. There
are fewer IMFs and more light particles (Z < 3) obtained
with IQMD+GEMINI calculations than with the IQMD alone
[Fig. 8(d)]. The nucleon evaporation of the prefragments is
responsible for these results. In fact, by changing the symmetry
of the fission mode, or by increasing the upper limit of the
mass in the evaporation mode, the GEMINI code can also be
used for studying the multifragmentation or spallation [58]. In
this work, the multifragmentation mode in the GEMINI code
is switched off, since we devote ourselves to studying the
dynamic process of fragment production within the transport
model. The GEMINI code is necessary, although it is not used
to simulate the fragment production. We should compare the
experimental data to the calculation of final fragments, but not
the excited prefragments.

Figure 9 shows the mean multiplicity of IMFs (3 < Z < 20)
as a function of Zpguna for the reaction of '**Sn + '°Sn at
600 MeV /nucleon by IQMD [Fig. 9(a)] and IQMD+GEMINI
[Fig. 9(b)]. The experimental data for the same reaction,
performed with a natural Sn target (atomic weight 118.7), are
taken from Ref. [53]. The acceptance of the ALADIN forward
spectrometer for projectile fragments is large. By studying
angular distributions measured for the present reactions, it

was found to increase with Z from about 90% for projectile
fragments with Z = 3 to values exceeding 95% for Z > 6[53].
In the calculations, fragments with p, > 0inthe c.m. frame are
retained, where p, is the momentum in the incident direction.
With this condition, all products forward of mid-rapidity
are included into the projectile-spectator source. However,
because most of the fragments are distributed around projectile
rapidity (Fig. 6), we consider the minor effects caused by

1 (b) cold fragments

O
O

o ALADINdata %o

[ --- Esmp =2 MeV/u » ]
............. E,,, = 3 MeViu 2920
—E__=4MeVlu N
0.0 L L L L L Sipp f L
0 10 20 30 40 0 10 20 30 40 50
Z Zbound

bound

FIG. 9. Mean multiplicity of IMFs (3 < Z < 20) as a function
of Zyouna for reactions of 2*Sn + '2°Sn at 600 MeV /nucleon by (a)
IQMD and (b) IQMD+GEMINI. The calculations were performed for
three values of E, as indicated. The experimental data (open circles)
are taken from Ref. [53].
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slower particles and by the spectrometer acceptance as not
essential for the following comparison.

The multiplicities exhibit the rise and fall of the fragment
production. The lower multiplicities for smaller values of
Zyound indicate the presence of vaporization events in central
collisions, while those in the Zpguna = 50 region indicate
the inelastic events in peripheral collision. The data strongly
stagger for Zyouna < 10. This phenomenon is caused by the
definition of Zyoung Which includes the charge of observed o
particles whose number is not included in M. In particular,
we observe that the MST method as applied in the present study
is capable of reproducing the fragment production over the full
range of Zyound, in contrast to Refs. [49,50]. The reason for the
difference is not fully clear at present and will require further
studies. Preliminary calculations indicate that it is related not to
the MST parameters but possibly to the PSDC method chosen
for modeling Pauli blocking.

Investigations of the average fragment multiplicity as a
function of the excitation energy have shown that the onset
of multifragmentation takes place for excitation energies
around 3 MeV /nucleon [3]. We choose three values Eop = 2,
3, and 4 MeV/nucleon to match the IQMD with GEMINI.
The calculations reproduce the rise and fall of the data.
The IQMD model overestimates the multiplicity of IMFs,
while the IQMD+GEMINI model reproduces it. Since the
multifragmentation mode in the GEMINI code is switched
off, the IMFs are not produced in the decay process of the
prefragments. Moreover, some IMFs will decay to « particles.
The IMF multiplicities delivered by IQMD+GEMINI are
therefore slightly smaller than those by IQMD alone. We also
see that the multiplicity of the final fragments does not visibly
depend on the chosen Eyp, except for very large Zpoung. It
indicates that the prefragments with excitation energies less
than 4 MeV /nucleon decay predominantly by evaporation of
nucleons in the IQMD model.

To study the isospin effect of the projectile fragmentation,
we compare the mean multiplicity of IMFs as a function of
Zvouna for reactions of '7Sn + '2°Sn and '**Sn + '°Sn at
600 MeV /nucleon. The fragmentation of '°’Sn on natural Sn
targets at this energy was studied by the ALADIN Collabora-
tion with radioactive beams produced by the fragmentation of a
primary '*>Nd beam [53]. The isotopic composition of the ob-
tained secondary beams is presented and discussed in Ref. [59].
In Fig. 10, the mean multiplicity of IMFs is normalized with
respect to the mass numbers of the projectiles. It is shown that
the mean multiplicity of IMFs is very well reproduced by the
IQMD+GEMINI model but Zyoung for the '%7Sn case is typically
two units smaller than the experimental values. It corresponds
to one « particle that, on average, seems to be missing in the
calculated partitions relative to the experiment. The ALADIN
data exhibit a small isospin effect. In the region Zpoyna < 25,
the mean multiplicity of IMFs for '°’Sn fragmentation is
slightly larger than that for >*Sn fragmentation, while in the
region Zpouna > 25, the opposite phenomenon is observed.
Both the calculations with and without GEMINI exhibit the
same isospin effect with comparable magnitude. It seems that
the sequential decay process does not strongly influence the
isospin effect of projectile fragmentation.

Figure 11 shows the mean maximum charge normalized
to the projectile charge Z, as a function of the normalized

0.025 T T T T T T T T
(a) hot fragments (b) cold fragments
0.020 [ /. 1 ]
’ \ o
<D. I/$‘%A \\
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S 0010f 3/ BAN 1 ]
Vv M N
@ DN "#Sn data E\AL
0.005 Y T o “Sndata \n ]
--- "™sncal.
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0 10 20 30 40 0 10 20 30 40 50

bound bound

FIG. 10. Isospin effect of mean multiplicity of IMFs for reactions
of 124Sn, 17Sn + 129Sn at 600 MeV /nucleon by (a) IQMD and (b)
IQMD+GEMINL. In the calculations, E,p, = 4 MeV /nucleon is used.
Experimental data are taken from Ref. [53].

bound charge Zyoua/Z, for reactions of (a) '**Sn + '2°Sn
and (b) 97Sn + '2°Sn at 600 MeV /nucleon. Experimental
data [53] are shown as circles. With increasing Zpouna/Z,
the average charge of the heaviest fragment first slowly rises
and then strongly increases, closing to the line of Zy.y/Z), =
Zpound/Z, at the end. The transition from predominantly
residue production to multifragmentation appears as a reduc-
tion of Zy./Z, with respect t0 Zpound/Zp, Which occurs
between Zyound/Z, = 0.6 and 0.8. The agreement between
calculations and data is very satisfactory overall and sufficient
for performing the following analysis in individual intervals
of Zyound/ Z »- The small discrepancy between calculations and
data for '97Sn is comparable to that observed for the correlation
with the fragment multiplicity and corresponds to one missing
«a particle in the partition. Differences between the calculations
with different E,, are unapparent.

Figure 12 shows the cross sections do/dZ for the
fragments produced in the reaction of '**Sn+'2Sn at
600 MeV /nucleon. The data are shown as circles, while the
calculations, performed with and without the use of GEMINI,
are shown as lines. The bound charge Zpyoung is known to

7 O
o
&P ° o ALADIN data
70 --- E = 2 MeV/u
°
............. E,,, = 3 MeV/u
S —E,, =4 MeVlu
0.0 L L L L L L L P
00 02 04 06 08 00 02 04 06 08 1.0
bound/Zp Zbound/Zp

FIG. 11. Mean maximum charge normalized to the projectile
charge Z,, as a function of Zpeuna/ Z,, for reactions of (a) '**Sn + '2°Sn
and (b) '7Sn + '2°Sn at 600 MeV /nucleon. Experimental data are
taken from Ref. [53].
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FIG. 12. Calculated cross sections do/dZ for the fragments
produced in the reaction of '**Sn + '2°Sn at 600 MeV /nucleon, in
comparison with the experimental data. The events are sorted into
five intervals of Zyouna/Z, with centers as indicated and width 0.2.
The left panel shows the calculations with IQMD, and the right panel
shows those with IQMD+GEMINI. Experimental data are taken from
Ref. [53].

monotonically correlate with the impact parameter of the
reaction. A small Zy,ng refers to more central collisions,
while a large Zyoung indicates a more peripheral collision. The
models can mainly reproduce the data, but underestimate the
fragment cross section of the peripheral collisions. By studying
the evolution of a single nucleus by the IQMD model, it was
found that the nuclei are over-bounded by 1 MeV /nucleon
[39]. The over-bound of the projectile in peripheral collisions
is possibly responsible for the observed underestimation of
the cross sections. The small dependence of the prefragment
multiplicity on Egq, and its overestimation of the data, as
exhibited in Fig. 9, is only partly recognized on the logarithmic
scale of Fig. 12.

Figure 13 shows the isotope distributions of fragments with
Z = 3-10 for reactions of '**Sn + '2°Sn at 600 MeV /nucleon,
again in comparison with the experimental data of Ref. [53].
We found that the effects of different Eg, are very small
for the prefragments. The changes of the isotope distributions
in the final evolution of the dynamic process, in which the
excitation energies of the two heaviest prefragments decease
from 4 to 2 MeV /nucleon, are apparently nearly negligible.
As an example, we show the oxygen isotope distributions
of prefragments by IQMD in the figure. They are practically
independent of the chosen value of E,p. The sequential decay
process leads to narrower isotope distributions, as can be seen
by comparing the results with and without GEMINI. The excita-
tion energy is a crucial parameter for GEMINI. Larger excitation
energy (Egop = 4 MeV/nucleon) results in slightly narrower
isotope distributions. The experimental values are better but
still not well described when Ego, =4 MeV/nucleon is
applied. Ricciardi et al. proposed that the nuclear structure
can manifest itself in the decay stage of hot nuclei [60]. Here,
the nuclear structure effects include the odd-even staggering
and the dependence on asymmetry. The I[QMD+GEMINI model
produces a visible odd-even staggering and considerably
narrower isotope distributions than IQMD alone (cf. the case

10°F :

]l o 23n data

fre 1 E,op =2 MeV/u
""" RO Esmp =3 MeV/u
/o J — Esmp =4 MeV/u
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N-Z

FIG. 13. Isotope distributions of fragments with Z = 3-10 for
reactions of '2*Sn 4 ?°Sn at 600 MeV /nucleon. The calculations
are obtained by the IQMD-+GEMINI model. For comparison, the
calculations of prefragments by IQMD are also shown for oxygen
isotopes. The data are taken from Ref. [53].

of oxygen isotopes in Fig. 13). However, both effects are not
as pronounced as observed in the experiment.

Figure 14 shows the isotope distributions of frag-
ments with Z =3-10 for reactions of '24Sn, '97Sn +
1208n at 600 MeV /nucleon. In the calculations, Egqp =
4 MeV /nucleon is used. The isospin dependence of the pro-
jectile fragmentation emerges in the isotope distributions. The

N-Z

FIG. 14. Isospin effect of isotope distributions of fragments with
Z = 3-10 for reactions of '**Sn, '7Sn + '2°Sn at 600 MeV /nucleon.
In the calculations, E,, = 4 MeV /nucleon is used. The data are taken
from Ref. [53].
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FIG. 15. Mean neutron-to-proton ratios (N)/Z of light fragments
with Z = 3-9 for reactions of (a) **Sn + '2°Sn and (b) '’Sn + *°Sn
at 600 MeV /nucleon. The data are taken from Ref. [2].

124Sn fragmentation produces more neutron-rich fragments
than '%7Sn fragmentation, while the opposite is the case for
the production of neutron-poor fragments. These features are
qualitatively reproduced.

The secondary decay effects can also be investigated on
the basis of the neutron-to-proton ratios of the fragments.
Figure 15 shows the mean neutron-to-proton ratios (N)/Z of
light fragments with Z = 39 for reactions of (a) 1**Sn + '2°Sn
and (b) '%Sn + '2°Sn at 600 MeV /nucleon. The data, taken
from Ref. [2], show obvious odd-even staggering. Both the
values and the odd-even staggerings of the mean neutron-
to-proton ratios are isospin dependent. The larger values of
(N)/Z indicate that more neutron-rich nuclei are produced in
projectile fragmentation of '?*Sn than of '%’Sn. The odd-even
staggering is much more pronounced in the case of the '%’Sn
fragmentation. Comparing the calculations with and without
GEMINT, it is found that the secondary decay has a strong effect
on (N)/Z in the case of the neutron-rich projectile. The mean
neutron-to-proton ratio of the prefragments increases with Z.
It probably reaches the value of 1.48 for the '**Sn projectile
asymptotically but exceeds the value of 1.14 of the projectile
for 19Sn. The neutron-deficient '°’Sn, possibly attracted by
the valley of stability with (N)/Z = 1.37 in the Sn region,
may lose a few protons at the early stage of the collision.

The strongly bound nuclei (8-stable or even nuclei) attract a
large fraction of the product yields during the secondary evap-
oration stage, resulting in smaller (N)/Z and the significant
odd-even staggering of the calculations with GEMINI included.
With the higher value, Ey,, = 3 or 4 MeV, the experimental
result is remarkably well reproduced. The large shiftin (N)/Z
is already apparent in the case of oxygen shown in Fig. 13.

In Ref. [3], it is proposed that the threshold energy of the
multifragmentation is close to 3 MeV /nucleon. The investi-
gation of secondary decay effects of light fragments supports
a similar value, Egop, = 4 MeV/nucleon (Figs. 14 and 15). It
is, therefore, not obvious why the odd-even staggering and
the narrowing of the isotope distributions are underestimated
by the calculations. Decays of hot fragments with excitation

energies larger than 1 MeV /nucleon are expected to exhibit
these structure effects [56]. The reason may be related to the
fact that a fraction of prefragments may have reached excitation
energies much smaller than Eg,, before they were sent to
GEMINI for the treatment of the final decays. That is to say,
the secondary evaporation of a fraction of prefragments is
simulated with the IQMD model, in which mean field without
pairing energy is applied. Thus, the odd-even staggering of the
light fragments is underestimated by the IQMD and GEMINI
models when coupled in the present form.

IV. CONCLUSION

The projectile fragmentations of '©”12*Sn on !'2°Sn at
600 MeV /nucleon was investigated within the framework
of the IQMD model. The MST algorithm and the ratio of
parallel to transverse quantities are applied to distinguish the
equilibrated projectile spectator. It is found that the time needed
for equilibrium being reached by the projectile spectator is
located in the interval from 20 to 150 fm/c. The mass and
excitation energy of the equilibrated projectile spectator are ex-
tracted. For impact parameters b = 0-5 fm, the MST algorithm
and the ratio of parallel to transverse quantities distinguish
the spectators at a late time when kinematic equilibration is
reached. It is the reason why the obtained correlation of the
spectator mass and excitation energy are so different from what
was successfully used in statistical descriptions. For impact
parameters b = 5-10 fm, the observed general correlation of
an increasing excitation energy with a decreasing spectator
mass is similar to those used in SMM analyses.

The influence of secondary decay on fragmentation ob-
servables was investigated by comparing the calculations with
and without the statistical code GEMINI. The evolution by the
IQMD model is stopped when the excitation energies of the two
heaviest prefragments are less than Egp, which corresponds
to the threshold energy of the multifragmentation. Then the
GEMINI code is applied to study the secondary decay of the
prefragments. It is found that the nucleon evaporations of
the prefragments reduce the multiplicity of intermediate-mass
fragments slightly, but do not change its dependence on the
isospin of the projectile. The sequential decay also leads to
narrower isotope distributions but, generally, not as narrow
as observed experimentally. Larger Egp results in slightly
narrower isotope distributions.

It is demonstrated that by permitting only evaporation in
GEMINI, the IQMD+GEMINI model is able to reproduce the
main features of projectile fragmentation. In particular, it is
observed that the MST method as applied in the present study
is capable of reproducing the fragment production over the full
range of Zpounda- The reason for the difference from previous
work is not fully clear at present and will require further studies.
Regarding the isotopic effects, the evaporation is sufficient
to restore the mean neutron-to-proton ratios and odd-even
staggering of the light fragments, but not the widths of the
mass distributions.
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