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The improved quantum molecular dynamics (ImQMD) model incorporated with the statistical evaporation
model is applied to study the production mechanism of transuranium nuclei in the reaction of 2*U + 233U at
7.0 MeV /nucleon. The production of primary fragments in the dynamical process is simulated by the InQMD
model, and the decays of them are described by the statistical evaporation model (HIVAP code). The calculated
isotope distributions of the residual fragments and the most probable mass number of fragments are generally
in agreement with experimental data. By tracking residual fragments back to their original primary fragments
with this approach, we find different mechanisms for the production of the residues: the most probable light
uraniumlike residues mainly come from the decay of the most probable primary fragments, while the most
probable transuranium residues mainly originate from the decay of more neutron-rich primary fragments rather
than from the most probable primary ones. For neutron-rich transuranium isotopes 2*~2°Cf, the decay channel
of neutron evaporation is suppressed due to the quick drop of the fission barrier height with the increase of

neutron number, which leads to the quick drop of the production cross sections for these residues.
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I. INTRODUCTION

The study of strongly damped reactions between massive
nuclei at low energies to synthesize neutron-rich superheavy
nuclei (SHN) through multinucleon transfer has experienced
a revival of interest experimentally as well as theoretically.
This is partly motivated by the fact that the synthesized SHN
from Z = 110 to 118 using fusion reactions [1-8] are neutron-
deficient compared with the center of the predicted first “island
of stability” around the neutron number N = 184 due to
the limitation of the neutron number of available projectiles
and targets. In the late 1970s and 1980s there was a great
deal of interest in the use of multinucleon transfer reactions
with actinide targets to produce new neutron-rich isotopes of
heavy and superheavy nuclei. Many such experiments were
performed during those times [9-16] and very interesting
information concerning collision dynamics was derived. The
systematic studies of Zagrebaev and Greiner based on multi-
dimensional Langevin equations [17-22] showed the prospect
of the production of new neutron-rich isotopes of heavy nuclei
and searched for new methods of production of neutron-rich
superheavy nuclei by low-energy dissipative collisions of very
heavy systems through multinucleon transfer. Stimulated by
the importance of this study on the strongly damped reactions
between massive nuclei at low energies, a new experiment
on the collision of 23U + 233U at energies between 6.09 and
7.35 MeV /nucleon was performed at the Grand Accelerateur
National D’Ions Lourds (GANIL), and the mass distributions
of products at several energies were measured [23]. More
recently, Kratz et al. [24] reexamined data on mass and
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charge distributions in collisions of 233U projectiles with thick
targets of 2*U and 2*8Cm at near-barrier energies performed
at GSI in the 1970s. The cross sections o(Z) below the
uranium target were determined as a function of incident
energy in thick target bombardments. In addition, the numbers
of evaporated neutrons for survival fragments (as well as
the excitation energies of primary fragments) were obtained
according to the mass differences between the most probable
primary fragments and the centroids of the experimental
isotope distributions [24-26]. These numbers for the most
probable light uraniumlike and heavy transuranium fragments
are rather different. However, whether the most probable
survival fragments come from the decay of the most probable
primary fragments through evaporating neutrons is not clear.
And further, how and when the nucleons transfer between
projectile and target is also unclear. It seems to us that a
microscopic dynamical model study is necessary to understand
the mechanism of producing the transuranium fragments and
the interplay between the reaction dynamics and the statistical
decay in the production process.

Microscopic models such as the time-dependent Hartree-
Fock theory (TDHF) and the microscopic transport model have
already been used to study the reactions of heavy systems
motivated by a large number of degrees of freedom such as
those in the excitation and deformation of two nuclei, neck
formation, nucleon transfer, different types of separation of
the transient composite system and nucleon emission, etc., in-
volved in very heavy system dissipative reactions. The lifetime
of the transient composite system for the reaction 238U + 238U
has been calculated, but the production of transuranium
and light uraniumlike fragments has not been calculated by
the TDHF approach yet [27,28]. The microscopic transport
model, i.e., the ImMQMD model is an improved version of
the quantum molecular dynamics (QMD) model with a series
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of modifications aimed at the study of heavy-ion reactions
at energies around the Coulomb barrier [29-31]. This model
has also been used to study the strongly damped reactions
238U + 28U and 2 Th + »°Cf [32-35]. The mass distribution
of products in 28U + 28U at 7.0MeV /nucleon calculated by
this model incorporated with the statistical model (HIVAP code)
was generally agreement with the experimental measurement
of GANIL [23,35]. Further, the orientation effect in the
2381 + 238U reaction at low energies has also been investigated
and some interesting results have been obtained [33]. With
the newly published experimental results of heavy actinides
and their complementary light fragments [24], we conduct
this study using the ImQMD model and incorporating the
HIVAP code. We first make a comparison of the calculation
results with the experimental data to test the validity of
the model in the application to the strongly dissipative
reaction between very heavy nuclei. Further, we track the
residual fragments back to their original primary fragments
so that we can precisely know how the residual fragments
are obtained from the primary fragments and how many
neutrons (or protons or other light particles) are evaporated
from the primary fragments. Thus, we can study the different
production mechanisms of light uraniumlike fragments and
the heavy transuranium isotopes for the most probable and
more neutron-rich residual fragments in the reactions between
actinide nuclei, which may throw a light on synthesizing the
neutron-rich heavy nuclei and the SHN.

The structure of this paper is as follows. In Sec. II, the
framework of the ImQMD model is briefly introduced. In
Sec. III, the production cross sections for the primary and
residual fragments of transuranium and complimentary light
uraniumlike nuclei are calculated. The calculation results are
compared with the experimental data and calculations from
Ref. [24]. Further, the microscopic mechanisms of producing
the most probable light uraniumlike residual fragment 2'“Rn
(which is the complementary fragment of Cf), the most
probable heavy transuranium residue *’Cf, and the neutron-
rich isotopes 24~2%Cf are carefully analyzed. Finally, a brief
summary is given in Sec. IV.

II. THEORETICAL MODEL

As in the original QMD, each nucleon is represented by
a coherent state of a Gaussian wave packet in the ImQMD
model. The time evolution of the coordinate and momentum
of each nucleon is determined by the mean field part which is
described by Hamiltonian equations and the nucleon-nucleon
collision part. The Hamiltonian includes the kinetic energy, the
nuclear potential energy, and the Coulomb energy. The nuclear
potential energy is an integration of the Skyrme-type potential
energy density functional, which reads
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TABLE I. The model parameters.

o B 8o 8 Cs K o
(MeV) MeV) y (MeV fm?) (MeV) 5 (MeV) (fm?) (fm=3)

—-356 303 7/6 7.0 125 2/3 32  0.08 0.165

where p = p, + p, is the nucleon density and & = (p, —
Pp)/(on + pp). pu and p, are the neutron density and the
proton density, respectively.

The Coulomb energy in the Hamiltonian is written as a sum
of the direct and the exchange contribution:

UCoul - // pp( )
1/3
-ezz@) fn o

In the collision term, the isospin-dependent in-medium
nucleon-nucleon scattering cross sections are applied, and
the Pauli blocking effects are treated as in Ref. [36]. The
phase-space occupation number constraint method is adopted
in this model. The model parameters are the same as those
used in Ref. [33] and are listed in Table I. A more detailed
description of the ImQMD model and its applications can be
found in Refs. [32,33,35,37,38].

The initial condition of the reaction, such as the properties
of projectile and target nuclei, is of vital importance for study-
ing low-energy heavy-ion reactions using the microscopic
transport model. In this work, we check the binding energy,
the root-mean-square radius, and the deformation of the initial
nuclei, as well as their time evolution. The binding energy per
nucleon and deformation of *3U are taken as Eq5 = 7.37 MeV,
B> =0.215, and B4 = 0.093 as given by Ref. [39]. In the
reactions, only those initially selected nuclei with no spurious
particle emission and their properties, such as the binding
energy, root-mean-square radius, and deformation being stable
within 1000 fm/c, are adopted. The orientations of the initial
uranium nuclei in all events are sampled randomly with an
equal probability.

In the ImQMD model, the time evolution of the reaction for
each event at different incident energies and different impact
parameters can be tracked. Both the formation time and the
reseparation time of the transient composite system of 23%U +
238U can be recognized in the simulations. The fragments with
charge number Z, mass number A, and excitation energy E*
formed in each event can be determined. The cross section of
producing this primary fragment with Z, A, and E* is then
calculated by

pp(r Ydrdr'
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Here b is the impact parameter and Nf,o(Z,A,b,E¥) is the
number of events in which a fragment (Z,A,E*) is formed
at a given impact parameter b. The excitation energy E*
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FIG. 1. Time evolution of the production probability for frag-
ments with charge number Z > 92 from the ImQMD calculation.

for the fragment with charge number Z and mass number
A is obtained by subtracting the corresponding ground-state
energy [39] from the total energy of the excited fragment in
its rest frame. Ny (b) is the total event number at a given
impact parameter b. The emitting angles of primary fragments
can also be obtained, similarly. In this work, the maximum
impact parameter is taken to be by,,x = 15 fm, and the impact
parameter step is Ab = 0.15 fm. The initial distance between
the centers of mass of the projectile and the target is taken
to be 40 fm. 100 000 events for each impact parameter are
simulated in this work.

The survival probability of an excited fragment is calculated
using the HIVAP code [40,41] in the subsequent deexcitation
process, leading to a final residual nucleus in its ground state.
In the deexcitation of primary fragments through evaporation
of y, n, p, and o particles, we assume that the emitting
angle of the fragments remains unchanged. We also suppose
that the complementary pair fragments share the residual
Coulomb energy between them according to their sizes. This
energy will eventually contribute to the kinetic energies of
the fragments. In the HIVAP code, the successive stages of
the deexcitation for the fragment with charge number Z,
mass number A, and excitation energy E* are described by
branching ratios expressed by relative partial decay widths
for all possible decay modes, I';(Z,A,E*)/T\w(Z,A,E™),
where ['io(Z,A,E*) =), Ti'(Z,A,E*) and i =y, n, p, o,
and fission.

To obtain an appropriate matching time that is the time
to terminate the ImQMD simulation and to apply the HIVAP
code for the description of the decay process of primary
fragments, we create 1000 event test runs for 2%U 4 238U
at 7.0MeV /nucleon with the impact parameter b = 1.5 fm
to calculate the time evolution of the average probability of
forming a fragment with a charge number of Z > 92, i.e,
the Pz.g. Figure 1 shows the time evolution of the Pz.¢,.
One sees from the figure that from time around 300 fm/c
to time A, the projectile and the target stick together, i.e.,
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FIG. 2. (Color online) Isotopic production cross sections for
transuranium elements from Z = 94 to 101. The cross sections for
primary fragments and residual fragments are denoted by red open
and solid circles, respectively. The experimental data and calculation
results from Ref. [24] for Cf, Es, and Fm are shown by black solid
stars and blue solid lines, respectively.

the transient composite system is formed and the Pz.og;
equals 1. From point A to B, the Pz.¢, decreases quickly
due to the quick reseparation of the composite system. After
time B, the Pz.9, decreases with a constant slope, which
means the reaction system almost completely enters into the
statistical decay stage. We thus take the time of 1000 fm/c
after reseparation of the composite system as the matching
time, which corresponds to point C in Fig. 1. At this time, the
dynamical process can be considered to be finished already.
The decay of produced primary fragments can be described
by the statistical evaporation model. For larger impact parame-
ters, the dynamical process is even faster and the 1000 fm/c af-
ter reseparation is long enough for the dynamical calculations.

III. RESULTS AND DISCUSSION

In Fig. 2, we present the isotopic production cross sections
o0(Z,A) for primary (open symbols) and residual fragments
(solid symbols) with charge numbers from Z = 94 to 101
in the reaction 2*8U +2¥U at 7.0 MeV/nucleon. For the
results shown in this work, an angle cut of 32.5°—44.5° in
the laboratory system is taken, the same as that in the exper-
iment [10,24]. The experimental data and calculation results
from Refs. [10,24] denoted by black solid stars and blue lines,
respectively, are also shown in Fig. 2 for comparison. One
can see that the experimental data are generally reproduced,
except the mendelevium isotopes (Z = 101), which were
not yet detected in the experiment. The present calculated
cross sections for the most probable residual fragments of
Cf, Es, and Fm are slightly larger than the experimental
data, but smaller than those of the calculation results from
Refs. [10,24]. Comparing the isotope distributions for primary
and residual fragments, we find the following three features:
the widths of the isotope distributions for residual fragments
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FIG. 3. (Color online) (a) The production cross sections and (b)
the most probable mass numbers of primary fragments and residual
fragments for complementary elements. The horizontal axis denotes
the atomic numbers of complementary elements. Primary and residual
fragments are denoted by open and solid symbols, respectively. The
transuranium and light uraniumlike nuclei are denoted by red circles
and blue squares, respectively. The experimental data and calculation
results from Ref. [24] are denoted by black solid stars and cross
symbols, respectively.

are much smaller than those for primary fragments for the same
element; the peaks in the isotope distributions for residual
fragments shift to the less neutron-rich side compared with
those for primary fragments; and the production cross sections
for the most probable residual transuranium fragments (Z =
96—101) decrease almost exponentially with the increase of
the fragment charge number.

From the isotopic cross sections o(Z,A) for primary
fragments and residual fragments, we can calculate the cross
section o(Z) =) ,0(Z,A) and the most probable mass
number A for the isotope distribution through o(Z,Az) =
max{o(Z,A)} for each element. In Fig. 3(a), we present the
cross section o (Z) for primary fragments (open symbols) and
residual fragments (solid symbols). The horizontal axis in
Fig. 3 represents the charge numbers of the complementary
elements, Z; and Zp, where Z; denotes the charge number
of light uraniumlike fragments (Z < 92), Zy denotes that for
transuranium fragments (Z > 92), and Z; + Zy = 184. One
can see that the experimental data are generally reproduced
by our calculation. Moreover, it is shown in Fig. 3(a) that
the production cross sections for residual light uraniumlike
fragments are close to those for primary fragments, while those
for residual transuranium fragments decrease exponentially
with the increasing of the atomic number and they are
several orders of magnitude smaller than those for the primary
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FIG. 4. (Color online) (a) The isotope distributions for primary
fragments of Rn, Fr, and Ra and (b) the production cross sections
for the residue 2'*Rn from the decay of primary fragments of Rn, Fr,
and Ra, respectively. Here 4 X denotes the primary fragments X with
charge number Z and mass number A. Y represents the evaporation
residue.

transuranium fragments. The fission barrier heights for light
uraniumlike nuclei are much higher than those for heavy
transuranium nuclei so that most of light primary uraniumlike
fragments survive fission and heavy transuranium nuclei
hardly survive fission (see Fig. 6). Figure 3(b) shows the most
probable mass numbers of primary fragments and residual
fragments. The experimental data and calculation results from
Ref. [24] are also shown for comparison. The experimental
maximum isotope cross sections are generally reproduced
by our calculations, and the calculated most probable mass
numbers for primary light fragments (Z = 79 — 91) generally
agree with the model predictions from Ref. [24]. The calcu-
lated results indicate that there exists a difference of about five
to ten neutrons between the most probable mass numbers of
primary fragments and those of residual fragments for light
uraniumlike nuclei with Z < 89, while this difference is much
smaller for transuranium nuclei, which is consistent with the
results in Ref. [24].

Now let us study the microscopic mechanism of producing
the individual isotopes of the complementary elements Rn and
Cf. We first investigate the production mechanism of the most
probable light uraniumlike fragment >'“Rn. Figure 4(a) shows
the isotope distributions of the primary fragments of Rn, Fr,
and Ra. The production cross sections for the residue >'*Rn
from the decay of primary fragments of Rn, Fr, and Ra are
shown in Fig. 4(b). One can see from the figure that the isotope
distributions for primary fragments of Rn, Fr, and Ra are all of
the parabolic shape and the magnitudes of cross sections are
similar for the three elements, except that the peak shifts toward
larger mass numbers for larger charge number elements. We
track the residue 2'*Rn back to its original primary fragments
and find that the most probable residue 2'“Rn is from the decay
of 221:222Rn evaporating seven to eight neutrons, which takes
up over 90% of the total yield of residue 2'“Rn, and also from
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FIG. 5. (Color online) The isotope distributions for primary frag-
ments of Cf, Es, and Fm are shown in panel (a) and the cross sections
for the residues 2*°Cf, 2*Cf, 2°Cf, and >°Cf contributed from the
decay of primary fragments of Cf, Es, and Fm are shown in panels
(b)—(e), respectively. The meanings of 4X and Y are the same as in
Fig. 4.

221.222Fr and ?**Ra. The production probability of the most
probable residue >'*Rn is very high due to the high fission
barrier of 22!=222Rn [see Fig. 6(e)]. The contributions from
the decay of primary fragments 2! ~>2Fr and *?*Ra, which are
at the neutron-deficient side of Fr and Ra isotopes, are minor
because the decay channels of evaporating charged particles
are suppressed by the Coulomb barrier.

Figure 5 shows the isotope distributions of the production
cross sections for primary fragments of Cf, Es, and Fm
[panel (a)] and for the most probable residue 2*Cf as
well as the neutron-rich residues 2*~2°Cf [panels (b)—(e)],
respectively. One can see from Fig. 5(a) that the feature of
the isotope distributions for primary fragments of Cf, Es,
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FIG. 6. (Color online) The isotope dependence of the average
excitation energies of primary fragments (upper panels) and the
fission barrier heights (lower panels) for Rn, Cf, Es, and Fm,
respectively. The most probable primary fragments are denoted by
larger size symbols in panels (a)-(d). In panels (e)—(h), the most
probable residual fragments are denoted by solid symbols, and the
primary fragments decaying to the most probable residual fragments
are denoted by open symbols in the corresponding panels.

and Fm are similar to those of primary fragments of Rn,
Fr, and Ra, but here the cross sections decrease slightly with
the increase of the charge number of elements. The isotope
distributions of the cross sections for primary fragments shown
in Figs. 4 and 5 suggest that a large mass transfer takes
place during the dynamical process in the reaction. We also
find from the ImQMD model calculations that the primary
fragments emitted within the angle of 32.5°—44.5° are mainly
contributed from the reactions at impact parameter region
b = 4—8 fm. Figures 5(b)-5(e) denote the production cross
sections for residues 24%-24=25Cf from the decay of primary
fragments of Cf, Es, and Fm. It can be found that the survival
probabilities of heavy transuranium primary fragments are
very small. For the most probable residue >*°Cf, the cross
section is 3 orders of magnitude smaller than that for the most
probable residual fragment >'“Rn, which is caused by a much
lower fission barrier for these transuranium nuclei (see Fig. 6).
Similarly, by tracking the residue 2*°Cf back to its original
primary fragments, we find it comes from primary fragments
255-259Cf, 256-259Eg and 258-292Fm. Here, over 90% of 2*°Cf
comes from the decay of the primary fragments >>~2Cf by
evaporating six to ten neutrons. We notice that the primary
fragments 2>~2°Cf are about two to six neutrons richer than
the most probable primary fragment 23*Cf. This is different
from the case of the evaporation residue 2l4Rn, which is
mainly produced from the decay of the most probable primary
fragments 22!=222Rn. The cross sections for >*Cf from the
decay of primary fragments of Es and Fm are less than 10%
because the decay channels of evaporating charged particles
are strongly suppressed by the high Coulomb barrier the same
as the 2'*Rn case. For the neutron-rich isotopes 24~2°Cf, the
cross sections are lower down to 107—107% mb. Only >>*Cf
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was experimentally observed in the 2*¥U + 233U reactions (see
Fig. 2). Upon looking at Figs. 5(b)-5(e) more closely, one can
see that for neutron-rich residues >>*~2Cf the contributions
from the decay of primary fragments 2>~2°Cf, which are
the dominant origins of the residue >*Cf, almost vanish and
therefore their production cross sections further drop more
than 3 orders of magnitude compared with that of 2*Cf.
In addition, we also investigate a pair of the most probable
residues (***Po, 2*Fm) of the complementary elements Po and
Fm and we find that the production mechanisms of >Po and
24Fm are similar to those of 2!*Rn and 2*°Cf; i.e., the residual
fragment 2%®Po mainly comes from the decay of the most
probable primary fragments 2!~2!°Po with high production
probability and the residue >*Fm mainly comes from the decay
of more neutron-rich primary fragments 26>~26*Fm by eight to
nine neutrons evaporation rather than from the most probable
primary Fm fragments.

Now let us study the causes of the large differences
among the production cross sections for the most probable
light residue 2'“Rn, the most probable heavy residue *’Cf,
and the neutron-rich residues 2%*~25°Cf, which is valuable
for synthesizing neutron-rich transuranium nuclei. It is well
known that fission and neutron evaporation are two main
competition processes in the decay of light uraniumlike and
transuranium primary fragments. The competition of these
two processes can possibly produce different features in
producing light uraniumlike and heavy transuranium products.
To understand the results shown in Figs. 4 and 5 we further
investigate the isotope dependence of the average excitation
energies (E*) of primary fragments for the corresponding
elements with the ImQMD model. The calculation of the
neutron evaporation width and the fission barrier height B s are
already included in the HIVAP code. The neutron evaporation
width increases with the neutron number increasing with a
small stagger from the pairing effect in the mass number
region A = 240—270 for Cf, Es, and Fm at a fixed excitation
energy. However, the isotope dependence of the fission barrier
height for these elements is more complicated. Figure 6 shows
the isotope dependence of the average excitation energies
of primary fragments (upper panels) and the fission barrier
heights (lower panels) for the elements Rn, Cf, Es, and Fm.
Figures 6(a)-6(d) indicate that the average excitation energies
of primary fragments generally decrease with an increase
in mass number. The average excitation energy of the most
probable primary fragment >*Rn is lower than the average
excitation energies of transuranium fragments Cf, Es, Fm.
etc. Figures 6(e)-6(h) show that the most probable residual
fragments >'#*Rn and >*°Cf are all located near the local peaks
of the isotope distributions. It helps those fragments survive
from fission. Moreover, the fission barrier height for Rn is
much higher compared with that of Cf, so that the production
cross section for residue 2'*Rn is about 3 orders of magnitude
larger than that for >*Cf. It is the main reason that the cross
sections for light uraniumlike fragments are much higher
than those for heavy transuranium fragments. Upon looking
at the isotope distributions of fission barrier heights for Cf,
Es, and Fm in Figs. 6(f)-6(h) more closely, we find that the
fission barrier heights first decrease from the local peak and
then become flat at around A = 253—-260, A = 255—-260,

PHYSICAL REVIEW C 92, 024613 (2015)

and A =256—-263 for Cf, Es, and Fm, respectively, and
then decrease again after the flat part as the neutron number
further increases. The primary fragments 2>3~2°Cf which
contribute to the residue >**Cf are all at the flat part (more
neutron-rich side) of the isotope distribution of the fission
barrier height, which means that, for the primary fragments
235-259Cf, the fission width increases more slowly with the
neutron number increasing for the same excitation energy,
and thus it is beneficial for the enhancement of the ratio of
neutron evaporation width to fission width for the isotopes
at the flat part. This is an important reason why *Cf is
not from the decay of the most probable primary fragment
233Cf but from more neutron-rich primary fragments 23~ Cf
besides the isotope dependence of excitation energies shown
in Fig. 6(b). Following the end of the flat part, the fission
barrier height decreases quickly with further increase of the
neutron number and the fission rate increases rapidly, and
thus the contribution of the neutron evaporation channel to the
neutron-rich residues 2>*~2°Cf drops quickly. Based on the
above discussions we can conclude that, for the production
of neutron-rich transuranium nuclei, it is very important to
study the behavior of the isotope distribution of the fission
barrier heights for heavy transuranium nuclei, in addition
to the isotope dependence of yields and average excitation
energies of primary fragments of relevant elements. This
investigation may help us to search the best combination of
projectile and target for synthesis of new neutron-rich isotopes
of heavy and superheavy nuclei by using multinucleon transfer
reactions.

IV. SUMMARY

The mechanism of the production of the light uraniumlike
and transuranium fragments in the reaction 28U + 233U at
7.0MeV /nucleon is studied using the ImQMD model incor-
porated with the statistical evaporation model (HIVAP code).
The dynamical process is described by the InQMD model
and the primary fragments are obtained at the end of the
dynamical calculations. The decay of primary fragments is
calculated using the HIVAP code. The production cross sections
for primary and residual fragments of transuranium and their
complementary uraniumlike nuclei are calculated. The cross
sections for residual transuranium nuclei with Z = 94—100
are generally in agreement with the experimental data of
238U 4 238U. Our calculations show that the cross sections
for the residual light fragments with Z < 91 are close to
those of the primary fragments due to the high fission barrier.
The cross sections for the residual transuranium fragments are
several orders of magnitude smaller than those of the primary
fragments due to a much lower fission barrier.

The microscopic production mechanism of the most
probable light residual fragment 2'“Rn and the most probable
transuranium residual fragment 2*Cf, as well as the
neutron-rich residues 2*=23°Cf, is carefully investigated. The
isotope distributions of primary fragments are of the parabolic
shape and it is indicated from these distributions that a large
mass transfer takes place during the dynamical process of the
strong dissipative reaction 33U + 238U. The residual fragment
214Rn mainly comes from the decay of the most probable
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primary fragments of Rn through evaporating several neutrons
with high production cross sections. The transuranium residue
2499Cf mainly comes from the decay of the more neutron-rich
primary fragments 2>~2°Cf by evaporating six to ten neutrons
rather than from the most probable primary fragment >3Cf.
The production cross section for 2*°Cf is about 3 orders of
magnitude lower than that for >'*Rn because of the much lower
fission barrier. For the neutron-rich transuranium residues
234=236Cf, the production cross sections further drop more
than 3 orders of magnitude compared with the production
cross section for 2*Cf because the contribution from the
decay of primary Cf fragments by evaporating neutrons almost
vanishes. The large difference in the production cross sections
for the most probable residue 2**Cf and neutron-rich residues
234=236Cf is possibly related to the behavior of the isospin
dependence of the fission barrier heights for Cf, in addition
to the decrease of the cross sections for the neutron-rich Cf
primary fragments. It suggests a careful study of the behavior
of the isotope distribution of the fission barrier heights of
relevant heavy transuranium nuclei. This investigation may

PHYSICAL REVIEW C 92, 024613 (2015)

help us to discover the best combination of projectile and target
for the synthesis of new neutron-rich isotopes of heavy and su-
perheavy nuclei by using multinucleon transfer reactions. The
study on the production probability of superheavy nuclei in
238U + 238U and other heavy nuclear systems with the present
model is our next goal. The calculations are already under
way.
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