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Abstract

Within the dinuclear system model fusion-fission reactions
78Kr+40Ca and 86Kr+48Ca is investigated. The charge distribu-
tions of the decay products are predicted at bombarding energy 10
MeV/nucleon. The competition is treated between complete fusion
followed by the decay of compound nucleus and quasifission channels.
The possible explanation of the odd-even staggering in the yield of the
final reaction products at high excitation energies is discussed.

1 Introduction

The experimentally measured charge, mass, and isotopic distributions of re-
action products carry important information about both the reaction mech-
anism and the interfacing structure of nuclei and reaction dynamics [1–7].
One of such interesting experimental findings in the binary heavy-ion reac-
tions is the persistence of the odd-even staggering in the charge distributions
of reaction products at relatively high bombarding energies [3,5,6]. The odd-
even staggering effect was found to be smaller for neutron-rich system than
for the neutron-deficient one [2,5]. One of the possible explanations for the
odd-even staggering at high excitation energies is that the fragments with
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5 ≤ Z ≤ 16 mainly come out at the first step of de-excitation cascade and
these nuclei preserve their structure during the formation stage and, thus,
the primary charge distribution has strong odd-even staggering. The fur-
ther de-excitation of these fragments slightly decreases the amplitude of the
odd-even staggering.

The purpose of the present work is to demonstrate the influence of
isospin of the system on the reaction mechanism and, correspondingly, on
the charge, mass, isotopic distributions of the reaction products and on the
odd-even staggering effect.

The detailed theoretical study will be carried out within the dinuclear
system (DNS) model [7]. In this model the cluster emission is treated under
the assumption that the complex fragments are produced by a collective
motion of the nuclear system in the charge (mass) asymmetry coordinate
with further thermal escape over the Coulomb barrier. The emission barri-
ers for complex fragments are calculated within the DNS model by using the
double-folding procedure (with the Skyrme-type density-depending effective
nucleon-nucleon interaction) for the nuclear part of the nucleus-nucleus in-
teraction potential. Both the evaporation and binary decay are treated in
the same way. The correct definition of the emission barriers and of their
dependence on the angular momentum allows us to calculate the charge,
mass, and kinetic energy distributions of the emitted complex fragments.
The main ingredients of our description is the sophisticated potential energy
as a function of angular momentum. In our case the maximum possible an-
gular momentum in the system is not adjustable parameter. It is calculated
within our model by using the nucleus-nucleus interaction potential [7]. The
dynamics plays a role at high angular momenta when the quasifission be-
comes important contributing to the yields of fission-like fragments. Note
that the high angular momenta have larger contribution to the cross section.

The DNS model was applied to predict the charge and mass distributions
of the products in the reactions 78,82Kr+40Ca at the incident energy 5.5
MeV/nucleon [2]. Our results were in a good agreement with experimental
data slightly underestimating the cross sections near the entrance channel,
where the contributions from the deep-inelastic reaction channel may be
present in the experimental data. Here we apply the well tested model
to predicts the yields of products in the binary reactions 78Kr+40Ca and
86Kr+48Ca at bombarding energy 10 MeV/nucleon. For these reactions, the
ISODEC experiments have been done at the INFN-Laboratori Nazionali del
Sud by using the CHIMERA device. Some preliminary experimental results
were published in Ref. [4].
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2 DNS model

The DNS model [7, 8] describes an evolution of the charge and mass asym-
metry degrees of freedom, which are defined here by the charge and mass
(neutron) numbers Z and A (N = A − Z) of light nucleus of the DNS. Ac-
cording to this description, there are nucleon drift and nucleon diffusion be-
tween the DNS nuclei and eventually either the CN is formed (the complete
fusion) or the DNS with given Z and A is formed and decays (quasifission).
After the formation, the excited CN decays by various channels including
again the formation of certain DNS and their decay. The CN formation and
its consequent decay are not necessarily the ultimate results of the evolution
of the initial DNS. In addition to the contributions from the CN decay, the
binary decay component is related to the quasifission mechanism. The com-
petition between the complete fusion and quasifission depends on the value
of maximum angular momentum deposited in the system. The quasifission
and CN decays are hardly distinguished in the experiments because in both
cases two fragments are produced by the decay of the DNS formed during
the diffusion process in the mass (charge) asymmetry coordinate with and
without stage of the CN formation.

The production cross section of nucleus with charge Z and mass A num-
bers is calculated as follows [7]

σZ,A(Ec.m.) =
J∗

max∑

J=0

σZ,A(Ec.m., J) =
J∗

max∑

J=0

σcap(Ec.m., J)WZ,A(Ec.m., J), (1)

where σcap is the partial capture cross section which defines the transi-
tion of the colliding nuclei over the Coulomb barrier and the formation
of the initial DNS and Ec.m. is the kinetic energy. This transition prob-
ability is calculated with the Hill-Wheeler formula. The value of WZ,A is
the formation-decay probability of the DNS with a given asymmetries Z
and A. The probability of the DNS formation is calculated statistically by
using the stationary solution of the master equation with respect to the
charge and mass asymmetries and depends on the potential energy of the
DNS configurations at touching distance and on the thermodynamical tem-
perature. The probability of the DNS decay in the relative distance R is
calculated by using the transition state method. This probability depends
on the difference between the potential energies of the DNS configurations
at the touching distance and at the barrier position. The maximum angular
momentum J∗

max = Jmax + δJmax which leads to the capture without the
pre-equilibrium decay is defined here by taking into account the effect of
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pre-equilibrium emission. Here, the value of Jmax is limited by either the
kinematical angular momentum Jkin = [2μ(Ec.m. − V (Rb))/h̄2]1/2Rb (Rb is
the position of the Coulomb barrier with the height V (Rb) and μ is the re-
duced mass) or by the calculated critical angular momentum Jcr depending
on which one is smaller, Jmax = min[Jkin, Jcr], and δJmax is the average an-
gular momentum which is taken away from the system by pre-equilibrium
particles (Table 1). For the case of partial wave J [J > δJ ], we calculate
the partial formation-decay probability WZ,A and the partial capture cross
section at J − δJ and J , respectively. It should be noted that the calculated
capture cross sections with this method are in a good agreement with those
obtained with the dynamical model [9]. The excitation energy of the system
after the pre-equilibrium emission is decreased by the δE value according
to the Table 1. Finally, after each pre-equilibrium emission we calculate the
evolution in mass asymmetry degree of freedom and decay of the DNS. The
details of calculations of σcap, WZ,A, and, correspondingly, σZ,A(Ec.m.) are
given in Ref. [7, 8].

3 Results and discussions

We calculate the charge distributions of the products in the 86Kr+48Ca reac-
tion at bombarding energy Elab=10 MeV/nucleon and compared them with
the charge and mass distributions in the neutron-deficient 78Kr+40Ca reac-
tion at the same bombarding energy. The calculated maximum angular mo-
menta and CN excitation energies (at J=0) involved in the 86Kr+48Ca and
78Kr+40Ca reactions are Jmax=90, E∗

CN=270 MeV and Jmax=73, E∗
CN=217

MeV, respectively. The driving potentials (normalized to the energies of the
corresponding rotating CN), which are responsible for the formation of dif-
ferent DNS configurations, are shown in Fig. 1 for both reactions. Compar-
ing these driving potentials, one can conclude that the odd-even staggering
decreases with increasing N/Z ratio in the system. The main reason for
this is that the pairing energy decreases with increasing mass number of
the nucleus. The pairing energies and shell corrections of the DNS nuclei
are included into the driving potential through their binding energies. So,
the staggering effects in the yields of final products are related to the corre-
sponding structure effects in the nuclear binding energies [10].

One can see that for the neutron-deficient system the potential energy is
lower than for neutron-rich system at the same value of angular momentum
(the value of B1 + B2 − B12 increases faster than V (Rm, Z, A, J) decreases
with increasing total neutron number). This means that the formation of
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Figure 1: The driving potentials at angular momenta J=0 and 90 for the systems
86Kr+48Ca (a) and 78Kr+40Ca (b). The value of U is normalized to the energy of
the rotating CN. The value A is related to Z to supply the minimum of U .

the DNS configurations is more probable for the neutron-deficient system.
So, one can expect the larger yield of fission-like fragments in the neutron-
deficient system than in the neutron-rich one. With increasing angular mo-
mentum the potential energy for symmetric DNS configurations becomes
negative at J > J0=45 for 78Kr+40Ca and at J > J0=70 for 86Kr+48Ca. At
these large angular momenta the calculated driving potentials show global
minimum at the symmetric DNS but not at the CN configuration and the
charge (mass) drift pushes the system toward symmetry. The complete fu-
sion becomes energetically denied and higher J waves do not lead to fusion,
but to the quasifission resulting in the fragments produced as the binary
decay products of the transient DNS originated from the target-projectile
DNS. This implies that at higher partial waves, most of the heavy complex
fragments are produced by quasifission. At J ≈ J0 the CN and symmetric
DNS potential energies coincide, and one can observe the coexistence of the
quasifission and fusion-decay events. Thus, at the value of J0 the reaction
mechanisms become less clear-cut. At J < J0 the driving potential is posi-
tive, the CN configuration is energetically favorable, and the decay products
are mainly from the decay of the excited CN.

In Fig. 2, we compare the charge distributions of the emitted com-
plex fragments in the reactions 78Kr(10 MeV/nucleon)+40Ca and 86Kr(10
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MeV/nucleon)+48Ca. In both cases, the odd-even effects are present in the
production cross sections

σZ(Ec.m.) =
∑

A

σZ,A(Ec.m.) (2)

of the fragments with Z=2–12. For heavier fragments, these effects are
not visible because the odd-even structures of the charge distributions are
washed out due to the sequential evaporation. So, the amplitude of the
staggering depends on the deposited energy. The primary decay products
with Z ≤ 12 are less excited and emit mainly α-particles. This retains the
relatively strong odd-even staggering effect in the charge distributions for
these nuclei. Thus, the reason why the odd-even staggering effect persists
even at the intermediate energies [5, 6] becomes clear. The comparison of
the predicted charge distributions with the preliminary experimental results
for the reactions considered has already made in Ref. [4].

Figure 2: The calculated charge distributions of the products in the reactions
86Kr+48Ca and 78Kr+40Ca at bombarding energy 10 MeV/nucleon.

As found in Ref. [11], the staggering depends in a more complicated way
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on the history of the evaporation chain than the schematic interpretation
suggested in Ref. [10]. In Ref. [10], the staggering is presented in the isotopic
yields at the last but one evaporation step through the pairing effect on
nucleon separation energies.

In Fig. 2, the odd-even staggering is much smaller for the neutron-rich
system comparing to the neutron-deficient one. The maxima of the yields of
symmetric fragments are located at the same position for both system, but
for the neutron-rich system the dependence on Z is more flat. The evap-
oration residue charge distributions is shifted to smaller Z values for the
neutron-deficient system. It is interesting to see that the yields of the emit-
ted light complex fragments are much smaller in the 86Kr+48Ca reaction.
For example, the cross section for carbon emission is about 6 times smaller
than in the 78Kr+40Ca reaction. This is mainly because of smaller formation
probability of corresponding DNS configurations in the 86Kr+48Ca reaction
comparing to the 78Kr+40Ca reaction.

4 Conclusions

We investigated the reactions 78Kr+40Ca and 86Kr+48Ca at bombarding
energy 10 MeV/nucleon within the DNS model. Our aim was to provide the
predictions for these reactions. We found the persistence of odd-even stag-
gering effects in the charge and mass distributions of the reaction products
that is in agreement with the experimental observations of Refs. [5, 6]. The
charge distributions for the neutron-rich system are more flat as compared
with the neutron-deficient system.

To elucidate the influence of neutron-excess of the initial system on the
formation of final decay fragments, it would be better to perform the ex-
periments at the incident energies about 4 MeV/nucleon for the reactions
considered.
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