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Angular momentum dependence of cluster emission from highly ex-
cited intermediate nuclear system formed in 93Nb + 9Be and 45Sc + 65Cu
reactions is studied within the dinuclear system model. The charge distri-
butions of decay products and partial production cross-sections for C, O,
Ne clusters are given.
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1. Introduction

Heavy ion collisions involve the large range of angular momenta. It is
very important to have information about the role of rotational degree of
freedom in the time evolution of the colliding system from the initial stage of
the reaction until the final stage. The experimental evidence of the strong
effect of angular momentum on final fragments Z-distribution was shown
in Ref. [1]. It was shown there, that by measuring the final fragment spin
distributions, one can extract a piece of information on the primary L-wave
distributions, which contribute to the certain exit channels. Such a knowl-
edge on cluster emission channels is very important because of the increasing
interest on the possibility of production of exotic nuclei via cluster emission
channels [2, 3]. Here, we investigate the formation of long-lived intermedi-
ate system and its decay in the reactions 93Nb + 9Be, 45Sc+65Cu within
the dinuclear system (DNS) model [4]. Cluster emission is treated under
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the assumption that light clusters are produced by collective motion of the
nuclear system in the charge and mass asymmetry coordinate, with further
thermal escape over the Coulomb barrier. Potential energy surface of DNS is
calculated as in Refs. [5, 6]. Both evaporation and binary decay are treated
in the same way. Important role of the angular momentum of the system
in the binary decay process is demonstrated. For excitations treated, the
temperature effect on emission barriers is not taken into consideration for
the reactions of interest.

2. Formation of dinuclear system and its time evolution

An essential condition for the capture of projectile by target is existence
of the potential pocket in nucleus–nucleus interaction potential. The angular
momentum window J = Jmin − Jcr for such process depend on dissipation
of kinetic energy, which determine Jmin and from the existence of potential
pocket in the nucleus–nucleus interaction potential for the entrance chan-
nel, which determines the critical angular momentum Jcr. Radial friction
coefficient depends on relative distance coordinate R and one can assume a
strong dissipation when R < Rb, where Rb is the distance, where entrance
Coulomb barrier is located. Critical angular momentum depends on mass
and charge asymmetry of projectile-target combination and from total mass
and charge numbers of the system. For asymmetric reactions Jcr is smaller
than for more symmetric reactions. The capture cross-section is given as

σc(Ec.m.) = πλ2
Jcr∑
J=0

(2J + 1)Pcap(Ec.m., J) , (1)

where λ2 = ~2/(2µEc.m.) is the reduced de Broglie wavelength and µ the
reduced mass. The transition probability is calculated with the Hill–Wheeler
formula Pcap(Ec.m., J) = (1 + exp[2π(V (Rb, J) − Ec.m.)/~ω(J)])−1, where
the effective nucleus–nucleus potential V is approximated near the Coulomb
barrier at R = Rb by the inverted harmonic-oscillator potential with the
barrier height V (Rb, J) and the frequency ω(J) [6].

The time evolution of the DNS depends on the potential energy surface,
which is the function of relative distance, mass and charge asymmetry, shape
degrees of freedom and rotational degrees of freedom. The motion in mass
and charge asymmetry coordinate is responsible for the fusion process and
for the distribution of initial system among all possible dinuclear configura-
tions, while the motion in relative distance coordinate is responsible for the
decay of the system into two fragments. The evolution of DNS in charge and
mass asymmetry coordinate is described in the framework of the transport
model. In this approach the time dependence of the probability PZ,A(t) of
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finding a system at the moment t in a state with charge Z and mass A of one
of the nuclei in DNS is calculated by the master equation [7]. The lifetime of
an excited CN (DNS) is predetermined by the time of neutron emission (the
time of quasifission), which is sufficiently long to reach the mass and charge
equilibrium limit in master equation. So, in the treatment of the formation
of complex fragments, the equilibrium limit of the master equation can be
imposed. The emission probability WZ,A(E∗

CN, J) of a certain cluster from
the excited intermediate system is the product of the DNS formation proba-
bility and the DNS decay probability, which is given in [6]. The cross-section
of the cluster emission from the excited intermediate system is calculated as
follows

σZ,A(Ec.m.) =
Jmax∑
J=0

σc(Ec.m., J)WZ,A(E∗
CN, J) . (2)

The detailed formulation of the model and its ingredients are given in our
recent work [6].

To treat the angular momentum dependence of charge distributions of
decay products, we calculate the cross-sections for the reactions 93Nb+9Be
at Elab = 782MeV and 45Sc + 65Cu at Elab = 200MeV. For the first reac-
tion, Jmax = Jcr = 38 and for the second one, Jmax = Jcr = 73. We assume
strong dissipation of the kinetic energy and take Jmin = 0 for both reactions.
By calculating the driving potentials for these reactions, one can guess about
the shape of final fragments Z distributions prior to the calculations of whole
cascade of decay channels [6]. The calculated Z distributions of the final de-
cay products are given in Fig. 1, and in good agreement with experimental

Fig. 1. Calculated Z distributions of the final fragments in comparison with exper-
imental data.
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data given in [1] for these two reactions. High cross-sections for fission-like
fragments in 45Sc + 65Cu reaction reflects the effect of high angular mo-
mentum(s) involved in the reaction. The partial production cross-sections
for the clusters C, O, Ne integrated over all isotopes are presented for both
reactions in Fig. 2. The particular interest has the angular momentum de-
pendence of production cross-section for carbon, since as mentioned in the
Ref. [3], one can search the possibility of producing exotic residual nuclei via
carbon emission. From Fig. 2, one can see that the partial production cross-
section for carbon in the reaction 200 MeV 45Sc + 65Cu has the maximum
around J = 50. The optimal conditions for the production of exotic nuclei
via carbon emission can be determined in such a way, that the maximal
kinematical angular momentum of the reaction have to be around J = 50
for similar systems considered here. From Fig. 2, one can also conclude that
the very asymmetric reactions, where Jcr is not enough large, are not suit-
able for the studies dealing with the production of exotic nuclei via cluster
emission channels, since the cross-sections are small due to the small angular
momentum(s) involved in the reaction.
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Fig. 2. The partial production cross-sections for the clusters C, O, Ne in the reac-
tions 93Nb + 9Be at Elab = 782MeV and 45Sc + 65Cu at Elab = 200MeV.
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