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The experimental knowledge of heavy-ion reactions near and below the

Coulomb barrier has been improved considerably in recent years. The cross

sections and angular distributions for the most dominant reaction channels have

been measured for several systems. One has observed that subbarrier fusion

cross sections can be strongly enhanced compared to one dimensional barrier

penetration calculations. It is well known that the coupling to low-lying,

collective surface vibrations can explain a substantial part of this enhancement.

It is also well known that transfer reactions constitute a large component in the

total reaction cross section. It is an important issue to understand the interplay

between the different reaction channels and in particular their influence on fusion

and elastic scattering.

Previous calculations of heavy-ion reactions near the Coulomb barrier have

often focused on limited aspects of the reaction and treated others in an

approximate way. One usually introduces an imaginary potential that is

supposed to simulate the absorption of flux into channels that are not explicitly

treated in the calculations. The imaginary potential is either calculated in

perturbation theory or it is adjusted to yield a good fit to the angular

distributions.

A more ambitious approach is to include the most dominant reaction

channels in a coupled channels treatment without introducing an imaginary

potential. This has been done for the reaction 0+ Pb by including the low-

lying excitations and transfer channels. It was possible to simultaneously obtain

good fits to the measured elastic angular distributions and the fusion cross

sections over a range of energies around and below the Coulomb barrier. The

fusion process was described by ingoing wave boundary conditions inside the

Coulomb barrier. In these calculations the couplings to inelastic and transfer

channels generate an effective, energy-dependent optical potential for elastic

scattering, which has both a real and an imaginary part. The same reaction

has been studied by Thompson, et al.

In the following I will discuss the fusion reactions between different nickel

isotopes. The reaction Ni+ Ni is particularly interesting since the

enhancement of the subbarrier fusion cross section is anomalously large compared



to reactions between identical nickel isotopes.4 The larger enhancement in the
Ni+ Ni reaction has been ascribed to couplings to neutron transfer channels,

since the one- and two-neutron (in and 2n) transfer cross sections are also much
larger for this reaction. In fact, schematic calculations based on constant
couplings during the tunneling process0 have demonstrated that a coupling to the
two-neutron transfer channels with a positive Q-value can explain the qualitative
difference in the nickel fusion data.

The conventional coupling to the low-lying 2+ and 3" collective states cannot
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explain the nickel fusion data. In a recent publication we therefore included
the couplings to two-phonon excitations, i.e. both successive and mutual
excitations of the low-lying 2+ and 3* states. This improved the comparison to
the measured fusion data, in particular for reactions between identical isotopes.
We estimated that the calculations had essentially converged at the two-phonon
level. There was still a substantial deviation for the Ni+ Ni fusion reaction.
Moreover, the measured angular distributions for "inclusive elastic" scattering (i.e.
elastic scattering plus inelastic excitations to low-lying states) fall off much faster
than the calculated angular distributions at large scattering angles. This is not
surprising since the absorption due to particle transfer, which we did not
include, is known to have an important influence on the elastic scattering of
intermediate heavy nuclei.

We have recently extended our calculations by including the couplings to In
and 2n transfer channels in a way which is consistent with the higher-order
vibrational model. We assumed for simplicity that the excitation spectrum and
the coupling strengths of the surface modes were the same for all three mass
partitions. We used the following schematic form factor for In transfer

F(r) = F0/(l+exp((r-RrR2-AR)/at)) (1)

with a range at = 1.5 fm. The radii in this expression are allowed to vibrate.
Using the standard collective model prescription, the form factor thus connects
vibrational states in the neighboring mass partitions which differ by a In
transfer.

The angular distributions for "inclusive elastic" scattering and for In transfer
are shown in Fig. 1 together with the data5 for the Ni+64Ni reaction at 106.9
MeV. The calculated distribution for 2n transfer is also shown. The ground
state Q-values were chosen to simulate the measured spectra (Q|n = -2 MeV,
Q2n = 0. MeV). The In transfer strength (Fo = 6 MeV) was adjusted to



simulate the data, and the 2n transfer was treated as a two-step process, with
the same strength for the two successive In transfers.
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The dashed carves show the results
when only the first step In transfer is
included in the the calculation (i.e.
58Ni+64Ni and 59Ni+6SNi). The fully
drawn curves show the results when the
second step (i.e. Ni+ Ni) is also
included. It is seen that the second
step improves the comparison of the
calculated angular distributions and the
data at large scattering angles. One
can obtain a much bet ter fit by
introducing a weak imaginary optical
potential which increases the total
reaction cross sections by about 10%, or
00 mb.
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The calculated fusion cross sections for Ni+ Ni are shown in Fig. 2,
together with all of the nickel fusion data. The fully drawn curves represent,
in increasing order, the results for no coupling, for couplings to the surface
modes (one- and two-phonons), and finally when also In and 2n transfer
channels are included as described above. The dashed curve in Fig. 2 is the
result we obtain when we use the true ground state Q-values (Q l n = -0.66
MeV, Q2n = +3.9 MeV) and furthermore include a direct 2u transfer coupling.
The In transfer strength (FQ = 4.3 MeV) was chosen to match the measured In
cross section. The successive 2n cross section is then much too small compared
to the data. We therefore included a direct 2n transfer coupling of the form
suggested in the macroscopic model of Dasso, et al.,

(2)
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Figure 2

The strength, fft = 0.21 fm, was chosen to match the 2n cross sections measured
at higher energies. The dashed curve is seen to fit the data at the lowest
energies. The agreement with the 58Ni+C4Ni fusion data seems to indicate that
a direct 2n transfer to the ground state plays an important role at the lowest
energies. This should be tested experimentally.
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