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Nuclear fusion at energies close to the Coulomb barrier emphasises interesting
features of the interplay between reaction mechanisms and nuclear structure [1].
Both static and dynamical deformations of the target and projectile give rise to
a range of Coulomb barriers depending on the orientation of the colliding nuclei,
in the case of a rotational target, or the induced dynamical deformation in the
vibrational case. In the vibrational, and almost symmetric, *Ni+°Ni system,
a well defined discrete barrier distribution has been found [2]. This distribution
is explained by strong multi-phonon couplings between the colliding nuclei. This
interpretation of the fusion data led us to predict that an experiment performed
at several energies covering the barrier distribution could reveal previously un-
observed features of the spin distribution, including a spin population of the
evaporation residues up to about 20 A, even 5 MeV below the conventional Bass
barrier. Fusion of **Ni with ®°Ni at three near and sub-barrier energies has been
studied in Strasbourg with a %Ni beam from the VIVITRON accelerator on thin
50Ni targets, leading to the '®Ba* compound nucleus. The ~-rays of the evapo-
ration residues were identified in the GAREL+ array. Proton-rich isotopes of I,
Xe, Te and Sb were observed, some up to spins of 30 h. A study of the relative
population of these nuclei is presented and compared with calculations which
accounts for of the correct barrier distribution.
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1. Introduction

Enhancements of sub-barrier fusion cross-sections, that cannot be de-
scribed by one dimensional barrier penetration models have been successfully
explained in terms of coupled-channel calculations. These calculations can
include couplings to inelastic or transfer channels [6,7]| as well as dynamic
or permanent deformations of the reacting nuclei [8,9]. The determination
of the fusion barrier distribution is a good way to discriminate between the
couplings involved in such a reaction. A simple way to extract the bar-
rier distribution D(B) from fusion data has been established by Rowley et
al. [1]. They have shown that D(B) is proportionnal to the second deriva-
tive of the fusion cross-section times the energy. Very accurate data for oy
are required to deduce D(B) by a point-difference method. Cross-section
measurements with typical errors of about 1% have recently been performed
in systems like 60 + 144148,154Gm or 186\ [2-4] and barrier distributions
showing interesting structures have been theoretically investigated. They
can be explained by the strong influence of phonon excitations and/or ef-
fects of quadrupole or hexadecapole deformations. Furthermore, a dramatic
three-peak structure in the barrier distribution has been found experimen-
tally for the ®®Ni + %ONi system by Stefanini et al. [5]. This surprising
structure has been interpreted in terms of multi-phonon excitations, right
up to the four-phonon channel. It has been shown that three distinct bar-
riers, each weighted differently, are necessary in a Wong type model [8] to
fit the experimental data properly. The full coupled-channel fit is shown in
figure 1.
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Fig. 1. Three-barrier fit of the experimental barrier distribution in *®Ni-+-%°Ni, from
Ref. [5]. The three energies of our study are indicated by arrows.
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Very little is known about the influence of such reaction mechanisms
on the structure of the populated nuclei. As the barrier distribution for
%8Ni + 6ONi is spread over more than 13 MeV, showing the most distinct
structure known up to now, and as the fusion cross-section is known very
accurately for this system, we chose this nearly symmetric system to study
the influence of surface vibrations in the entrance channel on the population
of the evaporation residues following near- and sub-barrier fusion.

2. Experiment

Three different bombarding energies just above the barriers, as shown
in figure 1, have been chosen for our experiment. A °®Ni beam at 190.1
MeV, 199.9 MeV (mean barrier) and 212.3 MeV was successively delivered
by the VIVITRON accelerator with a mean current of 10 pnA on %Ni self-
supporting targets. The target thicknesses were determined by alpha trans-
mission and were 252 + 25 pg-cm ™2 for the two lower energies and 324 + 32
pg-cm~? for the highest one. The energy loss in the targets was thus kept
below 3 MeV. The gamma-rays from the evaporation residues were identified
in 13 large-volume germanium detectors of the GAREL-+ array. A LEPS
(Low-Energy Photon Spectrometer) detector was also mounted on the ar-
ray to enhance the efficiency and resolution for low-energy transitions. The
absolute efficiency for the set of Ge detectors was 1.1 + 0.2 %. Events were
written to tape when at least 2 unsuppressed Ge detectors fired in prompt
coincidence. The beam current was integrated at the beam dump in order to
obtain the charge accumulated at each energy. The same system had already
been studied at a higher energy (about 50 MeV above the barrier) to search
for intruder bands in iodine isotopes [10]. Extensive level schemes of the
principal evaporation residues of our study are known from this experiment.
We could thus identify the strong 3p channel, "I, the 2p '"®Xe channel,
the (3p,2n) 131, the '2Te ((4p,2n) channel) and the '°Xe ((2p,n) channel)
at each energy step of the experiment. More exit channels were open at the
highest energy (just above the barrier), so that we could identify the low
lying transitions in °?Sb ((5p,4n) channel) and ''*I ((3p,n) channel). The
region reached in this sub-barrier study is not far from the proton drip-line.

3. Results

Gamma-gamma matrices have been constructed for each energy and the
statistics accumulated at the highest energy allowed us to build a cube. The
part of the level schemes of the principal residues observed in the experiment
is shown in figure 2.

The cross-sections for the observed evaporation residues were determined
using y-ray transitions. We have put some gates on the lowest transitions
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Fig.2. Part of the level schemes of '6Xe and '!'°T observed in the present study.

of each residue and integrated the transitions falling onto the gated ones.
The result was converted into cross-sections using the integrated charge. We
have assumed that the feeding of the first states of the nuclei was negligible.
This is corroborated by our study of the side-feeding of the residues (see
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below). Contamination of the gates was avoided as much as possible and
no long-life isomeric transitions are known in the nuclei studied. In '6Xe,
the 1017 keV transition was not intense and the energy gate used is the

(2 — 07) 394 keV transition. The case of this 3p channel (}°1) is a little

more complicated. The ground -state is populated via 4 transitions ((%jL —

5y 57 keV, (27 = 27 565 keV, (27 — 27) 634 keV and (27 — 37) 732
keV). We first chose the 411 keV, the 314 kev and the 634 keV transitions (see
figure 2) to determine the cross-section for this channel. We tried estimating
the cross-section using the lowest transitions but the accuracy of such a
method is strongly affected by the accumulation of errors on the corrections
for the efficiency. The same method was used for all the nuclei observed. A
summary of the results is shown in Table I.

TABLE 1

Experimental cross-sections (mb) of the principal residues observed. The errors are
about 20%

Channel 157 116, 112  114q, 1137 115%e 112 114

Ebeam (MeV)  3p 2p 4p,2n 4p 3p,2n  2p,n  3p,2n  3p,n
190.1 2.3 3.4 0.2 - 0.14 0.3 - -
199.9 219 115 7.3 14.2 1.6 3.4 0.6 -

212.3 52.7 12.7 26.8 10.6 1.8 20.0 0.5 12.0

The spin population of the principal channels was estimated using the
known -ray spectra. The side-feeding of each spin was obtained by subtract-
ing the counts from transitions depopulating a spin from the ones populating
this spin. Some results for the estimated spin population are presented in
figure 3.

4. Discussion

We have chosen the present reaction since the fusion cross-section was
known to high precision and extremely well explained in terms of coupled-
channel calculations. This allowed us a calculation of the entrance-channel
spin distribution with some confidence, enabling us to draw conclusions on
the evolution from the initial compound-nucleus configuration to the ob-
served discrete y-rays in the evaporation residues. In addition, the three
distinct barriers observed in oysion are known to correspond to different dy-
namical deformations of the target and projectile at the point of fusion. We
might therefore hope to see if these shapes affect the subsequent particle
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Fig. 3. Experimental spin distribution for the (2p,0n) and (3p,0n) channels at Epeam
= 190.1 MeV, 199.9 MeV and 212.3 MeV.

evaporation. The calculated spin distributions have structures reflecting the
different fusion barriers as can be seen in figure 4. For Epeam = 199.9 MeV,
spins between 25 and 40 A are uniquely populated by a configuration in
which the target and projectile both have a prolate deformation along their
line of centres. This shape configuration is the only one leading to fusion for
Epbeam = 190.1 MeV.

The results given by the EVAP computer code are in good agreement
for the total fusion cross-section. Differences are observed for the 2p and
3p channels only for energies below the barrier. Moreover, for the second
energy, we have observed a 14.2 mb 4p channel (1'Te) which was predicted
by the code with only 0.3 mb. The Coulomb barrier is lowered for deformed
nuclei, thus a deformation of the compound nucleus could be an explanation
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TABLE II

Fraction of the experimental cross-section for residues formed by (Xp,0n) emission.

Epeam (MeV)  experiment simulation
190.1 0.9 0.69
199.9 0.8 0.57
212.3 0.5 0.55

for the enhancement of proton emission at these energies as it is indicated
in Table II. This is not observed at the last energy, which is above the
Coulomb barrier (107.7 MeV) where effects of structure in the barrier tend

to be averaged out.
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Fig.4. Experimental and simulated spin distributions at 199.9 MeV and 190.1 MeV.
The dot-dashed curves are the calculated compound nucleus distributions.

Figure 4, shows that states with spins between 20 and 30 A are not
strongly fed in the experiment whereas it is predicted by the statistical-
model code. Nevertheless the last transitions of ''°I indicate that higher
states could be populated. The behaviour of this nucleus, as many in this
region has been interpreted in terms of band terminations [13|. The presence
of non collective structures in this spin region would be an explanation for
not observing yrast transitions above 25 h. It is of interest to notice that
the shapes of the experimental distributions and their maxima are not very
different for the two lowest energies in our study (see Fig. 3) even though 15
h more are brought in the system between E; and Eo. On the other hand
a clear enhancement is observed for the last energy, which might indicate
that more collective structures may be present above the yrast line at higher

spins.
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