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Elastic scattering and fusion of ' O+' Co at near barrier energies:
A signature for long range fusion potentials
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Elastic scattering angular distributions were measured for the ' 0+' Co system, at energies close to
the Coulomb barrier. Simultaneous analysis of elastic scattering and fusion cross sections were per-
formed, based on the optical model. The part of the imaginary potential which accounts for the fusion

was found to be of long range, with values of rf larger than 1.42 fm, leading to the interpretation that
fusion is decided at large separations, beyond the Coulomb barrier.

PACS number(s): 25.70.Bc, 25.70.Jj, 24.10.Ht

Fusion cross sections have been measured by our group
for the ' 0+ 0 system [1,2] at near and sub-barrier en-
ergies. The large enhancement of the experimental sub-
barrier fusion cross section, when compared with the pre-
dictions of any one-dimensional barrier penetration mod-
el (BPM), could not be explained either by the Wong
model or by the inelastic coupled channels calculations.
Both approaches lead to very small fusion enhancement.
Only with the additional coupling of transfer channels
could the fusion data be fitted, within the uncertainties of
the simplified coupled channels, analysis and the values
of the derived transfer form factors.

From that analysis [2] one has concluded that the
fusion process might start to occur at a large separation
of the colliding nuclei, even before the Coulomb barrier is
penetrated. The stripping of one alpha particle channel
was found to be mainly responsible, when coupled to the
fusion, for the large sub-barrier fusion cross section
enhancement. As its transfer cross section to excited
states was below the measurable level [1,2], one has inter-
preted it as a virtual channel acting as a doorway to
fusion. From a semiclassical formalism [3], it was de-

rived [2] that the average transfer distance for this chan-
nel is relatively small, (d„)=1.59 fm, not far from the
position of the Coulomb barrier (1.48 fm), its form factor
is very steep, and the effective Q value is positive. From a
macroscopic approach, the fusion cross section for this
system could be explained [2] by the liquid drop model
suggested by Aguiar et al. [4], where a neck coordinate is
introduced. The neck formation process has the effect of
increasing the distance of no return from fusion. One has
learned in the last years that reaction mechanisms, at
near barrier energies, increase in complexity when they
take place at small distances, because quasielastic chan-
nels couple strongly to the elastic channel and to each
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other, and play the role of a doorway to more complex
and dissipative processes, such as the fusion. It is, there-
fore, quite important to study the distances where the re-
action process take place, in order to understand the in-

terplay between them.
As we had the above-mentioned indications, for the

' 0+ Co system, leading to the same predictions of the
direct reaction formalism developed by Udagawa, Kim,
and Tamura [5,6], where a long range fusion absorptive
potential is derived, we decided to apply this formalism
to the simultaneous analysis of the fusion and elastic
scattering data for this system, in order to investigate the
compatibility of the results by difFerent approaches.

Elastic scattering angular distribution data were avail-
able in the literature [7] in the energy range 36 (E„b(56
MeV and 20'~ 0, (180'. We have obtained new data
for 37 ~ E&,b

~ 62 MeV and angular distributions within
the range 20' 8, (180'. For the low energy region,
from 37 to 42 MeV, the data were taken at 0.5 MeV steps
of the bombarding energy. In this region the imaginary
part of the optical potential decreases rapidly as the ener-

gy goes down. The experiments were performed at the
Sio Paulo Pelletron Laboratory, using an array of nine
silicon surface barrier detectors, with energy resolution of
the order of 300 keV. The inelastic yield was found to be
very small, in agreement with the results obtained by the
in-beam gamma ray spectroscopy method [1,2].

In the direct reaction formalism [5,6], the fusion cross
section is calculated as

= 2

i6Va

where 8'f is the part of the imaginary potential W,
which accounts for the absorption into the fusion chan-
nel. In this expression U, is the incident velocity and g,'
is the elastic scattering wave function calculated from the
full optical potential U, (r) = —V, (r) i W, (r) and deter-—
mined from the elastic scattering data. The symbol a
stands for the elastic scattering channel. The real nuclear
potential and 8'f have the usual Woods-Saxon form.

The calculations were performed using two different
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sets of optical potential parameters. One of them was the
same set determined by Tannous et al. in Ref. [7], from
the elastic scattering data, where the geometrical parame-
ters were kept fixed as r„=r,=1.22 fm and a„=a,-=0.5
fm. The second set was obtained assuming an energy
dependence of the imaginary potential W, as [8]

W(E) = 1

1+exp[(E& E)—la, ]

where Eb is the energy of the Coulomb barrier (38.8
MeV) and a, is the diffuseness of the energy dependence
(4.6 MeV). The complete energy-dependent real potential
was then obtained by using the dispersion relation [8) and
assuming a bare potential as a Woods-Saxon type, with a
proper normalization in order to get a correct magnitude
of V0. For energies where fusion data were available, but
not the elastic scattering data, a smooth variation of the
total reaction cross section was assumed.

The next step was to assume that

w„r&Rf =rf(A,' +A' ),
W ='

0, r&Rf .

Then the imaginary potential was cut ofF at Rf and as-
sumed to be the fusion absorptive potential, with rf as
the only free parameter. The fusion cross section is now
written as

of= g (2!,+1)Tf(
ka 1 =0

a

where

4 Rf
Tf I f lgt (r)l Wa(r)dr .

ffVg

The fusion cross section defined by these expressions is
called the elastic fusion cross section, and it includes
fusion processes which may proceed into some direct re-
action channels before reaching the fused state. The code
FRESCO [9] was used in order to calculate crf.

For the whole energy region studied, the values of rf
which fit the experimental fusion data are in the range of
1.47+0.05 fm, increasing as the energy decreases. (The
reduced Coulomb barrier radius for the system is 1.48
fm. ) This range of rf seems to be a general trend, since it
was also obtained in the analysis of heavier systems
[10,11]. The dotted line in Fig. 1 shows the fit of the
fusion data by this procedure. The solid line shows the fit
when the parameter rf is kept fixed at 1.45 fm, which is
its value at E&,b =40 MeV, the reference energy at which
both fusion and elastic scattering data were available.
The dashed line is the result of the prediction of the
fusion cross section using an one-dimensional barrier
penetration model [12].

A long range fusion potential is, therefore, compatible
with the interpretation that neck formation leading to
fusion can occur at large distances and also that transfer
reactions which take place at relatively small distances
proceed along a chain of increasing complexity, acting as
a multistep process leading to fusion. From the three ap-
proaches, one finds that the point of no return from
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FIG. 1. Fits of the fusion excitation function: dashed line,
prediction of the one-dimensional barrier penetration model
(KNS); solid line, obtained for a fixed value of rf = 1.45 fm; dot-
ted line, best fit for values of rf varying within the range
1.47+0.05 fm.

fusion is reached at distances beyond the position of the
Coulomb barrier. Figure 2 shows, schematically, the evo-
lution of the reaction process as a function of the separa-
tion distance of the two colliding nuclei. Absorption
starts to occur at d, = 1.74 fm [2], when simple quasielas-
tic processes take place. From rf =1.52 fm up to the po-
sition of the Coulomb barrier, rb =1.48 fm [2], the fusion
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FIG. 2. Scheme of the evolution of the reaction process as a
function of the separation distance of the colliding nuclei. At
the top, the fusion absorptive potential with range rf, The cen-
tral figure shows the absorption from the elastic channel. At
the bottom, the transfer form factor for the stripping of one al-
pha particle. The dark region is where the fusion process
occurs before the barrier is penetrated and transfer reactions act
as a doorway to fusion.
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absorption potential is already present, meaning that the
flux leaving the elastic channel leads, in a multistep pro-
cess, to more complex channels such as fusion; this is the
region where the neck formation occurs, and transfer
channels couple to fusion and consequently, enhance the
fusion cross section.

From the three approaches, one learns that the sub-

barrier fusion cross section enhancement may be inter-
preted as arising not just by the splitting and lowering of
the Coulomb barrier relative to the BPM predictions, but
also by the additional attraction in the incident channel,
as a result of the strong absorption under or even outside
the barrier.
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