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Recently measured cross sections for inelastic 0& and 3 excitations in ' 0 + '60 are analyzed

in the framework of coupled channel calculations. The correlation between the peaks in both

channels is explained in terms of a strongly mixed resonant state of the nucleus-nucleus system.
The equivalent local potentials including the channel couplings are calculated for each channel.

The resonances are seen to arise in all channels simultaneously at the barrier tops of these effec-
tive potentials.

NUCLEAR REACTIONS ' 0(' 0 ' 0), E =20—40 MeV; calculated o-(E); inelastic

excitations, Coupled channels method, strong coupling.

Freeman et al. have recently reported measure-
ments of the "C + ' 0' and ' 0+ ' 0' total inelastic
cross sections leaving the ' 0 nucleus in the 6.05
MeV excited 0+ state. ' In both reactions the ob-
served gross structure is correlated with that in the
'60(3 ) channel. 2 Similar excitation functions at
some angles have also been obtained for "C + "C
where —among other channels —the 3 and 02+ excita-
tions show resonant structures similar to those in the
inelastic 2+ channels.

The gross structures in these as well as the elastic
and other inelastic reaction channels have often been
taken as evidence for molecular resonances of the
nucleus-nucleus system. " A particularly simple and
successful description in this framework has been
given by the band crossing model. ' In this model the
inelastic band in which the intrinsic spin and the orbi-
tal angular momentum are aligned crosses the elastic
band. In the crossing region both configurations are
expected to mix strongly and this mixing provides the
coupling mechanism between the two channels.
Recently, however, it has been demonstrated that
also a nonresonant diffraction model can account
for the ' C + ' C(2+) and ' 0 + ' O(3 ) cross
sections.

The results obtained by Freeman et al. ' and Fulton
et al. ' for the strongly mismatched 02+ channel are im-

portant because they may allow one to distinguish
between these different competing explanations.
Freeman et a/. have concluded that a simple
Austern-Blair calculation, ' based on a strong absorp-
tion model, is unlikely to be able to describe simul-
taneously both the 02+ and the 3 cross sections with
their correlated structures. On the other hand, the
band crossing model can definitely not account for
this correlation because the inelastic band corre-
sponding to the Oq excitation does not cross the elas-
tic band. Instead it is far away (6.05 MeV) from the
latter as we11 as from the aligned 3 band.

In this report we demonstrate that a consistent
coupled channel description of the data for both the
3 and the 02 channel in the "0 + "0 reaction is
possible if the coupling between all channels is strong
as provided by the folding model. Using the coupled
channel wave functions we then calculate in a second
step the equivalent local potentials for each channel
separately. We demonstrate that these potentials al-
low a physically very transparent explanation of the
observed correlation between the gross structures in
the two different channels.

The coupled channel calculations performed follow
the lines of Ref. 8. The interaction used is that of a
phenomenological potential, being the same for every
channel, plus a folded coupling interaction:

Ua =sg(V( r ) + Vc,„~( r ) +i W( r ))

+(I —Sy) (II J"J"d'ri d'r2 pi( r i) p2( r 2)'U(I r —r i+ r 21) Ij)
The diagonal term is that used by Maher et al. except for the slight modification of the real part of the Woods-
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structure and in particular its correlation with that in

the 3 channel is correctly reproduced in the calcula-
tion with So=0.1 (solid curve).

The calcula, tion is able to reproduce the observation
of a large difference in cross section for the two
channels although the calculated 02+ cross section
(So =0.1) is on the average about four times larger
than the experimental one. On the other hand the
calculation with the smaller 02 coupling strength of So
=0.03 gives a cross section that is only slightly ahorse

for the 3 channel, somewhat underestimates that for
the 02+ excitation and exhibits practically no structure.

In view of the uncertainties in the transition densi-
ty for the 02+ state we have not searched for an op-
timum between the two coupling strengths sho~n. In
particular, one also has to be aware of the possibility
that the 02+ state is fed directly from the 3 state. In
our model that describes both states as collective ex-
citations such a coupling would be possible only
through a second order process.

Independent of these structural uncertainties, how-

ever, the calculations show that the mismatched 02+

channel may have resonant structures that are strik-
ingly correlated with those obtained in the well
matched 3 channel, in contradiction to the band
crossing model. The Austern-Blair model, on the
other hand, predicts the peaks for the 02+ excitation in
the middle between two successive maxima in the 3
cross section. '

In order to clarify the physical origin of this coin-
cidence we have calculated the exact trivially
equivalent local potentials for each channel separate-
ly. These are obtained by inserting the coupled chan-
nel wave functions u; into a local Schrodinger equation:

VraLP(r) =E, +,'
u, .

du;
(6)

2p, dr

VI~E"~'s are exactly equivalent to the polarization po-
tentials obtained from Feshbach's projection formal-
ism. " The real part of VraLP(r) is shown in the left
part of Fig. 2 for four energies corresponding to max-
ima in the experimental cross sections. For compar-
ison we show the total diagonal potential Vd,', (r),
where V„t,~s (r) represents the sum of the diagonal
nuclear, Coulomb and centrifugal potentials, and the
intrinsic excitation energy, at J = 20 in the right part
of the figure. Obviously neither a resonant quasi-
bound state nor a barrier-top resonance in these po-
tentials will explain this structure in the cross section.
This figure also illustrates the comment made in the
introduction on the band crossing model: Whereas
the elastic (i =1) and the inelastic aligned 3 band
(i =2) indeed are very close and even cross at r =7
fm the inelastic 02+ excitation (i =6) lies 6.05 MeV
above the elastic channel potential (i =1).

The V;
" for the different channels are now all

very close to each other. For example for J = 20 and
F., =30 MeV the minima for all four channels
shown lie at r =6.3 fm at 27 —28 MeV. Vdt,~s (r),

however, have values of = 32—43 MeV at r =6.3
fm. This remarkably large shift is due to the very
strong polarization taking place during the time of
overlap of the two nuclei.

In contrast to the real part, the imaginary parts of
V;

" for the elastic and inelastic channels were
found to be negative and positive, respectively, re-
flecting the fact that the incident flux flows from
elastic to inelastic channels, ~here the latter have
outgoing wave boundary conditions only.

Most importantly, the barrier heights for all chan-
nels shown in V;

""are the same within about
1 MeV and coincide in addition with the positions of
the maxima in the inelastic cross sections. Inspection
of the S matrix SJ(E) shows clear irregularities at
these energies. These observations lead us to con-
clude that the gross structures in inelastic scattering
arise as a consequence of "barrier-top" resonances"
that fall into the energy-dependent angular rnomen-
tum window in the absorption [see Eq. (2)]. The de-
tailed mechanism is, however, considerably more
complicated than that of a shape resonance in the
ion-ion potential or in the Austern-Blair model.
What resonates in our calculations is a very strong
mixture of all the different channels and thus a state
of the combined ion-ion system. This strong mixture
is in agreement with the reduced widths of these
states. '~ It and the corresponding very large polari-
zation effects cannot be treated in distorted-wave
Born approximation (DWBA).

The large polarization effects on the potentials im-

ply that the nuclear structure of the two nuclei gets
significantly distorted once the nuclei come into con-
tact. This distortion will also affect the wave func-
tions and thus the transition densities. The effective
transition densities may in the overlap region, there-
fore, be quite different from their asymptotic form
for a single isolated nucleus as it is, e.g. , tested in
inelastic electron scattering. We note that these ef-
fects of polarization are similar to those proposed by
Ascuitto et al. '9 for transfer reactions.

In summary, coupled channel calculations with
strong channel interactions can reproduce the correla-
tion in the gross structures of the well matched 3
and the mismatched 02 channel in the '60 + '60
reaction. The inelastic gross structures arise as a
consequence of energy-dependent angular momen-
tum windows in the strongly polarized '6O + '6O sys
tern; the polarization potentials can reach up to
10 MeV. The DWBA and its derivatives like the
Austern-Blair method cannot hold under such cir-
cumstances. Although our results do confirm the ex-
istence of a strongly mixed dinuclear system they do
not support the classical notion of a nuclear molecule
in which two nearly intact nuclei are bound together.
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