
PHYSICAL REVIEW C VOLUME 28, NUMBER 3 SEPTEMBER 1983

60+ SSj elggtjg sggttcgj. gg ~cgr the barrjcg

S. Kahana, ' J. Barrette, B. Berthier, E. Chavez, A. Greiner, and M. C. Mermaz
Departement de Physique Nucleaire/Basses Energies, Centre d'Etudes Nucleaires de Saclay,

91191 Gif-sur- Yvette Cedex, France
(Received 22 April 1983)

Elastic scattering angular distribution and 180 c.m. excitation function are rather well reproduced just
above the Coulomb barrier by a heavy-ion nuclear potential having a repulsive core at short distances and
a very strong attractive behavior at the nuclear surface. An important prediction of this potential, a precip-
itous drop in differential cross section at 180', is verified experimentally.

NUCLEAR REACTIONS Prediction and observation of a simultaneous minimum'
in the backward angular distribution and excitation function for mass-asymmetric

heavy-ion elastic scattering; signal for a molecular resonance.

The backward angle phenomenon observed in the quasi-
elastic scattering of light mass-asymmetric heavy-ion sys-
tems such as ' 0+' Si is often presented as evidence for
nuclear molecular behavior. ' Many models have been
proposed to introduce the molecular behavior into the
theoretical description of the data. However, neither the
experimental nor theoretical outlines of this phenomenon
have yet been completely determined. To date, many
theoretical studies have been based on optical models with
potentials determined parametrically from the data. As
such, these models are mainly descriptive with little predic-
tive power and do not provide a fundamental explanation of
the observed phenomenon. Nevertheless, within this
framework a preferred approach would be to determine the
potential from the angular distribution at a single energy
and then to use this potential to qualitatively describe the
resonancelike structure observed in the 0, =180' excita-
tion functions. '

In this paper we report on the observation of an unusual
feature supporting a molecular interpretation and predicted
by a particular optical analysis which concentrated on the
description of the ' 0+' Si elastic angular distribution mea-
sured just above the Coulomb barrier, At these energies
the reduced density of angular oscillations seen in the back-
ward hemisphere permits the character of these oscillations
to be better defined experimentally and leads to statistically
more significant optical fits. It is then easier to establish
whether or not resonant behavior, localized in a few partial
waves, exists and to find qualitatively important signs of
these resonances. Consequently, the optical parameters are
fixed by fitting the ' 0+ Si elastic angular distribution
measured at E, =21.1 MeV, just above the Coulomb bar-
rier and near the first maximum in the 0, = 180'
excitation function. The optical model employed in the
present analysis is somewhat unconventional. ' The values
of the real potential V (r) at prespecified radii
(R r tR 2, . . . , R~) between 4 and g fm are themselves
search parameters in the fitting routine. A linear interpola-
tion is used for V(r) between these radii, the potential is
assumed to be constant for r (R ~, and an exponential tail
V (r) e ' ' is tacked onto V (r) for r ~ R~. The imaginary
part of the potential is given a more conventional volume
plus surface Woods-Saxon shape. Due to the strong absorp-
tion the calculation is insensitive to the value of V(r) for
r (R ~, whereas for r & R& the low nuclear density justifies
an exponential tail as predicted by folding. The resulting
potential, as well as the fitted angular distribution at
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FIG. 1. 0 elastic scattering angular distributions on the Si
target nucleus. Plotted in the inset is the optical model potential,
real and imaginary part, used to calculate the theoretical curves.
The data at 21.1 MeV determined an optical potential which was
then used to predict the angular distribution of a lower energy
minimum in the 180' excitation function. This minimum in the
theoretical excitation function falls at 20.4 MeV, 0.9 MeV above
the observed minimum at 19.5 MeV. The striking similarity
between the observed angular distribution (19.4) and the theoret-
ical (20.4), especially in the precipitous fall at 180, indicates the
presence of a resonance at this energy.

E, =21.1 MeV, are presented in Fig. 1 (see also Ref. 11).
The description of the data is good with the possible excep-
tion of the neighborhood of the rainbow peak. To fit the
data by the present approach it is imperative to have the
small volume diffusivity indicated in Fig. 1, i.e. , a surface
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transparent interaction.
The 180 excitation function resulting from the present

potential (Fig. 2) quaiitatively represents the data in the low
energy domain. It contains broad structures but adds an ad-
ditional peak in the upper half of the region displayed. Ad-
ditional structure is also predicted for energies less than 21.1
MeV. For sufficiently low energies o/tT. R will rise to the
Coulomb value of unity and the distributions are no longer
oscillatory. We have not extended the calculated excitation
function much above the fitting energy in accordance with
our stated philosophy on low energies and because we ex-
pect, at least, the absorptive parts of the potential to change
significantly with energy. The calculated resonance struc-
ture in o./o. R (180') does, however, persist to quite high
energy.

The original feature predicted by the present calculation is
that the deep minima in the excitation function (e.g. , at
F., =20.4 and 23.6 MeV) are associated with a sharp fall
at 8, =180' in the angular distribution. For example, the
calculated angular distribution at E, = 20.4 MeV is
presented at the bottom of Fig. 1. To verify this important
prediction a complete angular distribution was measured at
E, =19.5 MeV, at the observed minirnurn in the 180'-
excitation function closest to the calculated minimum at
20.4 MeV. The angular distribution was obtained by stand-
ard techniques. The Si and ' 0 beams were provided by
the Saclay FN tandem. The forward angle angular distribu-
tion in the range 70' & 8, & 110 was measured with use
of the ' 0 beam and enriched Si target of 70 p, g/cm thick-
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ness. The ' 0 ions were detected by a position sensitive
surface barrier silicon detector covering an angular range
b, &~,b= 14'. The data in the range 100 & 8, & 180' were
obtained using the kinematically reverse reaction
t60(2aSi, aSi)' O. The ' 0 recoil ions were detected at for-
ward angles by the Saclay QDDD spectrometer. The abso-
lute normalization of the data is done under the assumption
that the ratio to the Rutherford cross section is one at the
most forward angles. The data at backward angles are nor-
malized in the angular range 100' & 8, & 110' where both
sets of data overlap.

The measured angular distribution is displayed in the
middle of Fig. 1, and its general features, mainly the deep
minimum at 180', are in very good agreement with the cal-
culation. The slightly different slope of the average angular
distributions at large angle is entirely traceable to the some-
what different center of mass energy at which the minimum
appears in the experiment and in the calculation. The fall
near 180 at E, =19.5 MeV, as well as the rises at 180'
seen near maxima in the excitation function, we claim, arise
from resonance-background interference and hence are
strong evidence for molecularlike structure in the ' 0+ Si
system.

The phenomenological theoretical basis for such an inter-
pretation is summarized in Fig. 3 where the S-matrix ampli-
tudes ~S(l) ~

are given for a sequence of energies, and at the
bottom of Fig. 2 where the corresponding phases are shown
alongside the excitation function.

The dip in ~S(l) ~
corresponds to a particularly strongly

absorbed wave, while the smooth progression of this dip
with energy follows an expected centrifugal dependence for
the grazing wave. A viewpoint based on a single resonant
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FIG. 2. ' 0, Si elastic scattering excitation function at 180'
center of mass. The theoretical curve has been computed with the
optical model potential displayed in the inset of Fig. 1 with use of a
modified version of the Fortran code ECIS of J. Raynal. In the
lower part of the figure is plotted the nuclear phase 5I of scattering
matrix element S& = ISilexp(2iat).

FIG. 3. General behavior of the S matrix just above the
Coulomb barrier obtained with the potential plotted in Fig. 1. The
energies given in the bottom of the figure are in the center of mass
system. The 20.4 and 21 MeV energies correspond, respectively, to
a minimum and a maximum in the excitation function.
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wave is clearly oversimplified; at each energy several partial
waves exhibit unusual behavior. Nevertheless, our analysis,
in particular the Argand plot in Fig. 3, suggests that a reso-
nance is actually achieved for some waves. Figures 2 and 3
indicate that the nuclear phases vary relatively little with /

for the most perturbed waves. Hence the angular phase of
P~(18O') which varies as ( —)' plays a dominant role in the
resonance-background interference. This interpretation
differs radically from previous treatments suggesting that
resonances are present only in alternate partial waves '; we
associate resonance with both excitation maxima and mini-
ma and thus eliminate any need to insert an I depen-
dence " in the real optical potential ~ By seriously taking
the notion of missing resonant waves, the study of angular
distributions corresponding to minima in the excitation
function was neglected and a significant feature of the low
energy ion-ion interaction was passed over. Indeed, some
earlier data' for the heavy-ion system ' C + 'Si may have
contained traces of the unusual angular distributions ob-
served here, while Ref. 14 clearly demonstrates this
behavior in light-ion scattering.

We note, in conclusion, that the shape of the real poten-
tial in Fig. 1 contains some hint of the direction to be taken
for a more basic explanation of molecular states. The deep
minimum at r = 6.0 fm is a surface contribution to the po-

tential not likely to result from a simple folding of ion den-
sities. Appreciable deepening in the attractive ion-ion po-
tential should arise, however, from polarization of the nu-
clear surfaces. A more basic treatment of the dynamics of
this polarization should involve coupling to strongly excited
states of the colliding ions. The absorptive potential param-
eters used here, in particular the very small volume dif-
fusivity, are possibly somewhat artificial. The interior ab-
sorption at low energy is generated dominantly by fusion,
while the absorptive tails could possibly be incorporated
through calculation of direct and inelastic excitation
processes. "

Nevertheless, this work introduces a new and unexpected
element into the knowledge of ion-ion molecular states,
suggestive for future studies.
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