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Possible Nuclear Molecule at 36.5 MeV in Si29$
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A number of unusual phenomena occur in 0 6+C induced reactions at E~.~.=19.7
MeV. We suggest an interpretation of these effects in terms of a molecular resonance.

The interaction of Q" with C" has recently re-
ceived intensive study. ' ' The most important
two-body channels, Mg" +n. , Al" +P, elastic and
inelastic scattering, have been scanned as func-
tions of energy in the Q"-C" entrance channel
and three-body final state s have been investigat-
ed at two bombarding energies. " This unusual
approach, a comprehensive study of one specific
interaction, has been extremely instructive; sev-
eral characteristic processes and important
structures have been established.

The Q"-C" interaction is known to proceed, to
a large extent, through a resonant scattering
mechanism. At low bombarding energies, the
ingoing flux is strongly attracted toward the com-
pound nucleus. At energies near and below the
Coulomb barrier, well-developed quasimolecular
resonances have been observed, ' and C"-C" and
Q"-C" remain the only systems displaying such
a striking behavior. ' At energies above the Cou-
lomb barrier, the observed resonant scattering
has been shown to be consistent with the forma-
tion of a statistical compound nucleus. ' Such a
mechanism is expected to a lesser extent at high
bombarding energies where a large amount of an-
gular momentum is introduced by the grazing
partial waves; the centrifugal barrier inhibits
the formation of a compound nucleus, the density
of levels in the compound nuclear at a given ex-
citation decreases rapidly with increasing spin,
and very few of the energetically allowed exit
channels are capable of carrying away the angu-
lar momentum present in the entrance channel.

A somewhat similar situation has been recog-
nized in the Q"-Q" interaction, and the data for
the elastic scattering channel have been repro-
duced through introduction of an l-dependent
imaginary potential. ' Similar angular- momen-
tum-based explanations have been applied" to
the observed Q"-C" elastic scattering cross sec-
tions in order to explain the rise in cross sec-
tion at backward angles. The interaction between
Q" Bnd C", however, need not be as simple as
that between two Q" nuclei because of the possi-
bility of four-nucleon transfer in the former,

and it is expected that elastic transfer makes a
significant contribution to the backward scatter-
ing. "

In this Letter, we wish to draw attention to sev-
eral interesting phenomena which occur in the
various exit channels for the Q"+C" reaction at
a, bombarding energy of 19.7 MeV (c.m. ), and to
suggest a possible interpretation for these phe-
nomena.

The elastic scattering of Q" by C" has been
measured by Siemssen' in the energy range 9 to
26 MeV c.m. and for center-of-mass angles be-
tween 40' and 160'. He noted an "anomaly" in the
elastic scattering excitation functions at E,
-19.7 MeV and measured complete angular dis-
tributions at and near this energy. Excitation
functions spanning the region of E, ~ =19.7 MeV
for the reaction C"(0",n)Mg" at 8, =3' and
177 have been reported by Bromley et al. ' In
each case, the target and projectile species were
interchanged and the emergent Qf. particles were
detected at 8 -2' (lab). Although the data ob-
tained with the 0"beam (3', c.m. ) did not exhibit
any very unusual behavior, those obtained with
the C" beam (177', c.m. ) did. A number of the
cross sections for selectively populated, highly
excited states in Mg'4 displayed a pronounced,
correlated minimum at E, -19.7 MeV. Excita-
tion functions for the Al" + p exit channel has
been reported by Cosman et al. ; the yield for
states selectively populated in this reaction also
shows a corresponding minimum. '

Figure 1 presents excitation functions mea-
sured for elastic scattering of 0" from 20-p, g/

C' at angles of 90' and 178' c.m. A new ex-
perimental system, described in Ref. 1, has
been developed in order to measure cross sec-
tions at center-of-mass angles close to 180'.
The 90 data are in agreement with those of Ref.
5, while the 178' data demonstrate that the "anom-
aly" is especially enhanced for the extreme back-
ward angles. Excitation functions for inelastic
scattering (Fig. 1) to the excited states of 0"
show a correlated maximum for states at 6.05
and/or 6.13 MeV; groups of these states could
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not be resolved. Neither the states at (6.92,
7.12) MeV in 0" nor the state at 4.43 MeV in C"
indicates a correla, tion. In Figs. 1(f) and l(g),
excitation functions' for twelve final states in the
reaction C"(0",n)Mg"*(E, = 6.01-16.56) have
been added to display this correlated minimum
in the cross sections. This is particularly evi-
dent at 8, =177' and to a much lesser extent
at 3 . Finally, we note here that maxima and
minima of the angular distributions for elastic
scattering' at angles & 75 c.m. exhibit a rather
precise [P„(cos8)]'dependence at E, =19.7

FIG. 1. Comparison of excitation functions for the
0 +C interaction. (a), (b) 0 -C scattering at e~ ~.
=176 and 90; (c), (d), (e) i~elastic scattering leading
to 0 (g s )+C *(4.44 Mev), to C (g s )+0' *(6 06
+6.13), snd to C"(g.s.) +0"*(6.92+7.12); and {f), (g)
excitation functions for scattering angles of 6)c ~ =177'
and 3 for the reactions C' (0', o,') Mg' summed over
twelve separate transitions to states in Mg~ at E„=6.01,
7.35, 7.56, 8.11, 9.29, 9.52, 13.45, 13.86, 14.14,
15.15, 16.29, and 16.56 MeV. These latter states have
been selected only on the basis of a clear identification
over the full energy range and specifically not on the
basis that they necessarily show the minimum under
discus sion.

MeV, but not at the adjacent energies.
The phenomena described above are inconsis-

tent with the usual statistical picture of nuclear
reactions, although they may not be inconsistent
with the statistical theory of Moldauer, "which
allows for occasional, very large fluctuations in
widths when strongly absorbed channels are in-
volved. The latter, however, does not exclude
the possibility of a particularly large "fluctua-
tion" arising from a special type of nuclear struc-
ture.

Many of the "anomalous" experimental observa-
tions which we have presented and summarized
here might well be explained in terms of a molec-
ular-type structure at E„=-36.5 MeV in the Si"
compound system. The gross structure (-3 MeV
width) observed in heavy-ion reactions has been
interpreted in terms of broad, orbiting resonanc-
es which reflect the average nuclear potential. "
The observation of narrow correlated resonances,
not associated with the usual statistical fluctua-
tions, indicates the presence of additional forces.
If we consider the entrance channel as two C"
cores plus four nucleons in the p», shell, the ex-
isting symmetry then allows these four nucleons
to be attracted by each of the two cores and a
strong molecular binding can arise from their ex-
change. This could then give rise to a narrow
resonance of the type presented here. The total
angular momentum of 14 units implied by the an-
gular distributions for elastic scattering' is the
same as that of the grazing partial wave in the
entrance channel. Thus the resonance is asso-
ciated with the partial wave which also would
most favor nucleon exchange between the C"
cores. Furthermore, the resonance is observed
to be expecially strong at the extreme backward
scattering angles (Fig. 1) for which, again, nu-
cleon exchange is favored. Statistical- model cal-
culations indicate that the states selectively pop-
ula. ted in the Mg" + n a.nd Al" +p exit cha.nnels
are also fed primarily through the fourteenth par-
tial wave. Thus, the associated minima in the
Mg" + n and Al" +P exit channels may result
from the depletion of flux in the fourteenth par-
tial wave by the 0"+ C" exit channels, i.e., the
molecular resonance has a small overlap with
the former exit channels and a large overlap with
the latter.

An interesting aspect of this resonance is the
lower limit of 2&10 " sec on its lifetime, corre-
sponding to the experimentally observed width of
350 keV. This relatively long lifetime would al-
low the molecule to perform at least a full rota-
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tion and may be related to the exchange time of
the four nucleons (equivalent to the familiar reso-
nant scattering" in atomic physics). The impor-
tance of four-nucleon exchange in the reaction
mechanism populating the resonance may also be
investigated by a comparison of the (Li', t) and
(0",C") reactions on C" at the appropriate cen-
ter-of-mass energies and angles. At higher
bombarding energies of 24 and 29 MeV, respec-
tively, we observe a striking similarity between
the reaction" C"(Li', t)0"*and reactions C"(0",
C")0"*leading to the 4p-4h (four-particle, four-
hole) states in 0".

Several interesting questions are raised by
these phenomena and this interpretation, which
point towards additional experiments. Important
information on the detailed structure of the reso-
nance will be provided (a) by knowledge of the ex-
tent to which particular states in 0" (6.05 0' or
6.13 3, 6.92 2' or 7.12 1 ) are populated on res-
onance, since these states have quite different
structure, and (b) by a phase-shift analysis of
complete angular distributions measured in fine
energy steps across the resonance. Such mea-
surements are in progress in this laboratory.
The generality of this interpretation could be in-
vestigated by a search for similar phenomena at
other excitation energies and in other systems,
such as 0"+Ne".

The authors wish to acknowledge several infor-
mative discussions with J. Ginocchio and R. As-
cuitto. P. Maurenzig participated in the data
analysis and E. Fehr, C. Gingell, and K. Sato
contributed vital technical assistance.
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