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g'-gq, with a branching ratio of (4.3+0.8)%,
and that the (' has zero isospin and negative G

parity. The decay g'- gt) is suppressed by SU(3)
if the g and P' are both SU(3) singlets, as predict-
ed in the charm model. It has limited phase
space since the available kinetic energy is only
40 MeV. To conserve parity it must be a P-wave
decay; thus there is an additional angular-mo-
mentum-barrier suppression. In light of these
considerations, it is surprising to us that the ('- (q branching ratio is as large as it is.
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The total fusion cross section for the 0+ C system has been measured in the ranges
13 MeV-E~ ~ «27 MeV. The cross section is found to increase with bombarding ener-
gy up to E~ ~ ~17 MeV but to stay roughly constant at higher energies, in qualitative
agreement with predictions of current models. Superimposed on this average cross-sec-
tion behavior we observe unexpected oscillations with a period of about 3-4 MeV (c.m.
energy).

Fusion cross sections in reactions induced by
heavy ions have been measured in recent years
for a variety of projectiles, targets, and bom-
barding energies. ' ' In reactions between light-
and medium-weight nuclei, fusion processes
have been found to account for most of the total
reaction cross section (c„„)at energies not too
far above the Coulomb barrier. '' In these sys-
tems at much higher bombarding energies, how-
ever, the fusion cross section (c,„,) constitutes a
significantly smaller fraction of 0„„.' The en-
ergy dependence of o f„, is qualitatively explained

by semiclassical models which assume that fu-
sion occurs whenever the projectile and target
nuclei reach a certain critical separation. ' ' How-
ever, fusion measurements have not been made
over a sufficiently wide energy and mass range to
test stringently the predictions of these models.
In the present Letter we report measurements of
of„, for the light-mass system "0+"C at bom-
barding energies spanning the region where o ~„,
is predicted to begin to deviate significantly from
o„„.Superimposed on an average energy depen-
dence consistent with calculations of Glas and
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Mosel, ~ we observe unexpected oscillations in
(sf„,(E).

The experiment was performed with "0 beams
of energies 30 MeV Ei,b("0) ~63 MeV obtained
from the Argonne National Laboratory tandem
accelerator. Self-supporting "C targets of 20
pg/cm' (with "0 contamination ~

2%%uo) were used.
Heavy fragments resulting from fusion and sub-
sequent particle evaporation were detected in a
conventional 4E-F. silicon surface-barrier de-
tector telescope with a 3.6- p,m-thick AE detector.
Anticoincidence spectra, corresponding to AF
signals unaccompanied by E signals, were col-
lected at the same time as the coincidence spec-
tra, and contained ~

2%%uo of the fusion residues.
Data were stored in a two-dimensional (E ver-

sus ~) matrix. The top inset of Fig. 1 shows a
hF. spectrum. corresponding to a narrow E win-
dow. The ~ resolution is sufficient to distin-
guish isotope groups of different Z. All events
identified as isotopes of Ne, Na, Mg, and Al
were included in determining the total fusion

cross section; very few counts corresponding to
F or Si nuclides were observed. Although many
low-energy oxygen nuclei were detected, we be-
lieve that a negligible fraction of these results
from complete fusion since the process "Si -3n
+ "0 (Q = —24 MeV) is unlikely (the available c.m.
energy is insufficient to allow for appreciable u-
particle penetration of the Coulomb and centrif-
ugal barriers).

While the compound nucleus "Si is kinematical-
ly constrained to emerge from the reaction at 0',
the fusion residues are spread in angle, mainly
by their recoil from particle boil-off. ' In order
to determine the total fusion cross section it is
necessary to know the angular distribution of the
fusion products between 0' and their maximum
kinematically allowed laboratory angle (-30' for
'oNe). We have measured angular distributions in
the range 0&,b = 3 -28, relative to the number of
elastically scattered particles detected in a mon-
itor counter fixed at O~,b =10'. The representa-
tive angular distributions shown in Fig. 1 for E»b
=34.70 and 58.22 MeV have been summed over
all outgoing energies and all fusion residues.
The cross section do/dQ is strongly forward
peaked, falling by a factor of -500 from 3 to 28 .
The oscillations in the angular distributions re-
flect the dominance of different residual nuclides
in different angular ranges.

The absolute normalization of the angular dis-
tribution at each energy was determined from a
comparison of the number of fusion (Nf„, ) and
elastic scattering (N, i) events detected in the tel-
escope at forward angles (9i,b =3 -9 ):
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FIG. 1. Angular distributions at E»~ =84.70 and 58.22
MeV summed over all outgoing energies and all fusion
residues. The top inset shows a DE spectrum in coin-
cidence with a narrow window on E. The bottom inset
shows (der/d 0) sin8 for E~,b

——58.22 MeV.

].ab Ne]. d R dQ

where do'R/dQ is the Rutherford cross section
and do, i/doR was taken from optical-model cal-
culations using an energy-dependent parameter
set determined from previous elastic-scattering
measurements. ' Since the telescope angle set-
ting is known to +0.02 from mea, surements on
opposite sides of the beam direction, uncertainty
in the value of d&R/dQ at the forward angles con-
tributes -

l%%uo to the normalization uncertainty.
The energy dependence of do, &/doR predicted by
the optical model is in excellent agreement with
that observed for the 6' elastic-scattering yield
measured relative to the integrated target cur-
rent. Therefore only the overall absolute nor-
malization of the fusion excitation function is
subject to uncertainties associated with the
choice of optical- model parameters.
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FIG. 2. Total fusion cross section as a function of
the c.m. energy. The closed circles represent meas-
urements of the complete angular distribution. The
open circles represent measurements at 0»b ——6 only,
where the total fusion cross section was estimated from
the ratio af„,/[do fug/dO(6 )] at neighboring energy
points. The solid line is only to guide the eye. Note
the suppressed zero on the cross-section scale.

The total fusion cross section was derived by
integration of the measured angular distributions.
As can be seen from the bottom inset of Fig. 1, a
smooth extrapolation into the angular regions not
measured indicates that -8'%%uo of the total cross
section arises from angles smaller than 3',
while angles larger than 28' contribute &0.3@.
The total fusion cross section is plotted as a func-
tion of the c.m. energy in Fig. 2. The error bars
(~ 2.5/q) include uncertainties from the counting
statistics, from the estimate of the number of
fusion residues stopped in the AF. counter, from
the extrapolation of the differential cross section
to 0', and from the normalization procedure for
the absolute cross sections.

As can be seen in Fig. 2, the fusion cross sec-
tion oscillates as a function of energy, with mag-
nitude variations of -10%. Suggestions of such
structure exist in previous measurements of var-
ious channels which contribute to the total fusion
cross section. ' " The oscillations are not ex-
pected from current fusion models and their in-
terpretation is not yet clear. With sufficiently
weak surface absorption, resonances in the nu-
cleus-nucleus potential"'" can cause enhance-
ments in 0„„for each successive resonating
partial wave. " However, with potentials based
on ~ 0+ C elastic-scattering analyses, the
spacing and width of the predicted enhancements
are too small, by a factor of -2, in comparison
with the observed structure in Fig. 2.
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FIG. B. Total fusion cross section as a function of
1/E ~ . The dashed line connecting the datum points
is to guide the eye. The solid line represents an opti-
cal-model calculation of the total reaction cross sec-
tion. The dashed curve I is a theoretical prediction for
0-f«calculated using Eq. (7) of Ref. 4. The parameters
used are V~ = 8.1 MeV, r~ = 1.58 fm, V~ = —10 MeV, r~
= 0.93 fm, and ~ = 5 MeV. For an explanation of the
notation see Ref. 4.

It is possible that oscillations in crf„,(E) are
correlated with resonances in "0+"C elastic
and inelastic scattering. " Resonances have been
observed in these channels at F., =13.7, 19.7,
and 22. 7 MeV. "'" The fusion cross section ex-
hibits a maximum near 13.7 MeV but minima
near the latter two energies. The oseillations in
0 f„, are considerably broader than observed in
the elastic and inelastic channels, and a correla-
tion is not at all clear.

The average energy dependence of of„, may be
compared to the predictions of current models of
heavy-ion-induced fusion. ' For this purpose
we plot oi„as a function of E, ' (Fig. 3). In
the low-energy region Glas and Mosel4 assume
that penetration of the combined Coulomb and
centrifugal barriers is sufficient to ensure fu-
sion, so that the energy dependence should be the
same as that calculated with the optical model
for the total reaction cross section. Indeed, an
optical-model prediction (solid curve, Fig. 3),
using the energy-dependent parameters of Ref. 8,
adequately represents the data for F., s 17 MeV.
At higher energies, where the measurements de-
viate dramatically fr'om the calculated 0„„,the
predictions of Glas and Mose14 depend on the as-
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sumed critical distance R, and on the correspond-
ing value V, of the (l = 0) nucleus-nucleus poten-
tial. 4 6 Agreement with the average trend of the
present measurements can be obtained with val-
ues of R, and V, (see Fig. 3) consistent with
those extracted in the literature" from fusion
data for heavier systems.

In conclusion, we find that the fusion cross sec-
tion for '60+ C tends to increase with bombard-
ing energy up to E, =17 MeV, but remains
roughly constant from I7 to 27 MeV. Superim-
posed on this average energy dependence are un-
expected oscillations whose origin is not yet un-
derstood. Additional measurements are neces-
sary to determine whether the oscillations are
peculiar to the present system or are a more
general feature of fusion of "light" heavy ions.

We have benefited greatly from discussions
with Dr. John Schiffer concerning the interpreta-
tion of the structure in the fusion excitation func-
tion. We thank him also for his careful reading
of the manuscript.
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