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We have measured the sub-barrier fusion cross sections for the 0+ 0 and 60+ 0 systems from
Ehb= 13.5-25 MeV. We find no significant enhancement of the ' 0+ 0 cross section compared with the
0+ 0 cross section; this is quite different from the sub-barrier fusion of the calcium isotopes which ex-

hibit a strong isotope dependence.

Sub-barrier heavy ion fusion cross sections are frequently
found to be larger than would be expected from simple
one-dimensional barrier penetration models that describe
elastic scattering. In addition, a strong isotope dependence
has been observed in the fusion data of various systems,
Ca+Ca and Ni+Ni are prominent examples. ' The ex-
planations proposed for this behavior include collective de-
grees of freedom, transfer of valence nucleons, and cou-
plings to inelastic channels, and the calculations seem to
agree qualitatively with the data. The oxygen isotopes are
particularly interesting with respect to these effects because
'60 is a spherical, doubly closed-shell nucleus and one
would expect little excitation of shape degrees of freedom at
sub-barrier energies, but neutron transfer and inelastic exci-
tation degrees of freedom could still be important for the
other oxygen isotopes. The fusion of the oxygen isotopes
could therefore provide an ideal test case for the various
theoretical approaches aimed at understanding the effects of
sub-barrier fusion.

The experiments were carried out with ' ' 0 + beams
from the Caltech EN tandem Van de Graaff accelerator.
Data were collected in 0.5 MeV steps in bombarding energy
from 13.5 to 25 MeV, and beam currents ranged from 4 p, A
at the lowest energies to 50 nA at the highest. The large
beam currents at low bombarding energy posed a serious
problem for the targets due to beam heating and sputtering.
Sufficiently rugged targets were made by anodizing7 thin
tantalum sheets to produce a 100 p, g/cm2 layer of Ta205.
The oxide layer was protected by a 200 p, g/cm layer of gold
over each target, and this was sufficient to contain most of
the sputtered material. The thickness of each target was es-
timated from the integrated current required to anodize the
tantalum and, in addition, the target thickness was checked
by Rutherford backscattering of oxygen ions at low energy.
The targets were mounted on a high vacuum beam line with
a special water-cooled Conflat flange. Target pressures were
maintained in the 10 8 Torr range in order to avoid carbon
buildup and no observable yield from carbon-oxygen fusion
was observed during the course of these experiments. The
targets and the detector were surrounded by 10 cm of lead
in all directions. The gamma rays resulting from the de-
excitation of the evaporation residues were detected with a
100 cm3 Ge(Li) detector at zero degrees, 0.5 cm behind the
target, and the detector efficiency was calibrated with a
mixed Eu-Sm source obtained from the National Bureau of
Standards. The experimental methods will be described in
more detail in a later publication.

The observed y-ray spectra were composed of lines from

the de-excitation of the evaporation residues, Coulomb ex-
citation of the Au and Ta, and room background. The
Coulomb excitation lines were easily identified because they
were not Doppler shifted, whereas the evaporation residue
(ER) lines were Doppler shifted and broadened by as much
as 4%. The broadening of the ER lines caused occasional
ambiguities in the identification of the gamma rays but, for
the ' 0+' 0 study, we were able to find at least one unique
gamma ray for each of the seven ER resulting from the
emission of o. , p, n, 2p, 2o. , o,p, and pn. For the ' 0+' 0
study, the a, p, He, d or pn, t, 2o, , 2n, 2p, nn, and np
channels were uniquely identified. We were unable to iden-
tify the Heo. , nt, o.d, and o/t channels, but these reactions
have large negative Q values and a Hauser-Feshbach calcu-
lation indicates that these ER contribute less than O. l'/o to
the total ' 0+ ' 0 fusion cross section.

The observed y-ray yields were corrected for summing
and branching of the y decays in the ER, and for the yield
directly to the ground states of the ER. The corrections
were calculated with a statistical model code, HAUsER 5, to
estimate the relative cross sections to the levels below parti-
cle threshold and the levels were then depopulated accord-
ing to the known y decay branching ratios. The calculated
relative yield for each y ray, P, was then used to correct the
observed yield: a. = Y(E„)//a(E~)P, where Y(E„) is the
observed y yield per incident ion of energy E„and a(E„) is
the detector photopeak efficiency. Finally, the cross sec-
tions were corrected for the energy loss of the beam in the
targets.

The cross sections for ' 0+ '60, ' 0+ ' 0, and the inelas-
tic excitation of '80 are shown in Fig. 1. As has already
been observed in the sub-barrier fusion of heavy nuclei, the
' 0+ ' 0 and '60+ ' 0 cross sections are found to be
enhanced compared with the predictions of barrier penetra-
bilities as derived from elastic scattering potentials. ' The
present ' 0+'60 cross sections agree well with previous
data sets;" ho~ever, they are about a factor of 2 smaller
than those of Hulke et al. ' at the lower energies. In partic-
ular we do not find gross oscillations in the ' 0+ ' 0 cross
sections as might have been expected from above-barrier
elastic scattering and transfer reactions' and there is no evi-
dence for unusual structure near E, =7.5 MeV as was
suggested by Reinhard etal. '" when they compared their
calculation with the data of Hulke et al. '2

Our ' 0+' 0 data agree well with the cross sections
found in an adiabatic time dependent Hartree-Fock calcula-
tion (ATDHF)'4 which is presented as the solid curve in
Fig. 1. It is interesting to notice that, in the ATDHF calcu-
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FIG. 1. The cross section for the fusion of 0 with 0 and
the inelastic scattering of 0".

lation, the enhanced cross section at sub-barrier energies is
caused by a radially dependent mass which is greatest for
separations just inside the barrier; this corresponds to a po-
tential with a rather thin barrier in the standard potential
model using a constant mass parameter. The agreement
between theory and experiment is good enough that the cal-
culation can be used to extrapolate the ' 0+'60 fusion
cross section down into the astrophysically interesting region
at 4 MeV where the S factor is found to be 1.1&10 MeV
b. With the S factor given by the present data and the
Reinhard et al. calculation, the astrophysical (Maxwell-
Boltzmann averaged) reaction rate is changed by only 10%
from that given by Fowler, Caugh1an, and Zimmerma'n, "
and thus no major correction is needed for astrophysical
purposes.

An interesting feature of the present data is that the
' 0.+ ' 0 cross section is only slightly larger than the
' 0+.' 0 cross section at energies below the barrier. At en-
ergies above the barrier, the ' 0+' 0 cross section ap-
proaches the ' 0+' 0 cross section and may even be lower
at higher energies. The ' 0+' 0 fusion cross section might
be expected to be lower if the inelastic cross section or the
neutron-transfer cross section increased dramatically at en-
ergies above the Coulomb barrier. Unitarity would then re-
quire that the fusion cross section decrease. However, this
does not seem likely in view of the small inelastic cross sec-
tion shown in Fig. 1, and because y-rays from ' 0 were not
detected during the ' 0+ ' 0 experiments indicating that the
neutron-transfer cross section was negligible.

The simplest framework within which sub-barrier fusion
may be discussed is in terms of a one-dimensional optical
potential. Balantekin et a/. ' have developed a formalism to
invert fusion data to yield the thickness of the potential bar-
rier. Their method is, particularly we11 suited for examining
systematic effects in the fusion data because it removes the
trivial scaling of the barrier height and radius, and does not
introduce assumptions about the shape of the potential.
Figure 2 shows the thickness functions for ' 0+' 0 and
' 0+' 0 plotted as. a function of energy below the barrier.
Within the experimental error bars, the thickness functions
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FIG. 2. The thickness functions represent the width of an effec-
tive one-dimensional barrier that describes the fusion process. The
thickness is plotted as a function of energy below the barrier B;
The error bars are shown except when they are smaller than the
symbol.
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are identical. This suggests that couplings to nuclear de-
grees of freedom introduced by the two extra neutrons in
' 0 do not influence the sub-barrier fusion data appreciably.

This result is interesting if we compare it with the
24, 25, 26Mg+ 32, 34S and 40, 44, 48ca+ 4oCa (Refs l and l7
thickness functions also shown in Fig. 2. There is no ob-
servable isotope dependence in the S+Mg systems and
only a weak dependence in the S+ Mg systems. The situa-
tion is quite different in the Ca+Ca fusion data. The bar-
rier thicknesses for Ca+ Ca and Ca+ Ca are similar
while the barrier for Ca+" Ca is much thicker indicating
that adding extra neutrons to the " Ca core has a significant
effect on the sub-barrier fusion data.

If we are willing to make assumptions about the shape of
the potential barrier at the outer turning point, then we can
use the thickness functions in Fig. 2 to construct the inner
side of the barrier and thereby visualize a one-dimensional
optical potential which is equivalent to the data in the WKB
approximation. Following Inui and Koonin' we assumed
that the outer barrier is the sum of a Coulomb potential
between two point charges and a model nuclear potential.
Since the model potential determines the barrier radius, the
shape of the inner barrier depends on the choice of the bar-
rier radius. We have calculated the potentials for the oxy-
gen and calcium isotopes as shown in Fig. 3 using the
Akyuz-Winther (AW) potential'9 to determine the outer
turning point. This is in contrast with the procedure of Inui
and Koonin who used the AW potential only for ~60+ &60;

for " Ca+ Ca, they chose a smaller barrier radius than is
predicted by the AW potential.

As expected from the thickness functions, the ' 0+'60
and ' 0+' 0 potentials are almost identical except for the
scaling due to the different barrier radii. Compared with
typical Woods-Saxon potentials derived from elastic scatter-
ing, for example, the sub-barrier fusion potentials are more
attractive close to the barrier, in qualitative agreement with
the results of the ATDHF calculation. ' The calcium poten-
tials are not so simply related. The addition of the extra
neutrons in 44Ca and Ca has a dramatic effect on the po-
tential, perhaps reflecting the influence of channel couplings
to neutron transfer or inelastic excitations. The 4oCa

+ ~ Ca potentials show a strong back bend close to the
barrier top as has already been observed in potentials
derived from 4Ni+6 Ni and 64Ni+74Ge sub-barrier fusion
data. ' This back bending may be caused by the attempt to
describe complex nuclear degrees of freedom by a simple
optical potential. The back bending can be reduced or elim-
inated by choosing a larger barrier radius than is given by
the AW potential, but the larger radius and resulting lower
barrier may also be interpreted as resulting from the attempt
to describe many degrees of freedom by a one-dimensional
potential.

In summ~~y the sub-barrier fusion of'' 0 with '6'sO can
be described by a simple one-dimensional potential barrier
which, however, is thinner than would be expected from
elastic scattering, and the small isotope shift seen in the
data can be accounted for by scaling the potential for the
different barrier heights and radii of ' 0 and ' 0. This
result is quite different from the behavior of the sub-barrier
fusion of the calcium isotopes which exhibit a strong isotope
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and the A% potential to determine the shape of the outer barrier.
The shaded regions represent the uncertainty in the barrier thick-
ness due to the experimental errors in the cross section.

dependence with the 444sCa+ "OCa data being much larger
than the Ca+ Ca cross section. To understand the
differences in the sub-barrier fusion for the oxygen and cal-
cium isotopes, it is important to study the sub-barrier fusion
of other oxygen isotopes, for example, ' 0+ ' 0 and
isO+ isO. We expect that all of these data taken together
will help to constrain theories that predict an enhancement
of the sub-barrier fusion cross section due to couplings to
neutron transfer and inelastic scattering channels. Measure-
ments of the sub-barrier fusion of these other oxygen iso-
topes are currently under way.
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