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An optical-model analysis of ' C+ C elastic scattering from E „, = P5 to 6& MeV indi-
cates a sensitivity of the scattering cross section at large scattering angles (0 „, -50-'-
90 } to a region of internuclear separation extending in to r-2 fm. Heal nuclear poten-
tials obtained with the folding model and a realistic interaction fit the data remarkably
well, This suggests that the nuclear potential for ' C+' C in the region of large overlap
is significantly deeper than would be expected on the basis of previous analyses of sys-
tems such as 60+ O.

The subjects of heavy-ion elastic scattering
measurements and the shape and depth of the real
nucleus -nucleus potential have received consider-
able study during the past decade. ' The present
work bears on two important features of heavy-
ion reactions which have emerged during this pe-
riod. First, in systems with 7) ~10 (q =Z, Z, e'/hv)
it has been seen that the elastic scattering is sen-
sitive to the value of the real potential only over
a narrow region of internucleus separation cen-
tered at the strong-absorption radius. ' ' Second,
an analysis of the scattering of "0+"O at ener-
gies E, „, ~ 40 MeV (q &4.6) led to the introduc-
tion of very shallow Woods-Saxon real potentials
(V- —17 MeV, r, -1.35 fm, a-0. 56 fm)'' which
were then used to fit a variety of other heavy-ion
systems, "C+"C included, at comparable bom-
barding energies. ' In our analysis of "C+ ' C
elastic scattering at energies from F „, =35 to
63 MeV (g = 2.4- 1.8), we find a marked sensitivi-
ty of the scattering to the value of the real poten-
tial over the large region r= 2-8 fm. Most re-
markably, the real potential in the interior re-
gion deduced for "C+ ' C appears to be much
deeper than was found earlier4 for the "Q+ ' 0
system. In fact, it is the "deep" potentials pre-
dicted by the double-foMing model' with a realis-
tic interaction" which are successful in repro-
ducing the "C+' C elastic scattering.

The experimental data were obtained at the Oak
Ridge isochronous cyclotron facility and consist
of angular distributions measured at fourteen
bombarding energies. They will be described in
detail in a separate publication. Figure 1 shows
representative angular distributions at six of

these energies. The high bombarding energies
minimized contributions from compound elastic
scattering' such that an analysis of individual an-
gular distributions (as opposed to energy-aver-
aged excitation functions) was possible. The opti-
cal-model code HIGENOA" was used with real po-
tentials either of the Woods-Saxon type or from
the folding model. In both cases, the imaginary
potentials were Woods-Saxon. Regardless of the

type of real potential, we found that the best fits
to the data required an imaginary potential with
a central depth in the range of 10-20 Me V.

The absorptive strength given by the above im-
aginary potential (corresponding to a mean free
path of about 2 fm), together with the small val-
ues of q, accounts for the dependence of the pre-
dicted angular distributions on the value of the
real potential in the interior (-2-6 fm) as well as
the exterior (6-8 fm) region. This dependence
was demonstrated by the method' in which the in-
terior portion of the real potential (full curve,
Fig. 2) is arbitrarily held constant at the value
1'(r') over the region 0: v & r' Calculati. ons of
the angular distribution were then made and com-
pared for values of r' extending from 1 to 7 fm.
A crucial point is that a sensitivity to the interior
region is only apparent for the cross sections at
large angles (50'.=0, „, 90'). Attempts to fit the
data using an imaginary potential sufficiently deep
to eliminate this sensitivity were unsuccessful.

The procedure followed in fitting an angular dis-
tribution was first to require that the more regu-
lar oscillations at forward angles (9 40') be well
reproduced. Further modifications to the poten-
tials to improve the quality of the fit at larger an-
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FIG. 1. Typical measured angular distributions for
elastic scattering and folding-model calculations as de-
scribed in the text. The dashed line corresponds to a
real %'oods-Saxon potential as shown in Fig. 2 and the
same imaginary potential as used for the folding-model
prediction. These two calculations also illustrate the
sensitivity to the interior region.

gles were subject to this first requirement. Min-
imization of X' was used in parameter searches,
but final judgments on the quality of a fit were
made by visual evaluation.

In the case of the shallow Woods-Saxon poten-
teals, we were generally unsuccessful in finding
for any bombarding energy a set of six parame-
ters which could fit the data in the large-angle re-
gion. At most bomba. rding energies, the magni-
tude of the cross sections at larger angles was
underestimated. An example of this is shown by
the dotted line in Fig. 1 for F. , =58.5 MeV. In
some cases the general magnitude might be cor-

0.1

0
~ (fry)

Comparison Qf the fQlding mQdel pQtenti3
and R typical shallow %oods-Saxon real potential (V

0 MeV &o = ~.» fm, and a = 0.52 fm).

rect, but the phase of the phase of the structures
in the region 75'-90' would be incorrect. In the
few cases where a search on a, particular angular
distribution produced a reasonable fit over the
whole angular range, attempts to extend this type
of potential to fit data at other energies were un-
sllccessful. Tile pote11tial of Goh13l ef Ql. (Wllicll

has a small imaginary diffuseness and can simu-
late the effects of l depencence"), somewhat
deeper Woods -Saxon real potentials (- V - 50-100
MeV), and potentials having a soft repulsive
core" were tried.

A different situation was found when a much
deeper potential, having a magnitude and shape
as given by the folding model, 2"was used. This
potential is compared with a typical shallow
Woods-Saxon potential in Fig. 2. Figure 1 shows
theoretical angular distributions obtained when
the normalization of the real potential N and
the depth, 8', of the imaginary potentia, l were ad-
justed at each energy to provide a best; overall fit

to he data. The geometry of the imaginary poten-
tial is xo = 1.22 fm, a = 0.54 fm in all cases. The
theoretical curves have been averaged over an an-
gular region of 2' (c.m. ), corresponding approxi-
mately to the experimental angular resolution.
These "two-parameter" fits are seen to be quite
good, reproducing the magnitude and phase of the
structure in the large-angle region as well as at
forward angles. Qualitatively similar results are
obtained at the other energies not shown in the
figure. The values of K and W obtained from
these analyses at each energy are shown in Fig.
3. We note that all values of K are within a 5% of
an average va. lue having a slight linear energy de-
pendence. The mean deviation is 2.4%. The depth
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FIG. B. The values of the normalization factor, N,
for the folded potential and the depth, ~ (MeV}, of the
imaginary potentlRl which best fit the RngulRl dlstrl-
butions at each energy.

of the imaginary potential changes more rapidly
and is well reproduced by a linear energy depen-
dence. If potentials with depths given by the
straight lines in Fig. 3 are used the general mag-
nitude of the cross sections in the large-angle re-
gion is unaffected, but the "phase" of the oscilla-
tions changes in some cases, particularly in the
region of 75'-90'. This effect is associated main-

ly with changes in the real potential. "
Since the inelastic scattering (single and mutual

excitation of the first 2' state) is as intense as
the elastic over the energy range studied here,
one must inquire to what extent the above results
would be modified by the inclusion of coupling be-
tween the elastic and inelastic channels. We have
made coupled-channels calculations at E, ,„
= 51.05 and 58.55 MeV in which the first 2'states
in each nucleus are coupled to all orders of exci-
tation, thus including mutual excitation as well as
reorientation effects. '5 For the folding model,
form factors were obtained by folding transition
densities with the effective nucleon-nucleon inter-
action. " The static and transition densities used
reproduced the known rms radius and B(E2) value
for "C. The inclusion of coupling required the
imaginary potential to be weaker by -60%%ug but the
real folded potential to be deeper by —25% in or-
der to fit the forward-angle scattering. In the
case of the shallow real potential, the predicted
elastic scattering remained generally low at
large angles whereas the folding model continued
to give overall agreement for the magnitude of
the cross sections. Comparable success was ob-
tained in reproducing the experimental results
for the single and mutual excitation.

Although cost considerations prevented a de-
tailed adjustment of potentials in the coupled-

channels calculations, it appears to us that the
inclusion of coupling to the first 2' state does not
invalidate our main result: viz. , deep potentials
can reproduce the elastic scattering remarkably
well. Considering this result and the apparent in-
ability of shallow Woods-Saxon potentials to pro-
vide good fits to the data, , we suggest that the
real potential for the scattering of '2C+'2C is sig-
nificantly deeper (see Fig. 2) than would have
been expected on the basis of previous analyses
of other reactions in this mass region and at low-
er energies. An important question for future
study, therefore, is whether the folding model
(i.e. , deep potentials) will be as successful in re-
producing the experimental data for "Q+ "Q and
other such heavy-ion systems.

The result of our analysis need not be ex-
pressed in terms of one particular parametriza-
tion since it is possible to fit the elastic scatter-
ing with other formulations (e.g. , square of the
Woods-Saxon potential), provided the parameters
can be adjusted such that V(r) approximates the
deep potential shown in Fig. 2 in the region 2-8
fm. Although it is satisfying that the model which
does fit the data also has some independent theo-
retical basis, the approximations presently made
in the derivation of the folding model are ques-
tionable in the interior region. " The results of
the present analysis thus should be valuable for
future theoretical studies of the nucleus-nucleus
potential at large overlap.

In conclusion, the present analysis thus reveals
a situation in which a heavy-ion reaction is sensi-
tive to the value of the real potential in the interi-
or region and suggests that this potential is sig-
nificantly deeper than recently supposed.
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For nuclei in the region of of 126 protons and 228 neutrons we use the macroscopic-mi-
croscopic method to calculate fission barriers, e-decay energies, and P-decay energies,
as well as half-lives with respect to spontaneous fission and o. decay. The nucleus ~"f126]
is found to be P stable, but its spontaneous-fission half-life is only 89 ms and its e-de-
cay half-life is only 18 yr.

Many theoretical calculations' ' have indicated
the possibility of an island of relatively stable
superheavy elements (half-lives = 10'-10"yr)
near the predicted magic proton number Z =114
and magic neutrons. number X = 184. The nucleus
"'[110]is predicted to be the most stable nucle-
us in this region when spontaneous fission, oI de-
cay, and P decay are all considered. Half-lives
have also been calculated for much heavier ele-
ments, for example, nuclei near '72[164], with
somewhat diverse results. 4 '

Despite considerable efforts, such superheavy
elements have not been found in nature or pro-
duced in the laboratory. " However, recently
some proton-induced x-ray spectra from macro-
scopic crystalline monazite inclusions in biotite
mica were interpreted as evidence for the exist-
ence of primordial superheavy elements' with Z
=127, 126, 124, and 116. Although this interpre-
tation is highly inconclusive, " it has nevertheless
spurred a theoretical interest" " in the region of
Z =126 and N = 228, which corresponds to the next
magic neutron number beyond 184. (Nuclei with Z

= 126 and N = 184 lie far above the extrapolated
line of P stability and are also expected to decay
rapidly by o. emission. )

These recent studies investigated possible
mechanisms which could make these superheavy
elements sufficiently stable to be observed in na-
ture. For example, Wong" considered the possi-
bility of toroidal nuclei, and Andersson et al."
considered the possibility that the nuclear surface
diffuseness readjusts itself to produce a large
proton gap at Z =126. However, with the excep-
tion of Ref. 13, half-lives for nuclei in this new

region were not calculated. Furthermore, be-
cause of the neglect in Ref. 13 of the large macro-
scopic restoring force against changes in the sur-
face diffuseness, the half-lives calculated there
should be regarded as extreme upper limits.

Here we take an alternative approach and cal-
culate in a conventional way the half-lives of sup-
erheavy nuclei in this new region. For this pur-
pose we use a macroscopic-microscopic model
that has been successful"" in calculating fission
barriers, ground-state deformations, and masses


