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It is shown that nuclear (as opposed to Coulomb) rainbow-scattering data would be use-
ful in discriminating among heavy-ion optical potentials. Acquisition of such data is
facilitated by going to higher bombarding energies and using low-A targets.

There has recently been a great deal of inter-
est in obtaining optical potentials which will sat-
isfactorily describe the elastic scattering of
heavy ions and which can be used in distorted-
wave Born-approximation calculations for trans-
fer reactions. ' Most of the experiments per-
formed to date appear to be sensitive only to the
extreme tail of the nuclear potential, and hence,
if one assumes that the potential is of the Woods-
Saxon form,

( )
—(V+ iW)

1+exp[(r- a)/a] '

one can only determine a and the combined con-
stant (V+ i%)e"'. The s'ituation is very similar
to that which existed for the early e-scattering
experiments. ' It therefore appears reasonable
that recent approaches which have proven helpful
in unraveling the ambiguities in e-particle scat-
tering may also prove useful for heavy ions and
possibly prevent some retracing of familiar, if
not altogether fruitful, ground as well. '

In a recent paper by the present authors' it was
shown that discrete ambiguities in the n-particle
optical potential could be resolved' by taking
data beyond the maximum negative deflection an-
gle or nuclear rainbow angle 8„.' This result
can be explained in classical terms. Since the
maximum deflection angle increases with the

strength of the potential, measurement of the
former quantity determines the latter. In both
the classical and quantum cases, the measure-
ment is effected by measuring the cross section
in the region beyond the maximum deflection
angle 8„". In the classical case, the cross sec-
tion falls abruptly to zero beyond Q„; in the
quantum case, it exhibits the exponentiallike fall-
off characteristic of rainbow scattering.

One might well expect that nuclear-rainbow-
scattering data would be useful in eliminating
ambiguities other than the discrete kind. In par-
ticular, for Ve "ambiguities, the parameter a
is well determined, and so the maximum deflect-
ing force, which occurs at r=A, is simply pro-
portional to V. It is our purpose to show, by us-
ing a series of model calculations, that the above
expectation appears to be justified, and to exam-
ine the experimental conditions which would fa-
cilitate the observation of nuclear rainbow scat-
tering.

It was shown in Ref. 4 that there is a minimum
energy ~„,, required for nuclear rainbow scat-
tering to occur, and that as the energy is in-
creased above e„;„the nuclear rainbow angle

decreases to smaller (and experimentally
more accessible) angles. To verify this for the
case of heavy ions, we have performed model
calculations for the case of "0 incident on "Si.
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FIG. 1. Model calculations for elastic-scattering
cross section predicted by the j.oO-MeV-deep heavy-ion
potential of Crarner et cd.

The potentials used in the calculations are those
which Cramer et al. ' obtained by fitting elastic-
scattering data over the range 33-81 MeV; these
potentials form a Ve ~' ambiguity (referred to by
Cramer et al. as a "class") for which V can range
from 10 MeV to»1 GeV with essentially no
change in y'. We initially selected the potential
in this class for which V=100 MeV. The calcu-
lated e„;,for this potential is 140 MeV (lab).
However, as stated above, for the nuclear rain-
bow scattering to be readily observable it is
necessary to go to higher energies. Hence we ex-
tended our calculations up to 200 MeV (lab) which
is about the maximum energy currently available
for "0 ions.

The results of the calculations are shown in
Fig. 1„ the curves are quite similar to those for
n particles on heavy nuclei. At E =40 MeV, the
differential cross section is that typical of Cou-
lomb rainbow scattering. g. As the energy is in-
creased to 80 MeV the Coulomb rainbow peak
moves to smaller angles and one observes the on-
set of diffraction oscillations, a transition simi-
lar to that observed in low-energy o. scattering
from heavy targets. As the energy is increased
still further, the diffraction oscillations begin to
die out at larger angles and give way to the struc-
tureless falloff associated with rainbow scatter-

ing. In fact at E=200 MeV one is able to see
both the Coulomb and the nuclear rainbows, the
former being masked somewhat by the presence
of diffraction oscillations.

The existence of a falloff region, which usually
begins to appear at energies slightly belcev e,»,
(e.g. , 120 MeV for "0+"Si) is not in and of it-
self definitive evidence of rainbow scattering.
As pointed out in Ref. 4, the shaPe (but not the
magnitude) of the cross section beyond the rain-
bow angle is independent of absorption. Hence,
short of doing a full-blown semiclassical phase-
shift calculation, a simple test for the existence
of rainbow scattering can be performed by cal-
culating the angular distribution in the absence
of absorption. If the falloff persists, as it does
for such a calculation in the 200-MeV case, then
rainbow scattering is in fact occurring. More-
over, the independence of the shape of the cross
section on 8' means that the determination of the
parameters of the real part of the well is rela-
tively independent of absorption.

Having established that nuclear rainbow scat-
tering will indeed occur at sufficiently high inci-
dent energies, we now consider its usefulness in
distinguishing among various optical potentials.
We consider the scattering predicted for two
other potentials of the above class, namely, those
for V= 50 and 20 MeV. To maximize the region
in which nuclear rainbow scattering dominates,
we choose the incident energy to be 200 MeV.

The results of the calculations for the three po-
tentials are shown in Fig. 2. As expected, the
50-MeV well has a smaller nuclear rainbow an-
gle than the 100-MeV well, although the rainbow-
scattering region is still largely distinct from
the diffraction region. For the 20-MeV potential,
the real well is so weak that the nuclear rainbow
angle has fallen well within the diffraction region
and the resulting cross section becomes a steeply
falling diffraction pattern. ' Comparing the 50-
and 100-MeV cross sections we make two further
observations. First, the smaller Q„~ for the
former potential results in a smaller cross sec-
tion at larger angles. Secondly, the cross sec-
tions predicted by the two potentials are quite
similar at angles less than 0„~~ . Thus the re-
sults bear out the earlier contention that it is the
data in the nuclear-rainbow-scattering region
which enable one to distinguish among various
opti ca/ potentials.

We now consider the question of how to facili-
tate rainbow-scattering measurements. We have
shown earlier, that such measurements are
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FIG. 2. Comparison of predicted cross sections at
E =200 MeV for three different potentials which give
equivalent fits to scattering data in the region 30-81
MeV. The radii for the wells shown are 6.86, 6.31, and

5.87 fm for the 20-, 50-, and 100-MeV wells, respec-
tively, and a=0.64 fm in each case (Cramer et al. use
a slightly modified version of Ve =const in obtaininga/a

different potentials within the class); the real and

imaginary geometries are the same and S' is related to
V by the relation S'=0.44V+2.7. The respective nu-
clea~ rainbow angles for the three cross sections, cal-
culated as described in Hef. 3, are indicated as 0„'"~.
The Coulomb rainbow angles denoted 0„,are essen-(C)

tially identical in all three cases; this reflects the fact
that 9„~depends only on the extreme tail of the nu-
clear potential.

facilitated (more importantly, even made possi-
ble) by increasing the incident energy so that
e„~"~ is reduced. Moreover, the higher incident
energy also increases the rainbow cross section,
both absolutely and relative to the Rutherford
cross section, thereby further improving the
ease of measurement. For example, additional
model calculations for the case of "6+"Si show
that as the incident energy is increased from 200
to 300 MeV the cross section at 9„'" increases
by a factor of about 4&10', and o,/OR increases
some fortyf old.

A second, and equally important factor is the
choice of target. Based on arguments made in
Ref. 4 on the A dependence of ~„;,one can easily
show that, for a given potential, i.e., one in
which the A dependence is simply due to the in-
crease of 8 with A, the nuclear rainbow angle in-
creases with A, a result that recently has been
verified experimentally for the case of intermedi-
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FIG. 3. Comparison of predicted cross sections for
scattering of 200-MeV '~0 from four different nuclides.
The potential used was the 100-MeV potential of Cram-
er et al. , with the radius scaled as 16 +&zt/3 t/3

ate-energy a scattering. ' To demonstrate the ef-
fect in heavy-ion scattering we have done model
ealeulations for 200-MeV "0 incident on four dif-
ferent targets. The results are shown in Fig. 3.
For "Ni, the rainbow-scattering region sets in
at slightly larger angles, and, more importantly,
has a smaller cross section. As A increases
further, so does 9„~~ until, in the ease of '"Pb,
it exceeds 180' (and accordingly e„,, exceeds the
incident energy). In fact for "'Pb, the scattering
pattern is essentially that of pure Coulomb rain-
bow scattering, i.e., the scattering is only sensi-
tive to the extreme tail of the potential; stated
slightly differently, for "0 incident on ' 'Pb,
E,= 200 MeV still represents the low-energy li.m-
1t.

The conclusions from the above calculations
seem clear. Nuclear -rainbow-scattering data
are useful in discriminating among nuclear po-
tentials; such data are most easily obtained by
using high incident energies and low-A targets.
Once one has "tied down" the potential at these
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higher energies one can extrapolate experimental-
ly to lower energies, as has recently been done
by Put and Paans" for the case of n particles.
Moreover, recent calculations" appear to indi-
cate that the energy dependence of heavy-ion op-
tical potentials is expected to be small.

The arguments leading to these conclusions in-
volve quite general characteristics of nuclea, r
scattering, which we have described elsewhere
as refractive behavior, '" and are based on a
simple classical analog. In particular the argu-
ments are not predicated on the potential having
a Woods-Saxon shape, a form whose widespread
usage is at least as much the result of its con-
venience as its "correctness. " Whatever the
parametrization, rainbow-scattering data will
give one a good estimate of the overall strength
of the interaction. (In fact, the data may even
result in an increased knowledge of the form of
the potential, as has already been the result in
the case of o. scattering. ") The main point is
that once relatively unambiguous results can be
obtained for the lighter targets, studies of fine
detail, e.g. , using observations of resonances in
excitation functions, can be more meaningfully
performed and results extended to heavier nu-
clei. We feel that the present work indicates
what, in the near term, is likely to be the most
fruitful direction for experimental activity to
take.

We are deeply indebted to John Cramer for pro-
viding us with his set of heavy-ion potentials.
We also wish to acknowledge stimulating discus-
sions with M. I. Halbert and M. H. MacFarlane.
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