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The elastic scattering excitation functions of the systems $Li-®Li, 12Cc-12c, UN-14N, 160-14N,
18015y, 160-160, 160-180, and 180-180 have been subjected to comparative optical-model anal-
yses. The gross structure characteristic of all these excitation functions is shown to arise
from potential scattering phenomena., These phenomena have been studied in detail. The ex-
tracted 180-160 potential has been used as input to detailed studies leading to the identification
of single partial-wave orbiting resonances of 3- to 4-MeV width. The 160-160 experimental
data have also been used to test for the possible existence of a variable-moment-of-inertia
effect during the interpenetrating collisions; no evidence for such an effect has been found,
at least in this particular case, New suggestions for the prediction of the imaginary optical-
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potential parameters have been investigated.

I. INTRODUCTION

In recent years with increasing availability of
heavy-ion accelerator facilities, an extensive
body of experimental data concerning the elastic
scattering of complex nuclear systems — heavy-ion
scattering — has been accumulated. Thus far, how-
ever, the amount of specifically nuclear informa-
tion which has been extracted from these data has
been severely limited by inadequate understanding
of the entrance channel characteristics in these
scattering interactions. Inasmuch as these en-
trance channel phenomena play a central role in
all nuclear interactions involving complex nuclei,
it becomes of great importance to understand and
parametrize the phenomena involved so that they
may be unfolded from the experimental informa-
tion on more complex interactions to yield the de-
sired nuclear information.

In this paper we report on one phase of a sys-
tematic study of heavy-ion elastic scattering which
we have undertaken in this laboratory. With our
own measurements and those now available from
other laboratories there exists a sufficient body
of information to make possible at least an initial
examination of the dependence of the entrance chan-
nel phenomena upon such parameters as nuclear
mass, nuclear deformation, nuclear collectivity,
and the like.

As has been repeatedly emphasized in scatter-
ing studies in the past, the direct determination
of a complex interaction potential from the scatter-
ing phases extracted from measured cross sec-
tions is plagued with ambiguities, both discrete
and continuous, in the parameters involved. In an
effort to understand certain of these ambiguities
more clearly, we consider herein the uniquely de-
termined inverse problem where, given a poten-
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tial which provides a reasonable reproduction of
experimental data, we analyze in detail its pre-
cise cross-section predictions.

Of particular interest has been the demonstra-
tion of the importance of orbiting resonances in
the heavy-ion interactions at energies in the vicin-
ity of the potential barriers. These orbiting reso-
nances were predicted many years ago!; however,
we believe that our present heavy-ion observations
constitute the most clear cut example which has
yet been reported. Although the orbiting reso-
nances involve single partial waves and thus re-
quire a full quantum-mechanical description, their
general features are very closely related to well-
known classical and quasiclassical orbiting phe-
nomena. We have examined the conditions neces-
sary for this orbiting in some detail in terms of
an extension of the /-dependent absorptive interac-
tion initially suggested by Robson and his collabor-
ators.?

To gain further insight into the connection be-
tween the potential model parameters and the pre-
dicted cross sections we have carried through a
direct phase-shift parametrization of the 0 +*Q
scattering interaction, very similar to that pro-
posed a number of years ago by McIntyre and his
collaborators.® This has permitted us to search
for the possible existence of a variable moment
of inertia for the strongly interacting system; as
yet no evidence in support of such an effect has
been found.

We report on a preliminary attempt at parame-
trizing the absorptive part of the optical model in
terms of appropriately averaged parameters, as,
for example, the compound system level density,
for the nuclear systems involved. Promising re-
sults have been obtained.

We conclude the paper with an examination of
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the present limitations of the models available for
the description of heavy-ion elastic scattering and
indicate some of the outstanding problems and un-
certainties which remain before a complete under-
standing of the entrance channel in these impor-
tant interactions can be achieved.

II. EXPERIMENTAL RESULTS
ON ELASTIC SCATTERING
OF COMPLEX NUCLEI

Although considerable early information was ob-
tained on the angular distribution at fixed energy
for a large number of heavy-ion scattering situa-
tions,* we shall focus herein on measurements
wherein the energy dependence of the elastic scat-
tering cross sections are available. As we have
indicated in earlier reports,® and as has been
found elsewhere, the experimental excitation func-
tions have shown a wide range of interesting and
often unexpected phenomena. It has been found®
that by focusing on simultaneously measured exci-
tation functions, at a number of angles of obser-
vation and requiring systematic reproduction of
the energy dependence of the cross sections of all
these angles of observation, it becomes possible
to substantially eliminate the confusion and often
totally erroneous conclusions which result from
theoretical study of isolated angular distributions.
This confusion, of course, reflects the fact that
phenomena measured at a single sharply defined
energy can be grossly conditioned by fluctuation
phenomena and may be totally nonrepresentative
of the averaged interaction parameters.

We have also found that an angle-energy map of
the differential cross section makes possible the
elimination of a large fraction of the well-known
ambiguities in the scattering potentials which were
noted above. Beyond that, the map has been found
to be extremely helpful in addressing a variety of
more specific questions concerning the angular
momentum and energy dependence of the potential
parameters, the possible existence of a hard core
in the nuclear potential, the possible variation of
the moment of inertia of the interacting system,
and the identification of possible quasimolecular
or exchange phenomena in the scattering.

In the work in this laboratory we have focused
primarily on the scattering of identical particles
in order to simplify the situation as much as pos-
sible; the removal of all odd partial waves from
the interaction, which characterizes such situa-
tions, greatly facilitates the analysis and the iden-
tification of specific phenomena in the scattering
which in many cases are completely masked if all
partial waves participate simultaneously.

In order to be able to compare the experimental
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data for both identical and nonidentical systems
on a common basis, we shall begin the present
discussion by considering only the 90° excitation
functions. It can readily be shown that at 6=90°
Mott scattering, characteristic of identical parti-
cles, reduces to familiar Rutherford scattering.
Figure 1 shows that all of the presently avail-
able data on excitation functions®~!* present a sim-
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FIG. 1. Collected heavy-ion elastic scattering excita-
tion functions. The full lines represent data while the
dashed lines are optical-model predictions.
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FIG. 2. Schematic plot of the angular momenta in a
surface collision of identical nuclei as function of the
mass and energy involved. Pure Coulomb scattering is
assumed with Z =3 A .

ilar gross structure which is typically a few MeV
in width. It should be noted that the presently
available heavy-ion accelerating facilities have
restricted the data to the p shell and the low end
of the sd shell. It will be extremely important, as
higher-energy tandem Van de Graaff accelerators
become available and as more ready energy vari-
ability becomes possible with the larger cyclo-
trons, to extend such measurements to much heav-
ier nuclei where new and important phenomena
can be expected to emerge.

In this paper we shall focus on an understanding
of the gross structure in such excitation functions
and its source. Both the structure of intermediate
width (~200 keV) and possible fine fluctuation phe-
nomena which is not apparent on the scale to which
Fig. 1 is drawn, reflect more complex mechanisms
and will be considered in later publications. Inas-
much as the focus here is on the gross structure,
the !2C +2C data, for example, have been energy
averaged to emphasize these aspects.

It-should first be noted that the characteristic
width of the gross structure decreases systematic-
ally in going to heavier systems. We shall re-
turn to this point below. Only the nonidentical
180 + 1N and '°0 + 1N systems appear as exceptions.

A wide variety of optical-model calculations have
been undertaken to interpret and reproduce® 8 4718

"the gross structure, particularly that initially re-
ported in the 0 +%0 system. The dashed curves
of Fig. 1 are the optical-model predictions based
on the Woods-Saxon optical-model parameters re-
ported by Maher et al.® in their original work on
the %0 +'%0 scattering. In applying these optical-
model parameters to the different systems shown
in Fig. 1, only the interaction radius was changed
(scaled as A'3). Although even this simple model
does produce a correct width for the gross struc-
ture, the exact positions of maxima and minima,
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as well as their relative magnitudes, cannot be
reproduced without more precise matching of the
parameters to the individual nuclear channel
studied. Reflecting the fact that the original Maher
parameters were determined for the strongly
bound !0 + %0 system, the predicted cross sec-
tions extrapolated to all other systems shown in
Fig. 1 lie above the measured values.

The systematic change in the periodicity of the
gross structure as a function of the mass of the
ions in the entrance channel may be understood
qualitatively by examining the maximum angular
momentum expected in the interaction as a func-
tion of both the bombarding energy and the mass-
es involved. Figure 2 presents such a representa-
tion for the idealized case of a surface collision of
identical particles in a pure Coulomb field; the
distance of closest approach has been taken as ap-
propriate to a radius constant 7,=1.6 fm. The in-
dicated barriers include both centrifugal and Cou-
lomb effects. For smaller-mass ions the centri-
fugal effects dominate because of the reduced in-
teraction radius; with increasing mass the Cou-
lomb effects become more important and the fig-
ure indicates the transition as a function of in-
creasing bombarding energy between Fresnel dif-
fraction where the Coulomb distortion effects are
dominant and Fraunhofer diffraction where the bom-
barding energy can be considered large as com-
pared to the Coulomb energies of the problem.
The direct and interesting analogy between heavy-
ion scattering and physical optics has been ex-
amined most recently by Frahn.'

As is clear from Fig. 2 it can be argued that the
gross structure observed in the experimental ex-
citation functions reflects the systematic introduc-
tion of new partial waves into the scattering prob-
lem as the scattering energy is increased. Al-
though this is an extremely crude viewpoint, it re-
ceives support from much more detailed consider-
ations which we shall present below.

III. OPTICAL-MODEL ANALYSES:
IDENTICAL PARTICLE SYSTEMS

We return in Fig. 3 to the original series of
five excitation functions for the %0 + %0 scatter-
ing as reported by Maher ef al.® In diagram (a)
of the figure we include the original optical-model
fit obtained by these authors; in diagram (b) we
show the results obtained by Chatwin et al.'®
through introduction of a specific dependence of
the model parameters on the orbital angular mo-
mentum involved; and in diagram (c) we show that
an essentially equivalent reproduction of the ex-
perimental data can be achieved without necessi-
tating the introduction of the two additional param-
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FIG. 3. Optical-model fits to the 160+160 data.
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eters of the /-dependent model through simple
modification of the normal Woods-Saxon parame-
ters describing the absorptive potential. In par-
ticular = and it is not physically unreasonable for
the double closed %0 nucleus — we have reduced
the absorptive diffuseness from 0.49t00.15 fm and
have further moved the outer edge of the absorp-
tive potential to a smaller radius than that of the
real potential. As we shall show below, the es-
sential effects introduced by these two represen-
tations - I dependence and reduced imaginary ra-
dius — are very closely related. Both favor orbit-
ing and possible resonating of the higher partial
waves when compared to the original optical mod-
el used by Maher et al.

On the basis of such a demonstration we have
chosen to focus our attention on the simple Woods-
Saxon optical model without any of the modifica-
tions which have been suggested by various auth-
ors, in an attempt to better understand the de-
tailed nature of this scattering interaction within
the simplest possible model framework.

Figure 4 is a schematic representation of the
180+180 scattering situation. At the extreme left
are shown the real potentials for the different par-
tial waves and for the model parameters appro-
priate to Fig. 3(c). Unless otherwise specified
we shall use this particular model parameter set
for all calculations reported herein. Next are
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FIG. 5. Optical-model calculations compared with
interpolated 160+160 data.

shown the real phase shifts 6, and the reflection
coefficients A,, the 90° differential excitation func-
tion, and finally an energy-angle map of the cal-
culated elastic scattering corresponding to these
same model parameters. In generating this map
the model predictions have been reproduced at
0.25-MeV energy intervals.

At low energies, and for corresponding low par-
tial waves, the scattering is characteristic of an
absorptive potential in that the corresponding ra-
dial wave function is able to penetrate deeply into
the nuclear interior and is thus subject to strong
absorption. The corresponding phase shifts 5,
are negative. It is worth noting here, and we shall
return to it below, that in this energy region just
above the Coulomb barrier the smooth cutoff mod-
el introduced by MciIntyre,® and which has been ap-
plied with considerable success in these energy
regions,? represents a good approximation to the
phase shifts which correspond to the complex po-
tential model. With increasing bombarding ener-
gy, and hence angular momenta, the internal re-
flection barrier moves to larger radius where it
more strongly affects the radial wave functions
and the phase shifts become positive. It should
be noted that both the I-dependent potential and
that using a reduced imaginary radius and diffuse-
ness enhance this effect. In effect, they increase
the absorption of the low angular momentum par-
tial waves while preserving high transparency
within the model for those partial waves corre-
sponding to the surface collision.

It should be noted that as each phase shift de-
parts from zero the corresponding reflection co-
efficient A, changes quite rapidly from unity to
zero. Each partial wave is thus active over only
a relatively restricted vange of enevgy. This sit-
uation is particularly marked in the case of iden-
tical particle scattering, since the total absence
of the intermediate odd orbital angular momenta
implies that at a given energy, at least above some
15 MeV, the scattering is dominated by a single
partial wave. This is strikingly evident in the
similarity of the calculated angular distribution at
the indicated energies to a simple | P,(cos#6)|?
form; this is clearly borne out in the experimen-
tal data. In Fig. 4, it is possible to follow the
systematic evolution of this behavior. As indicat-
ed, the maxima M,, M,, M,, etc., in the 90° dif-
ferential cross section at E_,, = 21, 25, 29, etc.,
MeV are attained at the same energy as the
| P, (cos6)|? angular distribution. As an example,
for L =18, A;.,, begins to deviate significantly
from unity at M, and the complete absorption sit-
uation for this partial wave is reached at M,; in
the interval a deep minimum m, at E, = 27 MeV
is generated in the 90° differential cross section



over-all characteristics of a complex body of data.
In Fig. 5 we illustrate again this utility in con-

of Fig. 4 are readily available with even modest
This is already apparent in Fig. 4 where the verti-
cal heavy lines mark the angles at which the orig-
inal excitation function data were obtained; from
this presentation it is already obvious that at cer-
tain energies there is pronounced sensitivity of
cross section to small angular changes which
readily explain the earlier somewhat puzzling ex-
perimental difficulties which were encountered in
obtaining consistent experimental data in repeated
studies of these regions. The striking transition
from Mott scattering to nuclear scattering with
increasing energy is also very apparent in this
presentation.

computational facilities and, as we have noted
above, are of considerable utility in visualizing

ref-

erence to Fig. 4 shows that such behavior provides
strong support for the physical reality of the ab-
normally shallow real potentials which we have
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citation function was effectively damped out;
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Surface presentations such as that on the right

Inspection of the experimental data on 0 + %0
in Ref. 6 shows that at the highest energies studied,
used consistently in our work in this mass region.
With a much deeper real well as would be suggest-
ed by the discrete ambiguity prescription, for ex-
ample, the gross structure would be predicted to
persist to much higher energies than is observed.
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fronting the model calculations with detailed ex-
perimental data measured at narrow energy inter-
vals in the range 19 <E_, <22.25 MeV. The grad-
ual evolution of the additional maximum, charac-
teristic of higher P, 2, is well reproduced.

Going from an identical to a nonidentical system
the predicted energy-angle surface looks, at first
sight, completely different as shown in Fig. 6.
Here are shown two sets of optical-model predic-
tions for %0-'%0 scattering, where in one case
the symmetry due to the scattering of identical
particles has been ignored. As we have noted,
however, the excitation function for 6,,, =90° has
precisely the same shape in both cases. Identical
optical-model parameters have been used in both
calculations. It is also interesting to note that
for nonidentical particles the structure of the ex-
citation functions for 6., ~180°is very similar to
the structure at 6 ,, ~90° in the case of identical
particles. In the former, however, the number of
expected maxima is doubled because not only even
but also odd partial waves contribute to the scat-
tering. We have initially focused attention on the
identical particle systems for several reasons:
The interesting structure at 6., ~90° can be stud-
ied where the cross section is large. Only even
partial waves contribute to the scattering so that
the influence of a single partial wave can be more
readily isolated and investigated over a wide ener-
gy interval. Compound elastic contributions at
0.m.=90° are also expected to be relatively small
compared to the possible contributions at 180° and
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finally contributions from exchange processes are
possible in these cases only in second order. This
follows obviously because to obtain an exit channel
identical to the entrance one, an even number of
exchange processes must be involved.

On such an energy-angle map the region of sen-
sitivity to surface interaction may be readily rec-
ognized; for energies in the region of the Coulomb
barrier the region of sensitivity occurs at large
angles and moves systematically to very small an-
gles as the bombarding energy is increased. We
hope to be able in the future to make use of this
systematic probing, with varying energy, in order
to permit a systematic extraction of the energy
and ! dependence of the optical-model parameters.

The region of strong oscillation in the energy-
angle map reflects situations where there is strong
nuclear interaction and a deep interpenetration of
the colliding nuclei.

While the differential cross-section map, as
shown in Fig. 6 is largely conditioned by potential
scattering surface mechanisms, it can be signifi-
cantly altered by the presence of resonant or di-
rect elastic amplitudes.?® - Figure 7 shows a par-
ticularly striking example where inclusion of the
elastic neutron transfer amplitude is reflected in
a dramatic change in the large angle cross sec-
tion, even at low energies. The predictions shown
in this figure have been obtained from calculations
based on the LCNO model for simultaneous elastic
scattering and transfer proposed by von Oertzen®!;
they have been confirmed by detailed measure-
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ments on the 2C-*C system by Chua et al.?? in
this laboratory. This is a particularly simple sit-
uation; in more complex systems, as for example
in the case of '*0-'?C scattering, several different
phenomena can operate simultaneously to affect
the large-angle cross sections. These include
both compound elastic contributions and the cou-
pling between elastic scattering and inelastic col-
lective excitations. A further possibility, which
has not previously been considered explicitly and

Oel/ORruth =|i exp(-intn sin

2
26, sin°6/2
2t T

to which we shall return in a subsequent paper,?
arises from the fact that even and odd partial
waves populate even and odd parity states in the
compound nuclei involved. This can have a signi-
ficant impact on the scattering because of the high-
er characteristic level density for the positive
than for the negative-parity states in this region
and the fact that correspondingly the even partial
waves are more strongly absorbed than are the
odd ones. Such a phenomenon can generate an
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even-odd effect similar to that observed in the
elastic transfer situation and can again give rise
to an increase in large-angle cross sections in
the scattering.

IV. PHASE-SHIFT BEHAVIOR

Returning to the identical particle case, it is
possible to obtain a fuller understanding of the be-
havior of individual partial waves in the scatter-
ing through construction of the familiar Argand
diagrams shown in Fig. 8. Here the behavior of
the L =16, 18, and 20 partial waves, as shown in
Fig. 4, is examined in detail. In diagrams (a),
(b), and (c) the function A,e® %! is displayed, where-
as in diagrams (d), (e), and (f) the function 1
- A,e*% is displayed through simple translation
of the origins to X; =1 and Y, =0. These latter
three partial wave amplitude plots display very
similar features.

At the energy where a given partial wave begins
to contribute significantly to the cross section a
fast rise in the partial amplitude and almost no
change in phase is observed. With increasing en-
ergy a region occurs wherein the partial amplitude
is stationary because the Coulomb and nuclear
phase shifts move in opposite directions.

To illustrate how the 90° excitation function is
generated in the energy interval 20<E_, <34
MeV we consider the L =20 partial wave. This
first deviates from zero at E_,, = 20 MeV where
all the lower L amplitudes are essentially vectors
of constant length moving with the Coulomb phase;

22 MeV

=C WI(I’)

FIG. 9. Argand diagram displaying the energy depen-
dence of the scattering function for I =18 for an imagin-
ary potential of variable magnitude.
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these amplitudes add coherently with the first
term of unit length to form a smoothly varying
background (Coulomb phase shifts vary smoothly
with energy). The magnitude of the L =20 partial
wave increases rapidly with energy interfering
destructively with the background. After the mini-
mum m, is reached the L =20 amplitude remains
essentially constant, but the background phase
varies so that the cross section again increases.

The last two diagrams [Figs. 8(g) and 8(h)] dis-
play the total scattering amplitude. At low ener-
gies the Coulomb term dominates. However, at
higher energies the interference of different par-
tial waves reduces the cross section. The origin
of the oscillations in the 90° differential cross sec-
tion are particularly evident in Fig. 8(h), which is
an enlargement of the central region of Fig. 8(g).

For a better understanding of the mechanism
generating the shape displayed by the Argand dia-
grams (a), (b), and (c) of Fig. 8 we have system-
atically decreased the magnitude of the imaginary
part of the complex potential in order to magnify
the shape effects caused by the real potential. The
results obtained for the I =18 partial wave are giv-
en in Fig. 9: ¢ =1 represents the starting situation
of Fig. 8(b); for c =0 the absorptive imaginary
part has been completely eliminated; as expected
the real phase moves, as a function of the energy,
along the unitary radius. It is interesting to note
that for ¢ =0 an almost perfect resonancelike be-
havior is observed, with a slow change of the
phase at the extreme energies and a much more
rapid change in the region of §=90°. This energy
corresponds to the minima m, of Fig. 4, where
the 1=18 partial wave is affected by a rapid change
in the shape of the corresponding potential barrier.
The effect of the increasing imaginary potential in
masking this classic resonance behavior is ob-
vious in Fig. 8.

It is convenient to parametrize such resonances
in terms of a modified Breit-Wigner amplitude;
the modification involves the addition of a back-
ground term, giving for the complete amplitude

a+1ib

—————— ; . 1
E_E,+ T, +u+w> A(E) (1)

st
It must be noted that in contrast to the usual situa-
tions wherein Breit-Wigner formalism is used,
here the background changes rapidly over the en-
ergy width of the resonance. We have chosen to
account for this background variation by introduc-
ing the smooth cutoff function:

A(E) = [1 + exp<£A:.E_-?9>:|_1 . (2)

We have introduced the complex term «+iv in Eq.
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(1) to account for the residue of the resonance and
to preserve a reasonable asymptotic behavior for
the resonant tails at large energy separation from
the resonant peak.

Such a parametrization leads to difficulties in
describing the low-energy tails of the resonance.
The presence of both Coulomb and centrifugal bar-
riers preclude any sensitivity to the resonance at
low bombarding energies, and in consequence the
resonance prescription fails to reproduce accur-
ately the asymptotic part of the phase shift on
which the scattering problems depend sensitively.

In order to avoid this problem we have examined
a further parametrization very reminiscent of that
used by McIntyre and his collaborators® which as-

sumes a scattering amplitude of the following form:

S(E) = A(E)exp[ 6(E)], (3)

where A(E) is as specified above and

6(E)=6°|:1+exp<E’_E>]-1. (4)

AE’

6(E) is introduced to reproduce the energy behav-
ior of the real nuclear phase shifts. In Fig. 10 we
compare, for the =18 partial waves, the scatter-
ing amplitudes obtained with the optical-model
parametrization with the modified Breit-Wigner
parametrization and with this last smooth cutoff

FIG. 10. Argand diagram of energy dependence of the
L =18 partial wave. The solid line is the optical-model
prediction using the parameter set of Fig. 3(c). Open
circles are due to the Breit-Wigner resonance fit [T; ,
=(a’+b?)Y2=3,63, E(=25.76, ' ;=38.66, . =0.67, v =
=-0.117, E,=23.90, AE,=2.52]. Full dots were ob-
tained through the smooth cutoff parametrization (E,
=26.2, AE(=0.94, §,=3.62, E' =26.8, AE’ =1.7).

parametrization. As is obvious from the figure,
the three parametrizations give almost identical
results.

The Breit-Wigner parametrization, however,
permits the extraction of both a total and a partial
width for the resonance phenomena. The lifetime
associated with the total width I', =3.66 MeV, thus
extracted, is 4.6x107%2 sec —a time characteris-
tic of a direct process. The I=18 resonance is
predicted to fall at 25.8 MeV. This falls just
above the I=18 potential barrier as expected from
earlier more general arguments.

Figure 11 shows the wave function for L =18 as
function of distance and energy in the 0 + %0
scattering interaction as calculated on an optical-
model basis. The increase of the radial wave
function just above the barrier indicates the reso-
nance phenomena which we discuss herein. This
is the most critical region of the heavy-ion inter-
action, and as evident here it is dominated by a
surface mechanism where the collision time is
relatively long and possible orbiting can occur.

It should be noted that this orbiting condition has
much in common with a metastable quasimolecu-
lar state; a transition from the orbiting condition
to a more strongly bound quasimolecular state, as
is implied in a number of the mechanisms which
have been suggested to explain the intermediate
structure in the scattering data,?* is thus a natural
one.

RADIAL WAVE FUNCTION (L=18)

40 ¢ ///A/’:\ SN
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FIG. 11. Radial wave function (L =18). The dark solid
line represents the real potential for L =18,
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An extension of this approach follows in analogy
with the familiar DWBA calculations where over-
lapping of wave functions of different reaction
channels is invoked. It is clear that a large am-
plitude for one single partial wave at energies just
above the attractive part of the potential will favor
situations with flux going to surface phenomena
such as inelastic scattering or transfer reactions
(good overlap between wave functions). Equivalent-
ly, elastic scattering receives strong contributions
from the surface effects if the matching conditions
of energy and angular momentum are favorable 2> 26

It follows from all of this that within the frame-
work of an optical model it is possible to identify
specific energy and angular behavior of the elas-
tic channels with particular partial waves. How-
ever, the classical resonance behavior is masked
by the absorption present.

V. POSSIBLE VARIABLE MOMENT
OF INERTIA OF THE
INTERACTING SYSTEM

Granting that the optical model can be shown to
provide a convenient and reasonably successful
parametrization of the heavy-ion scattering inter-
action, its physical justification is still not firmly
established. One of the serious omissions from
typical optical-model considerations, for example,
is that of nuclear superfluidity to the extent that
the nuclear matter involved can be in a superfluid
state when two heavy ions overlap significantly
during their interaction. Their total moment of
inertia may depart markedly from a simple two-
sphere approximation if the central volume of the
system can be uncoupled, through superfluidity,
from over-all rotation of the complete system. In
such a picture a variable moment of inertia would
be required in the interaction Hamiltonian and the
effective centrifugal barriers would be correspond-
ingly altered for different partial waves.

The %0 +'°0 scattering situation is an attractive
one for searching for possible occurrence of such
superfluidity effects. The scattering is only weak-
ly absorptive for large ! values — after admitting
significant interpenetration of the scattering ions.
As we have shown, single partial waves are dom-
inant in given energy regions in the scattering and
in consequence the energy dependence of the dif-
ferential cross section is expected to be extreme-
ly sensitive to the characteristics of the centrifu-
gal barriers involved and, in consequence, to any
superfluidity effects which might result in the mod-
ification of these barriers.

In order to examine this phenomenon we have used
an energy-dependent parametrization of the Mc-
Intyre type, as discussed above, to predict the L

SHAPIRA, AND BROMLEY K

=14, 16, 18, 20, and 22 nuclear phase shifts for
the %0 + %0 problem. The behavior of the remain-
ing ! values in the range from 0 to 30 were taken
from simple optical-model calculations. With

this complete set of predicted phase shifts a least-
squares fit was performed to the %0-'%0 scatter-
ing data; the results are displayed in Fig. 12(a).

It is very important to note that, in contrast to a
standard optical-model calculation, here the en-
ergy value, where the different partial waves be-
gin to deviate from A, =1, §,=0, is not uniquely
fixed by the centrifugal energy term I(I+ 1)i%/
2mR?. These energies, in the present approach,
can be varied freely during the least-squares-fit-
ting procedure so that the phase-shift behavior can
be extracted directly from the experimental obser-
vations. In Fig. 12(b) we have displayed the re-
sults of this examination; the phase-shift behavior
given by a standard optical-model calculation is
compared with that obtained through the direct

0'¢ - 0'® ELASTIC

(a)

0 ————

L
10 15 20 25 30 35
Ec.m.(MeV)

FIG. 12. Direct extraction of the nuclear phase shift
from the 160-180 data: (a) Least-squares fit results using
a smooth cutoff parametrization. (b) The solid lines are
the nuclear phases extracted from the optical-model cal-
culation. The dashed lines are the results of the smooth
cutoff parametrization.
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parametrization which we have just described. No
systematic difference between the two parametri-
zations appears despite the additional degrees of
freedom given in the direct parametrization.
While this provides further support for the utility
of the optical-model approach in the description
of these heavy-ion scattering interactions, it pro-
vides no evidence for any variable-moment-of-in-
ertia effects. It should be emphasized, however,
that the fact that the moment of inertia does not
appear to vary in the *0-'%0 case, which we have
examined here, certainly does not preclude the
appearance of such effects in moving to heavier
nuclear systems. The search for such effects will
be of particular interest when these heavier sys-
tems become experimentally accessible to pre-
cision scattering studies.

V1. DEPENDENCE OF THE IMAGINARY
POTENTIAL ON ANGULAR
MOMENTUM, ENERGY,

AND MASS SYSTEM

As has been discussed previously, the real part
of the complex potential, and especially its exter-
ior part, can be extracted with good precision

T T

—0'-0'® ELASTIC — ]

Ec_m_=25 MeV —

\?pu:,nf
OPEN CHANNELS ——\\

(o] 10 20

FIG. 13. The level density p (E,J) is calculated using
the formula of Ref. 31 where the parameters are taken
to be @ =0,125 and the moment of inertia has the value
of a rigid sphere of radius R=1.24!/3 fm. The number
of open channels is calculated using a zero-to-unity step
function for the barrier penetrability as calculated in a
pure Coulomb scattering situation for a Fermi radius of
R =1.5AY3, The level density in the residual nucleus is
calculated as given above.

from the experimental data; no real necessity for
an ! or E dependence seems to be required. For
the imaginary part, however, an energy as well
as an ! dependence seems to be necessary to re-
produce the experimental observations. If we
consider, for example, the results displayed in
Fig. 1, it appears that the magnitude of the scat-
tering cross section reflects from case to case

a rather different strength for the absorption of
the ingoing flux. In the ¥0-'*0 scattering especi-
ally, the cross section appears to be very much
damped by a strong absorption. In order to pro-
vide the optical model with a predictive power for
the analysis of new systems, it is important to
understand how the ingoing flux is absorbed and
how it is distributed among all the outgoing chan-
nels. A detailed analysis of this problem will be
given in a subsequent paper? and we shall con-
centrate here on a brief summary. Heavy-ion re-
actions are generally dominated by energy and
angular momentum conservation and barrier pen-
etration effects. On a time scale, as is well
known, the processes can be separated into direct
and compound reactions. Direct processes imply
a surface absorption, compound processes imply
a volume absorption, and thus, the imaginary po-
tential should consist of these two terms. The
former represents the flux going to transfer re-
actions, inelastic collective excitations, and break-
up reactions; the strength depends primarily on
the structure of the colliding nuclei (separation en-
ergy of the last nucleons, deformation, etc.) and
is expected to increase strongly at energies above
the Coulomb barrier. The ideal solution would be
to include the direct channels explicitly in a cou-
pled-channel calculation,® but this is practically
impossible especially when searching for optical-
model parameters. No strong ! dependence is
usually expected for this part of the potential al-
though in special cases the selection rules of the
direct processes may cause even-odd effects as
mentioned earlier.

The situation is very much different in the case
of the compound reactions which of course are
dominated by the structure of the compound nu-
cleus. Because of the reaction @ value and the
very large rapidly varying amount of angular mo-
mentum introduced by heavy projectiles in the nu-
clear interaction, the number of open channels
and the availability of compound states can change
drastically from mass system to mass system, or
as a function of the angular momentum and of the
bombarding energy involved. As an example, Fig.
13 illustrates the number of open channels and the
number of levels per MeV in the compound nucleus,
as functions of the angular momentum involved,
for a selected case (the '0-'°0 interaction) at a
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fixed bombarding energy. Chatwin et al.'® intro-
duced into the heavy-ion scattering problem an I-
dependent imaginary potential of the form

W=Wy{l+exp[(l-1)/al]}", (5)

where [, and Al are, for a given energy interval,
constants estimated on the basis of the number of
open channels. However, both the number of open
channels and the level density in the compound nu-
cleus are expected to be dominant factors. For-
mation and decay of the compound nucleus are not
independent and a rather complicated dependence

0'6-0'¢ ELASTIC

Ec.m.(MeV)

FIG. 14, Optical-model fit obtained with an imaginary
potential strength proportional to the level density in the
compound nucleus. (C =0.01.) The real potential param-~
eters are: V =17 MeV, 7,=1.35, a=0.49, The param-
eters of the surface absorption are: W=-0.2+0.002E, 2,
7y=1.35, a=0.6.

| =3

of W on these qualities might be expected. The
advantage of this extended approach, if such a de-
pendence can be found, lies in the fact that the
level density and number of open channels can be
predicted rather easily for different systems and
only few parameters are involved (e.g., the mo-
ment of inertia 6 and the nuclear temperature pa-
rameter a which can be extracted from other ex-
perimental data®).

In an attempt to find a general dependence of W
on energy, angular momentum, and mass system,
we have first assumed that only the formation of
the compound nucleus is determinant and that all
levels in the compound nucleus have equal proba-
bility of being populated:

W=Cp(E, DV (@) + W g (6)

The radial dependence of the compound-reaction
part of the absorption is chosen to be identical to
the Woods-Saxon form of the real potential; p(E, )
is the level density in the compound nucleus and
C is a constant adjusted to the experimental data.

The surface absorption, W, describing the
direct processes was chosen to have a quadratical-
ly increasing energy dependence (starting at the
height of the Coulomb barrier) and a radial depen-
dence given by the derivative of a Woods-Saxon
form factor.

The results of the calculations as applied to the
180180 scattering are shown in Fig. 14. The fit
is particularly good at the small scattering angles,
where the standard optical model usually fails.

Not fully satisfactory is the fit at large angles
and at low energy which probably reflects a too
drastic I dependence of the model as it now stands.
This last observation has been confirmed by cal-
culations applied to similar mass systems.

An analogous approach has been proposed recent-
ly by Greiner et al.?® and by Low and Tamura.*®
The general trend of these modifications to be ap-
plied to the standard optical model appears prom-
ising although a better derivation of the functional
dependence of W on the average nuclear parame-
ters is badly needed.

VII. CONCLUSIONS

We have presented herein a detailed study of
available heavy-ion excitation function and angular-
distribution data within an optical-model frame-
work in an attempt both to arrive at reasonable
optical-model parameters and to understand the
origin of the gross structure observed in the ex-
citation function data. The existence of orbiting
resonances has been demonstrated for the *0-%0
scattering.
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Possible consequences of these interesting phe-
nomena, which can serve as doorway states for
the population of quasimolecular type of configura-
tions and direct processes, have been indicated.
The low absorption of the grazing partial waves
has been understood as a reflection of the particu-
larly low density of states in the corresponding
compound nucleus.

Need for modification of the optical model has
been indicated. No evidence of a variable moment
of inertia has been found in the Q-0 system. A
preliminary study involving the derivation of the
dependence of the imaginary optical potential on
the average properties of the nuclei involved has
been reported.

We conclude that the potential scattering aspects
of the elastic interaction are now reasonably well

understood at least in the nuclear mass region
which has thus far been accessible to study. The
situation concerning the more complex phenomena
involved in the elastic interaction, e.g., coupling,
double resonances, elastic transfer, etc., re-
mains much more open; in subsequent papers we
shall discuss these in turn.
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